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Abstract  

How and why do humans choose to change from a walk to a run? This thesis explores these 

questions through a comprehensive assessment of lower limb neuromechanical parameters.  

Chapter Three addressed whether minimisation of peak musculoskeletal load (effort) at a joint 

level is responsible for the Walk-to-Run Transition (WRT). Joint work, peak instantaneous joint 

power, and peak joint moments in the sagittal and frontal plane of the ankle, knee and hip were 

collected for ten walking (30 – 120 % of their WRT) and running velocities (80 – 170% of their 

WRT) on a force-plate instrumented treadmill. Mechanical parameters that provide an acute signal 

were more strongly associated with the gait transition than parameters that reflect the mechanical 

function across a portion of the stride. Both the ankle and hip mechanics influenced the WRT and 

may represent a cascade of mechanical events beginning at the ankle and leading to an 

unfavourable compensation at the hip. 

Chapter Four assessed how mechanical work of the limbs (vertical and horizontal) and the 

individual joints (ankle, knee and hip) were modulated as humans transitioned from a preferred 

constant walking velocity (WLK) to a variety of running velocities (RUN; ranging from a velocity 

slower than WLK to a sprint). WRTs to slow and fast RUNs occurred nearly exclusively through 

positive vertical and horizontal limb work respectively. Vertical-to-horizontal work modulation 

may represent an optimisation for achieving minimal and maximal RUN velocity respectively 

while fulfilling an apparent necessity for energy input when initiating WRTs. Similarly, the 

positive joint mechanical work to very slow and fast RUNs were provided by the knee and hip 

joints respectively, indicating that modulation of joint work is not only dependent on the amount 

of work required but the locomotor context.  



iv 
 

Chapter Five investigated whether the walk-to-run transition to a self-selected running velocity 

(SSRV) was chosen to minimise muscular effort. Humans choose walking and running velocities 

that minimise mechanical and metabolic effort. It remains unclear if an acute task such as the WRT 

also follows the principle of minimisation of effort. To test this, the integrated activation (iACT) 

of seven lower limb muscles from each leg and the joint work of the three lower limb joints were 

measured as participants transitioned from a WLK to the same range of RUN velocities as Chapter 

Four, including the SSRV. Fourteen out of twenty-four iACT variables had five or more 

participants exhibit overlap between the iACT variable at the numerical minimum and the SSRV, 

in contrast to only two joint work variables that had five or more participants exhibit an overlap. 

The stronger association between iACT variables may be that iACT better captures effort of 

individual muscles, while joint work measurements are a net representation of all load bearing 

structures and cannot account for the impact of tendons, co-contraction, or the partitioning of work 

between individual muscles. This study suggests that the WRT to SSRV may be chosen to 

minimise muscular effort and thus that effort minimisation in human gait extends beyond steady-

state locomotion to also include acute locomotor tasks.  

This thesis indicates that the WRT step is unique compared to constant-velocity walking and 

running. Extra mechanical work is provided by the hip at velocities that exceed the WRT. As the 

hip muscles have minimal external tendons, the mechanical work is predominantly produced by 

the muscle fibres surrounding the joint and is, theoretically likely more metabolically expensive. 

When switching to a run, the hip joint provides less mechanical work. Instead, the ankle provides 

the majority of work due to desirable force-length-velocity characteristics and the ability to rely 

on the metabolically inexpensive recycling of mechanical energy, in the form of storage and return 

of elastic energy in the Achilles tendon. This thesis shows that work required to accelerate from a 
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walk to a run (at faster velocities) comes from proximal joints, and that this work is used to 

accelerate the centre of mass horizontally. Conversely, at very slow transition velocities, the knee 

joint is responsible as evidenced by the joint work and iACT, where the increased effort at the 

knee is used to generate vertical work. Therefore, the hip joint is used to provide the extra 

mechanical work to accelerate through the WRT; however, when required to run at a constant 

velocity, it is the ankle joint that produces the majority of mechanical work. 
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Chapter 1 General Introduction 

Of all the ways that the human body can move, when it comes to moving over land, human 

locomotion is primarily limited to two distinct gait patterns, walking at slower velocities (up to 

approximately 2.0 m s-1) and running at faster velocities (velocities faster than approximately 2.0 

m s-1). While humans are capable of walking at extremely fast velocities, for example, the average 

pace for the men’s world record 1500 metre walk is approximately 4.81 m s-1 (Algis Grigaliûnas 

with a time if 5 minutes and 12 seconds), we choose not to. As such, there has been much research 

into why the walk-to-run (WRT) transition occurs and what triggers the shift from one gait to 

another.    

One commonly used criterion to determine if a particular variable triggers the WRT is that the 

variable (whether it is biomechanical, metabolic or even perceptual in nature) must increase in 

magnitude with an increase in velocity, but then decrease abruptly in magnitude when switching 

to a run at the same velocity (Hreljac, 1995; MacLeod et al., 2014). One proposed reason for why 

humans choose to run after approximately 2.0 m s-1 instead of walk is the metabolic cost to move 

a unit distance, or the cost of transport (COT). When allowed to, humans choose a preferred 

walking velocity that minimises the COT (Ralston, 1958) but if we choose to, or when forced to, 

walk slower or faster the COT increases. Conversely, the human COT of transport remains 

constant (at a value of approximately 4.0 J kg-1 m-1) when running aerobically (Minetti, 1998). 

Eventually, after a certain velocity (approximately 2.0 m s-1), the COT of walking exceeds the 

COT of running (Margaria et al., 1963), which is thought by some to trigger the WRT. 

However, research into the human WRT has shown that humans prefer to run at velocities 

where it is still metabolically advantageous to walk instead of run (Hreljac, 1993b), indicating that 
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the WRT occurs not necessarily due to metabolic, but to biomechanical factors. Animal research 

showed that although horses naturally switch from a trot to a gallop at a velocity where galloping 

was metabolically more expensive than trotting, galloping resulted in lower peak forces acting on 

the muscles, tendons and bones compared to trotting at the same velocity. Given that during an 

hour of trotting, a horse’s feet strike the ground more than seven thousand times, the authors of 

this study suggested that the comparatively lower levels of force during galloping (in comparison 

to trotting at the same velocity) that act on the bones, muscles, and tendons of the horse may result 

in reducing the risk of injury. Based on the findings of this study, it was suggested that the gait 

transition, in horses, occurred to reduce the peak forces that act on the body, and therefore 

theoretically, to reduce the risk of injury (Farley and Taylor, 1991).  

Based off the findings of the animal studies, further research was undertaken to determine if 

kinetics that act on the entire body (which will be referred to as “whole-body kinetics”) were also 

a determinant of the human WRT. In a study by (Hreljac, 1993a), whole-body kinetic variables 

that potentially could increase in magnitude with walking velocity, and abruptly decrease in 

magnitude when running at the transition velocity were considered for testing. Consequently, the 

authors selected five whole-body kinetic factors that could follow this pattern:  maximum loading 

range, braking and propulsive impulse, and braking and propulsive force peaks. This research 

indicated that these whole-body kinetic factors were not WRT triggers.  

Subsequent research into joint kinematics highlighted the maximum ankle dorsiflexor angular 

velocity as a WRT trigger, which was the only variable to meet the criteria of increasing in 

magnitude with walking velocity and then decrease abruptly when switching to running  (Hreljac, 

1995). At velocities faster than the preferred walking velocity, the swing phase time is reduced, 

and so the dorsiflexor muscle group must contract faster to initiate the subsequent step, thereby 
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increasing the demand on that muscle group. Conversely, due to the increased time of the swing 

phase in running, there is presumably less demand on the dorsiflexor muscle group.  The reduction 

of the dorsiflexor effort when switching from walking to running has led to the theory that the 

WRT occurs to prevent the overexertion of the dorsiflexor muscle group (Hreljac et al., 2001; 

Bartlett and Kram, 2008). 

Although Hreljac, (1993b) identified that whole-body kinetic factors were not WRT triggers, 

later research indicated that the maximum ankle dorsiflexor moment increased as walking velocity 

increased and then decreased when the gait changed to a run at the WRT velocity (Hreljac et al., 

2008), suggesting that joint kinetic factors may also be responsible for the WRT. It is clear that 

the ankle joint strongly affects the WRT, however, the effect of other joints and their associated 

muscle groups may be obscured due to the lack of comprehensive information on the simultaneous 

individual mechanics of all the major lower leg joints across the gait cycle at velocities at which 

both walking and running are possible. For example, Hreljac et al., (2008) only studied the peak 

ankle and knee moments, and so the effect of peak hip moments (in conjunction with the ankle 

and knee moments) on the WRT remains unknown. More recently, the hip joint has been shown 

to potentially play a role in the WRT. In an experiment where participants were required to walk 

(0.75, 1.25, 1.75, 2.0 m s-1) and run (2.0, 2.25, 2.75, 3.25 m s-1) at a range of constant velocities, 

the average power contribution of each lower limb joint remained constant for each gait. However, 

there was a significant shift in power production from the hip to the ankle joint at the common 

velocity of 2.0 m s-1 (Farris and Sawicki, 2011b). This study measured the average power over the 

entire stride, potentially obscuring the effect of the individual stance and/or swing phase on the 

WRT. Furthermore, there was only one velocity that was measured that was common to both 

walking and running.  
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Further research is needed to assess the effect of the peak moments, peak power and joint work 

on all three lower limbs on the WRT. Furthermore, this research needs to separate the stride into 

both the stance and swing phases and to examine walking above and running below the WRT.  

Most of the research into the factors affecting the WRT has focused on constant velocity 

experiments, whereby the participants walk and/or run on a treadmill. Treadmill studies allow the 

researcher to control the locomotion velocity, thereby allowing the researcher to assess the effect 

of velocity on the specific variable systematically.  

Research into the WRT has also been conducted during over-ground conditions whereby the 

participants were instructed to walk or run at a constant velocity. Trials were monitored by timing 

gates and were considered successful if the velocity was within ± 3% of the target velocity (Hreljac 

et al., 2008). This methodology, while being more reflective of real-world locomotion in 

comparison to constant velocity treadmill locomotion, does not account for the naturally occurring 

acceleration that occurs during gait transition.  

The effect of acceleration has been investigated on the WRT, albeit on treadmills where the 

acceleration can remain controlled and constant. This research highlighted that the WRT step 

exhibits unique spatiotemporal characteristics when compared to the preceding walking, and 

subsequent running steps, irrespective of the acceleration. Specifically, the WRT step exhibits a 

considerably greater step frequency, and a considerably lower step length (Segers et al., 2006), 

indicating that the transition is a unique biomechanical gait. Furthermore, constant acceleration 

studies have revealed that constant faster accelerations will result in faster WRT velocities (Van 

Caekenberghe et al., 2010b).  
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Although treadmills do provide a constant acceleration, there are inherent differences between 

accelerating on a treadmill and naturally occurring over-ground accelerations. For example, on a 

treadmill linear inertia is zero when accelerating, while this is not true for over-ground 

acceleration. The absence and presence of linear inertia during treadmill and over-ground 

acceleration (respectively) may therefore, result in different gait patterns. These differences can 

be seen due to treadmill WRT velocity under constant acceleration conditions (2.61 m s-1) being 

slower than the over-ground WRT velocity (2.85 m s-1: Van Caekenberghe et al., 2010a). 

In a novel experiment, where the only instructions given to the participants was to change from 

a walk to a run, Segers et al., (2013) found that under these conditions where there were no 

acceleration and/or velocity restrictions, the WRT velocity (2.74 ± 0.25 m s-1) was considerably 

faster than the WRT velocity reported under constant acceleration conditions. This study also 

highlighted a sudden increase in horizontal velocity (referred to as a “velocity jump”) and a 

corresponding increase in the energy of the body’s centre of mass. Furthermore, the WRT step 

also resulted in an abrupt change from an out-of-phase to an in-phase organisation of the kinetic 

and kinematic potential energy. While providing valuable insight into the naturally occurring WRT 

step, this experiment only focused on a single set of instructions, and so it is likely that only a 

single acceleration has been investigated. Further research is therefore needed to investigate the 

effect of acceleration on the WRT during over-ground locomotion.  

Furthermore, while Segers et al., (2013) investigated the mechanics of the self-selected 

transition steps, further research is needed to investigate why participants chose to transition to 

running at that velocity. Therefore, the question of why the WRT transition occurs under both 

constant velocity, and during naturally occurring transitions still needs to be answered, in 

conjunction with how the naturally occurring transition step is achieved. 
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1.1 Thesis aims, questions and hypotheses 

The purpose of this thesis, which is presented as a series of papers, is to address the 

biomechanics of the walk-to-run transition. In more detail, the first study in this thesis aims to 

explore from a mechanical perspective, at the joint level, why humans choose to switch to a run 

after a certain velocity when it may still be metabolically advantageous to walk. Two commonly 

proposed theories for why the WRT occurs are 1). That the WRT occurs to reduce the risk of injury 

by reducing the peak powers and moments that act on the body; and 2). That the WRT occurs to 

reduce the muscular over-exertion. To test these theories, this chapter will systematically measure 

the mechanical work, peak power and peak moments of the ankle, knee and hip joints as 

participants walk and run at a range of constant velocities on a treadmill. These velocities will 

include walking faster and running slower than the WRT. This chapter will ask two questions: 1). 

How is mechanical work, peak power and/or peak moments at the individual joints (ankle, knee 

and hip) associated with the WRT? And 2). Do the individual joints affect the WRT differently? 

This chapter will provide insight into how the individual joint parameters and the interplay 

between the joints themselves affect the WRT and will provide a comprehensive analysis of the 

modulation of walking and running across a wide range of velocities.  

 Secondly, this thesis aims to provide insight into how the positive, negative and net-

mechanical work is modulated as the WRT acceleration is altered. The literature review will reveal 

that there is a surprising lack of research into the mechanics of accelerating from walking to 

running during the actual transition step. Therefore, the details of how limb and joint work is 

modulated across WRT accelerations is not known for human gait. As has been previously 

outlined, constant velocity walking and running studies indicate that the ankle joint is key to 

dictating the transition from fast walking to slow running (Neptune and Sasaki, 2005; Farris and 



40 
 

Sawicki, 2011a; MacLeod et al., 2014). However, acceleration steps require an input of positive 

mechanical work, and so, it can be expected that the WRT steps have a distinct limb and joint 

mechanical pattern compared to constant velocity walking and running. It has already been shown 

that there is a greater reliance on the proximal joints for positive work production (Hubley and 

Wells, 1983; Roberts and Belliveau, 2005). The purpose of this chapter is to determine how 

mechanical work at the limbs (including both horizontal and vertical work), and the individual 

joints (ankle, knee and hip) as humans transition from a preferred walking velocity to a variety of 

running velocities, ranging from a run slower than the preferred walk to a sprint. Although a run 

slower than the preferred walking velocity is likely to not occur under normal conditions, these 

accelerations are included to explore fundamental biomechanical control paradigms of the WRT. 

The inclusion of the slow accelerations will reveal whether the transition step is stereotyped across 

all transition accelerations. This chapter will measure both the net-work and the absolute positive 

and negative work. Net-work calculations include both the absolute positive and negative work 

and so represents the overall effect that specific limb and joint has on accelerating the centre of 

mass. However, looking at net-work alone may obscure the effect that positive and/or muscular 

work of the individual limb and joint has on the WRT. This chapter hypothesises firstly that at the 

fastest WRT accelerations net-work would be generated exclusively through positive mechanical 

work. Secondly, that the positive work will decrease below the positive work needed to walk at a 

comfortable walking velocity when decelerating into a run slower than the comfortable walking 

velocity and will approach zero. Finally, that there will be an increased reliance on mechanical 

work production at the proximal joints (knee and hip), and a reduced reliance on the distal joint 

(ankle) as WRT acceleration increases. This study will provide a systematic analysis of how 
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positive, negative and net mechanical work is modulated across a range of accelerations, including 

those that are slower than a preferred walk.  

The WRT velocity has been explored in depth under constant velocity conditions. However, 

the factors affecting the transition to a freely selected comfortable running velocity, i.e. a self-

selected running velocity (SSRV) under naturally occurring conditions remains underexplored. It 

is clear that when performing a well-learned task, movement patterns are chosen that minimise 

joint kinetics and kinematics. It is still unknown whether the SSRV follows this minimisation of 

effort. Similar to constant velocity studies, the final chapter in this thesis will investigate the 

integrated electromyography (iACT) of 14 lower limb muscles (7 on each leg) as well as the 

positive mechanical joint work of the lower limb joints as participants switch from a comfortable 

walk to a variety of running conditions, ranging from a run slower than the preferred walk to a 

sprint. Although neither EMG nor positive joint work directly measures muscle force, work or 

metabolism, the duration and/or amplitude of the EMG signal does indicate an increase in the 

activity of the muscle fibres, while the positive joint work provides an insight into the net effect 

of all muscles acting on that joint. This chapter hypothesises that the SSRV is indeed chosen to 

minimise muscular effort. 

1.2 Thesis as a series of papers 

The University of Western Australia supports the submission of PhD theses that comprise 

a series of papers prepared for publication. The candidate has adopted this structure in the 

submission of this thesis. As such, while the theoretical linking between the studies (i.e. the papers) 

must be made explicit for the examiner, each study must be stand-alone in content. Consequently, 

theses adopting a series of papers approach sometimes result in repetition of methodology from 

study to study. Please note that where possible, reference to previous papers (i.e. previous studies) 
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has been undertaken, however, at times, the examiner may find some repeated methodology 

redundant during reading.  
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Chapter 2 Review of the Literature 

2.1 Introduction 

There are innumerable ways the human body can perform motor tasks, and yet we choose 

a limited number of movement patterns that minimise the metabolic energy expenditure, muscle 

fatigue and the sense of perceived effort (Prilutsky and Zatsiorsky, 2002). Although there are many 

ways that humans can perform terrestrial locomotion (for example, skipping, jumping and hopping 

to name but a few) ultimately, we primarily choose two distinct movement patterns. We opt to 

walk and run at slow and fast velocities respectively. The question of why we choose these gait 

patterns at these velocities and how it is that we achieve the transition between walking and running 

(the walk-to-run transition: WRT) will help our understanding of the underlying biomechanics of 

terrestrial locomotion.  

Before exploring how and why humans switch from walking to running with an increase 

in velocity, this review will first discuss the kinematic and kinetic definitions of walking and 

running; the modulation of joint moments, peak joint powers, joint work and electromyography 

(EMG) across a range of velocities and accelerations; and how gait is optimised. Following the 

theories of gait transitions, this review will discuss the mechanics of the transition steps.  

2.2 Mechanics of walking and running 

2.2.1 Kinematic based descriptions of walking and running – footfall patterns 

Historically, the differentiation between walking and running for humans has been either 

the presence (for walking) or absence (for running) of the “double support” stance phase of the 

gait cycle (i.e. where both feet are in contact with the ground).  
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The basic unit of measurement for both walking and running for humans is the gait cycle 

(Novacheck, 1998). The gait cycle begins when one foot first touches the ground and ends when 

the same foot touches the ground a second time (Novacheck, 1998). The gait cycle is subdivided 

into the stance and swing phases. The stance phase begins when the foot first contacts the ground 

(foot strike: FS) and ends when the foot first leaves the ground (foot-off: FO). The swing phase 

begins at FO and ends at the second FS (Novacheck, 1998). The gait cycle is further subdivided 

into a step which starts at the FS of one foot and ends at the FS of the contralateral foot. 
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Fig. 2.1 Walking gait pattern example for the right leg (blue muscles), where (A) is foot strike, (B) 
is foot flat, (C) is mid-stance, (D) is terminal stance, (E) is foot-off, (F) is mid-swing, and (G) is 
the terminal swing. The top black horizontal bar represents the step (from foot strike of the right 
leg to the foot strike of the left leg). The bottom black and white horizontal bar indicates the stance 
phase (from foot strike to foot-off of the right leg) and the swing phase (from foot-off to the 
terminal swing of the right leg). The up red arrow represents the ground reaction force. This figure 
was generated from sample data provided by Vicon Motion Systems in Vicon Polygon (Oxford, 
UK). 
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The stance phase of walking lasts approximately 60% of the gait cycle, and so there are 

two periods of double support during the gait cycle, one at the beginning (Fig. 2.1A) and one at 

the end (Fig. 2.1D) of the stance phase (Novacheck, 1998). After the foot strikes the ground with 

the heel (Fig. 2.1A), the foot is then placed flat, with the contralateral leg coming off the ground 

(Fig. 2.1B), ending the first period of double support during the stance phase (Novacheck, 1998). 

At mid-stance (Fig. 2.1C), the body’s centre of mass (COM) is directly over the foot. At terminal 

swing (Fig. 2.1D), the contralateral foot contacts the ground, ending the second period of double 

support during the stance phase (Novacheck, 1998). The swing phase starts at FO (Fig. 2.1E). At 

mid-swing (Fig. 2.1F), the body’s COM is directly over the foot of the contralateral leg. Finally, 

at terminal swing (Fig. 2.1G), the foot is ready to initiate a second gait cycle (Novacheck, 1998).      

The stance phase of running can account for approximately 22 to 39% of the gait cycle 

depending on the running velocity (Fig. 2.2A-B; Novacheck, 1998). The shorter the stance phase, 

the faster the running velocity. Due to the short stance phase time, running is characterised by a 

flight phase where neither foot is touching the ground (Novacheck, 1998). During the first half of 

the stance phase of running, mechanical power is absorbed (Fig. 2.2A), power is generated during 

the second half of the stance phase (Fig. 2.2B; Novacheck, 1998). During the first half of the swing 

phase, power is generated (Fig. 2.2C), while during the second half of the swing phase, power is 

absorbed (Fig. 2.2D) before the second gait cycle begins (Novacheck, 1998). 
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Fig. 2.2 Running gait pattern example for the right leg (blue muscles) where (A) is the foot strike, 
(B) is the foot-off, (C) is mid-swing, and (D) is terminal stance. The top black horizontal bar 
represents the step (from foot strike of the right leg to the foot strike of the left leg). The bottom 
black and white horizontal bar indicates the stance phase (from foot strike to foot-off of the right 
leg) and the swing phase (from foot-off to the terminal swing of the right leg). The red up arrow 
represents the ground reaction force.  This figure was generated from sample data provided by 
Vicon Motion Systems in Vicon Polygon (Oxford, UK). 
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2.2.2 Kinetics – GRF Studies 

The kinematic definitions of walking and running and running outlined in the previous 

section provide a description of movement, and so, do not consider the forces that cause that 

movement. Therefore the following sections will focus on kinetic methods used to model walking 

and running. The first method will describe the ground reaction forces (GRF) during walking and 

running.  

An “M” shape characterises the vertical GRF of walking (Fig. 2.3A – solid line; Neptune 

and Sasaki, 2005; Devita et al., 2007; Sasaki et al., 2009). The first peak of the vertical GRF is the 

weight acceptance phase of the stance phase. The minimum between the two peaks occurs at mid-

stance, while the final peak is the push-off at the end of the stance phase. The vertical GRF for 

running is characterised by an upside down “U” shape (Novacheck, 1998), where the maximum 

of the arc is mid-stance. Depending on whether the runner is a rear-foot or fore-foot striker, there 

will either be the presence, or absence of a heel-strike transient (Lieberman et al., 2010).  

The horizontal GRF for both (walking and running: Fig. 2.3 – dotted lines; Neptune and 

Sasaki, 2005; Sasaki et al., 2009) is broken into two sections, an absorption phase (negative values) 

and a propulsive phase (positive values). The area under the curves represents the impulse. If the 

positive and negative impulses are equal in magnitude, the individual is walking or running at a 

constant velocity. If the positive impulse is larger than the negative impulse, the person is 

accelerating. Conversely, if the negative impulse is larger than the positive impulse, the person is 

decelerating (Fig. 2.3). 



51 
 

 

Fig. 2.3 Example GRF’s for walking (A) and running (B) plotted against the percentage stance 
phase of running. The solid line represents the vertical GRF, and the dotted line represents the 
anterior/posterior GRF. These figures were generated from pilot data. 
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2.2.3 Kinetics – COM Studies 

2.2.3.1 Pendulum model of walking 

One vital reason to study walking and running is to determine the amount of energy that is 

used to locomote with those respective gait patterns. While GRF studies can provide valuable 

information as to how an individual is accelerating as they walk and/or run, it does not itself reflect 

the mechanical or metabolic energy that is being consumed during locomotion. One method used 

to calculate the amount of mechanical work produced (and predict the amount of metabolic energy 

being consumed) when walking and running is to measure the work done by the COM of the 

individual. As such, the ways in which the COM has been modelled will be outlined in the 

following section.  

Walking has been modelled as two pendulums operating out of phase with each other (Fig. 

2.4). The stance leg (while in contact with the ground) functions as an inverted pendulum, which 

raises the body’s COM over the pivot point (the foot in contact with the ground; Kuo et al., 2005). 

Meanwhile, the swing leg operates as a regular pendulum, swinging the leg forward in preparation 

for the subsequent step where the length of the leg l represents the radius of the pendulum (Fig. 

2.4: Srinivasan and Ruina, 2006). 
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Fig. 2.4 Inverted pendulum model of walking. The solid orange line represents the stance leg, 
while the transparent orange lines represent the contralateral leg. HS and TO denote heel strike 
and TO respectively. lmax denotes the maximum height of the leg when the bodies COM is directly 
over the foot. Adapted from Srinivasan and Ruina, (2006). 

 

Theoretically, the inverted pendulum model implies that mechanical energy is conserved, 

as the gravitational potential energy and kinetic energy are approximately 180° out of phase with 

each other, as the net COM height remains constant at the start and finish of each step (Fig. 2.5; 

Kuo et al., 2005). 
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Fig. 2.5 Mechanical energy fluctuations of the COM during a gait cycle of walking. The solid line 
represents the horizontal kinetic energy of the COM, while the broken line represents the potential 
energy of the COM. The horizontal solid line represents the percentage of the gait cycle in which 
the first foot is on the ground, while the horizontal dotted line represents the percentage of the gait 
cycle in which the second foot is on the ground. These figures were generated from pilot data. 

 

During each step, however, the pendular motion of walking moves the COM a short distance 

horizontally, and a subsequent step begins. During these step-to-step transitions, mechanical work 

is required to redirect the COM as the foot strike produces a braking impulse (Kuo et al., 2005). 

Consequently, a propulsive impulse is needed to propel the COM horizontally for the next step. A 

significant proportion of the metabolic cost of walking comes from the mechanical work 

performed on the COM during these step to step transitions (Kuo et al., 2005). 
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2.2.3.2 Elastic model of running 

As running does not have a double support phase, the gravitational potential energy and 

kinetic energy fluctuate in phase with each other, and therefore, the inverted pendulum system 

does not conserve any mechanical energy through an exchange of gravitational potential and 

kinetic energy (Fig. 2.6; Novacheck, 1998). 

 

Fig. 2.6 Mechanical energy fluctuations of the COM during a gait cycle of running. The solid line 
represents the horizontal kinetic energy of the COM, while the dotted line represents the potential 
energy of the COM. The horizontal solid line represents the stance phase of the first step, while 
the horizontal dotted line represents the stance phase of the second step. These figures were 
generated from pilot data. 
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Instead, due to its bouncing nature, running has subsequently been modelled with the 

muscles, ligaments and especially tendons of the legs operating like springs, whereby these 

structures stretch and recoil, storing and then releasing elastic potential energy (Novacheck, 1998).  

Elastic energy is produced by converting the gravitational potential and kinetic energy of the COM 

while the foot is in contact with the ground (Fig. 2.7; Cappellini et al., 2006). The spring-mass 

system model, when used in its simplest form, can only move vertically, essentially simulating 

hopping or running in place. The stiffness of the spring is the most critical determinant of the 

ground contact time, which can be altered by adjusting the amount of knee flexion (Farley et al., 

1993). However, to move horizontally, the leg spring moves in an arc motion. Because of the arc 

motion, the vertical motion of the body and the ground contact time are dependent on a 

combination of the leg spring’s stiffness and the angle through which the leg spring sweeps (Farley 

et al., 1993). 

 

Fig. 2.7 Bouncing model of running. The orange circles represent the flight of the COM. The blue 
arrows represent the absorption and subsequent return of mechanical energy during the stance 
phase. The broken dotted line represents the flight phase during running. Adapted from Srinivasan 
and Ruina, (2006). 
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While the “bouncing” gait of human running (where the gravitational potential energy and 

the kinetic energy of the COM are in phase with each other) has a corresponding “flight phase”, 

other animals exhibit a “bouncing” running gait without the “flight phase”, such as birds (Gatesy 

and Biewener, 1991) and elephants (Hutchinson et al., 2003). This bouncing gait with no flight 

phase has been referred to as “Groucho” running (McMahon, 1985; McMahon et al., 1987) or 

“grounded” running (Rubenson et al., 2004).  

In comparison to humans, birds such as ostriches that use a “grounded” running gait have 

comparatively longer, and thinner tendons than humans and are possibly more compliant, which 

may allow the tendons of ostriches to store and release more mechanical energy than their human 

counterparts (Watson et al., 2011). During “grounded” running, the foot contact time of humans 

is longer than that when the flight phase is present, resulting in a reduced GRF (McMahon et al., 

1987). This could imply that the bounce found in the human “grounded” phase may be produced 

by the lengthening and shortening of skeletal muscle as opposed to the lengthening and shortening 

of passive tendons, which may be metabolically more expensive (Rubenson et al., 2004). 

In a study by Gordon et al., (2009), the COT was measured as participants were forced to 

vary their COM height as a percentage of their preferred stride length during walking. The results 

of this study showed that varying the vertical COM height away from the participants preferred 

range resulted in an increase in the COT. The increases in the COT when the COM height was 

reduced were found to be due to increases in positive ankle and hip work. The increase in ankle 

work at the shortest COM height was due to more power being produced during the stance phase, 

specifically, the absorption phase was considerably reduced in comparison to the other COM 

heights that were studied in this experiment (Gordon et al., 2009).  
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2.2.3.3 Spring Loaded Inverted Pendulum (SLIP) Model 

The inverted pendulum model of walking relies on the assumption that the COM is pivoted 

over stiff legs and so is unable to account for the distinctive M shape of the vertical GRF during 

the stance phase of walking. The stance phase GRF of walking has two peaks, during the early and 

late stance phase respectively, and a minimum around mid-stance that separates these peaks. 

Conversely, the inverted pendulum of walking predicts a single peak which occurs during mid-

stance when the leg is perpendicular to the ground (Fig. 2.8: Pandy, 2003). 

 

Fig. 2.8 An example of the Centre of Mass (solid line, left-hand y-axis) and the Ground Reaction 
Force (dotted line, right-hand y-axis) plotted against the percentage stance phase of walking. 
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Like running, a simple bipedal SLIP model is used to model walking, where the model 

requires compliant legs, not stiff legs for walking. This SLIP model presents the legs as two 

massless, linear springs of equal rest length (l0) and stiffness (k), which are attached to the COM 

(Geyer et al., 2006). The two springs act independently to each other and during the swing phase 

gravity acts on the leg. By accounting for the compliance of the legs during the double support 

phase, of a single step, the SLIP model can reproduce the unique M shape of the GRF curves 

during walking, and can also successfully be used to model running (Geyer et al., 2006). 

The SLIP model is supported experimentally by studies showing that the Achilles tendon 

functions elastically during walking, storing and releasing mechanical energy. The storing and 

releasing of mechanical energy by the Achilles reduces the amount of metabolic energy required 

to walk and run. It has been found that during walking, the Achilles tendon stretches during the 

single support phase of walking (storing energy) and recoils during foot-off (releasing energy: 

Fukunaga et al., 2001). Furthermore, the Achilles tendon has been shown to undergo large levels 

of strain during both walking and running. The large strain allows the muscle fibres to contract 

more slowly which results in greater power production due to favourable force-velocity 

characteristics (Lichtwark and Wilson, 2006).  

2.3 Modulation of mechanics across walking and running velocities  

The GRF and COM studies have provided a framework for researchers to understand the 

kinetics of walking and running. As these experiments aim to provide a model that explains gait, 

often, only a single gait cycle (or step) per trial is required to validate these models, a consequence 

of which is that walking and/or running is only modelled at a single constant velocity (Donelan et 

al., 2002a; Geyer et al., 2006). Humans walk and run at a variety of velocities and accelerations in 

order to meet differing locomotive demands (Seethapathi and Srinivasan, 2015), the most relevant 
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example for the purposes of this thesis is the WRT. By limiting the models to a single constant 

walking and running velocity, this type of research does not account for the acceleration from 

walking to running (Segers et al., 2013). Nor does it provide an explanation for the organisation 

of the COM kinetic and potential energy from an out-of-phase (during walking) to an in-phase 

(during running) organisation (Segers et al., 2008). Furthermore, the GRF and COM affect the 

kinetics of the whole body, and so cannot account for the kinetics of the individual lower limb 

joints which cause the movement of the COM. Therefore, the following section will focus on the 

biomechanical parameters of the lower limb joints that cause movement. To better understand both 

why the WRT occurs after a certain locomotion velocity and to provide a broader understanding 

of human terrestrial locomotion, these mechanical parameters will be presented across a wide 

range of walking and running velocities and different accelerations.  

To provide a comprehensive understanding of the modulation of the joint mechanics of 

walking and running across a range of velocities, the following literature review will present 

figures where the results of multiple studies have been compiled into a single graph for the relevant 

variable. To compile these data sets, the individual figures from the relevant studies were imported 

into a custom program (MATLAB, The Mathworks, Natick, MA) in which the data points were 

digitised and subsequently compiled and normalised to body mass to allow for a comprehensive 

comparison across studies. This meta-analysis process was used to compile the modulation of peak 

joint moments (Fig 2.9); modulation of peak joint powers (Fig 2.10); the internal, external and 

total work of walking and running (Fig 2.11); the joint work of the ankle, knee and hip (Fig 2.12); 

the average joint power of the ankle, knee and hip (Fig 2.13); and EMG (Fig 2.13).  
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2.3.1 Modulation of peak joint moments across velocity 

Joint moments are generated by the linear force produced by the muscles surrounding the joint 

multiplied by the moment arm about the joint’s centre of rotation. Peak joint moments are a good 

indicator of the “maximum load” that is being generated by the muscles surrounding the joint 

across either the gait cycle, stance or swing phases. As such, the peak moments of the lower-limb 

joints for the stance and swing phases have been included in this review, as they provide an 

estimation of the peak joint loading for walking and running across a range of velocities. The peak 

joint moments included in this meta-analysis are the internal moments, that is, the moment 

produced by the muscles, ligaments and other structures surrounding the joint that is required to 

counter the externally applied moment that is generated by the GRF and the limb accelerations.  

 The amount of research into the effect of locomotion velocity on peak joint moments varies 

widely between the individual joints as well as the phase of the gait cycle. For example, at the time 

of writing, there were approximately 10 studies that focused on the peak ankle plantar flexor 

moment during the stance phase, in comparison to no studies that were focused on the peak hip 

extension moments during the stance phase of walking. There may be several reasons for the 

research focus of some joints in comparison to others. Firstly, the stance phase ankle plantar 

flexion peak moments (Fig. 2.9A) are a vital contributor to the production of power required at the 

end of the stance phase. The peak knee extension moments during the stance phase enable the 

body to remain upright (Fig. 2.9B), and as such, much research has focused on investigating these 

parameters on their effect on walking, running and the walk to run transition. Conversely, a reason 

for the relatively little research conducted on either hip flexion or extension during the stance phase 

(Fig. 2.9C) may be because of the minimal contribution of the hip joint moments to walking at a 

comfortable velocity. This could explain why the peak ankle and knee extension moments have 
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been considered as possible WRT triggers whereas the hip joint moments have mainly been 

ignored as triggers.  

The peak joint moments of the lower limb increase in magnitude accordingly with velocity. 

During the stance phase, the most substantial joint moments are produced by the respective joint 

extensors, with the magnitude of the running extensor moments being larger in magnitude than the 

walking extensors. Less research has been conducted into the stance phase knee (Fig. 2.9B) and 

hip flexion moments (Fig. 2.9C), however the dorsiflexor moments during walking have been 

shown to be greater than compared to the running dorsiflexion moments for the same velocities 

(Fig. 2.9A), which could help explain why it is more comfortable to run than walk at those 

velocities. During the swing phase, both the ankle plantar and dorsiflexion moments of walking 

are greater than that of running (Fig. 2.9C), again suggesting that the ankle joint could be 

responsible for the WRT. The knee joint produces both an extension (early swing) and a flexion 

(late swing) moment, of similar magnitude during both walking and running (Fig. 2.9D). The hip 

joint also produces both a flexion (early swing) and an extension (late swing) moment (Fig. 2.9E), 

with some studies reporting that the walking flexion moments exceeds running flexion moments 

after approximately 2.4 m s-1. Although 2.4 m s-1 is faster than the WRT velocity that has typically 

been reported (approximately 1.9 – 2.1 m s-1), it does indicate that it may be more comfortable to 

run at these faster velocities due to the reduced hip flexion moments. 

 

 

 



63 
 

 

Fig. 2.9 Literature comparison of the peak joint moments of the ankle (A and D), knee (B and E), 
and hip (C and F) joints for the stance (A – C) and swing (D – F) phases plotted against velocity. 
Closed and open markers represent walking and running respectively. Positive values (circles) 
represent flexion moments (dorsiflexion of the ankle), and negative values (squares) represent 
extension moments (plantarflexion for the ankle). Adapted from: (A and B) Czerniecki et al., 
1991; Novacheck, 1998; Arampatzis et al., 1999; Johnson and Buckley, 2001; Prilutsky and 
Gregor, 2001; Belli et al., 2002; Hreljac et al., 2008; Hamner et al., 2010; Riley et al., 2008; 
Schache et al., 2011. (C) Czerniecki et al., 1991; Novacheck, 1998; Johnson and Buckley, 2001; 
Belli et al., 2002; Riley et al., 2008; Hamner et al., 2010; Schache et al., 2011. (D) Prilutsky and 
Gregor, 2001. (E) Novacheck, 1998; Swanson and Caldwell, 2000; Johnson and Buckley, 2001; 
Prilutsky and Gregor, 2001; Hamner et al., 2010; Schache et al., 2011 (F) Novacheck, 1998; 
Swanson and Caldwell, 2000; Johnson and Buckley, 2001; Prilutsky and Gregor, 2001; Hamner 
et al., 2010; Schache et al., 2011. 
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2.3.2 Modulation of peak joint powers across velocity 

Joint moments provide a valuable estimation of the force being produced by all muscles 

surrounding that joint. However, by itself, joint moments do not provide insight into the amount 

of work produced at the joint (see below for further description) or the rate at which joint work is 

being produced, and so another useful kinetic measure at the joint level is the peak joint power. 

Joint power is calculated by multiplying the joint angular velocity by the joint moment. Joint power 

therefore provides an indication of the way the muscles surrounding the joint are producing or 

absorbing mechanical energy. In more detail, if the joint angular velocity and the joint moment are 

both acting in the same direction (e.g. a flexion moment and flexion angular velocity, or an 

extension moment and an extension angular velocity), the joint is generating power (a concentric 

contraction). Conversely, if the joint angular velocity and joint moment are acting in opposite 

directions (e.g. a flexion moment and an extension joint angular velocity, or an extension moment 

and a flexion joint angular velocity), the joint is absorbing power (an eccentric contraction). Joint 

powers provide insight into how the mechanical energy of the muscles surrounding the joints is 

being transmitted, specifically, if it is producing energy, or absorbing energy (or possibly 

transferring energy between joints).  

Most research into peak joint power has focused on the stance phase and anatomically at 

the ankle and knee joints. During walking, the peak ankle power generation increases until 

approximately 2.0 m s-1, then plateaus at faster velocities (Novacheck, 1998; Arampatzis et al., 

1999; Johnson and Buckley, 2001; Belli et al., 2002; Hreljac et al., 2008; Riley et al., 2008; Sawicki 

et al., 2009; Farris and Sawicki, 2011b; Schache et al., 2011; Fig. 2.10A). The plateau in the peak 

stance phase ankle power is likely due to unfavourable force-velocity characteristics of the triceps 

surae muscles during the stance phase when the walking velocity exceeds typical WRT velocities 
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(Neptune and Sasaki, 2005; Arnold et al., 2013; approximately between 1.9 and 2.1 m s-1). When 

running the peak ankle joint power increases as there are favourable force-velocity properties due 

to the increased stance phase time (Fig. 2.9A: Farris and Sawicki, 2011a). The peak stance phase 

ankle power plateau during walking suggests that the inability of the ankle to produce adequate 

power at velocities that exceed the WRT velocity may be a potential WRT trigger (Neptune and 

Sasaki, 2005). The peak ankle absorption power during walking is small (approximately -1 W kg-

1) in comparison to the peak power generation and plateaus at approximately 1.8 m s-1 (Fig. 2.10A). 

When switching to running, the peak absorption power at the ankle joint decreases with velocity. 
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Fig. 2.10 Literature comparison of the peak joint powers of the ankle (A), knee (B and D), and 
hip (C and E) joints for the stance (A – C) and swing (D and E) phases plotted against velocity. 
Closed and open markers represent walking and running respectively. Circles represent concentric 
power generation, and the swing phase hip extension moments (E). Squares represent eccentric 
power absorption and the swing phase hip flexion moments (E). Adapted from: (A) Novacheck, 
1998; Arampatzis et al., 1999; Johnson and Buckley, 2001; Belli et al., 2002; Hreljac et al., 2008; 
Riley et al., 2008; Sawicki et al., 2009; Farris and Sawicki, 2011b; Schache et al., 2011. (B) 
Novacheck, 1998; Arampatzis et al., 1999; Johnson and Buckley, 2001; Belli et al., 2002; Hreljac 
et al., 2008; Riley et al., 2008; Sawicki et al., 2009; Farris and Sawicki, 2011b. (C) Novacheck, 
1998; Johnson and Buckley, 2001; Belli et al., 2002; Riley et al., 2008; Sawicki et al., 2009. (D) 
Novacheck, 1998; Swanson and Caldwell, 2000; Johnson and Buckley, 2001; Sawicki et al., 2009. 
(E) Novacheck, 1998; Swanson and Caldwell, 2000; Johnson and Buckley, 2001. 
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than walking (Fig. 2.10B). During the swing phase, there are negligible positive peak joint powers, 

and so the negative peak joint powers are more commonly reported. During walking, there is 

negligible knee joint power absorption during the swing phase, however, when running, the 

negative knee joint power decreases in magnitude with velocity (Fig. 2.10D). 

During walking, there is negligible hip joint positive or negative power (Fig. 2.10C), 

however, during running, the hip joint positive power reaches approximately 45 W kg-1 which is 

similar to the peak positive power produced by the ankle joint (47 W kg-1) at the same running 

velocity of 8.95 m s-1. However, at slower running velocities (3.2 m s-1), the hip produces less 

positive power (2.2 W kg-1) in comparison to the peak ankle joint power at the slowest running 

velocity (6.5 W kg-1 at 1.6 m s-1), which indicates that the hip joint plays an important role in 

acceleration (Fig. 2.10C). At the fastest running velocity, the hip joint peak negative power is 

approximately -30 W kg-1 (Fig. 2.10C). During the swing phase of walking, there are similar levels 

of peak flexion and extension powers produced by the hip (approximately 1.5 W kg-1: Fig. 2.10E). 

During running, at the fastest velocity (8.6 m s-1), there is more extension power generation (31 W 

kg-1) than flexion power generation (24 W kg-1: Fig. 2.9E). 

2.3.3 Modulation of joint work and average joint power across velocity 

The mechanical work done by the human body has been used to estimate muscle-tendon work. 

These studies have focused on the positive mechanical power required to raise and accelerate the 

body’s COM (external work) and to accelerate the limbs about the COM (internal work). 

Furthermore, by summing the absolute value of the internal and external work, the total work is 

calculated. Cavagna and Kaneko, (1977) showed that the internal, external and total work 

increased with walking velocity (Fig. 2.11A and C). Internal and total work during running also 

increased with velocity. However, the external work remained constant (Cavagna and Kaneko, 
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1977; Fig. 2.11B). The internal work of walking was found to be greater than that of running (Fig. 

2.11A), while the external work of running was greater than that of walking (Cavagna and Kaneko, 

1977; Fig. 2.11B). The total work of walking was less than that of running up until ~3.4 m s-1, 

where the total work of walking exceeded that of running (Cavagna and Kaneko, 1977; Fig. 

2.11C), which suggests that internal, external and total work are not responsible for the WRT.  

While external work is relatively easy to calculate, internal work is harder to calculate as 

assumptions are made on the anthropometry of the body segments, as well as the transfer (or lack 

of transfer) between body segments. Willems et al., (1995) investigated the effect of energy 

transfer between body segments on the total work across different velocities for walking and 

running. Willems et al., (1995) showed that for both walking and running, the magnitude of total 

work was greater when there was no transfer of energy between the segments than compared to if 

there was a total transfer of energy. When there is no transfer of energy, total work of both walking 

and running increased with velocity, however, when there was a total transfer of energy, the total 

work remained relatively constant (Willems et al., 1995; Fig. 2.10C). The underestimation of work 

when there is a total transfer of energy between segments suggests that muscle-tendon work is 

most accurately measured when there is a transfer of energy between segments of the same limb 

(Willems et al., 1995). 
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Fig. 2.11 Internal (A), external (B) and total (C) work of walking (closed markers) and running 
(open markers). Circles represent no transfer of energy between segments and squares represent a 
total transfer of energy between segments. Adapted from: (Cavagna and Kaneko, 1977; Willems 
et al., 1995). 
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It has been found that internal and external work calculations underestimate muscle-tendon 

work (Sasaki et al., 2009). An alternate method to estimate muscle-tendon work is to use inverse 

dynamics to calculate the mechanical work of the individual joints (Winter, 1983; Farris and 

Sawicki, 2011).  

The total joint mechanical work measured during a step increases linearly with velocity 

(Donelan et al., 2002b; Fig. 2.11). Ankle joint work of running over the gait cycle plateaus after 

~6.0 m s-1 (Scache et al., 2011; Fig. 2.12A), while the knee joint work of running remains relatively 

constant at ~0.8 J kg-1 (Scache et al., 2011; Fig. 2.12B). The hip joint while running undergoes the 

most substantial increase in joint work as velocity increases (Scache et al., 2011; Fig. 2.12C) 

increasing to ~7.5 J kg-1 at the fastest velocity. The total joint work of running also increases 

linearly with velocity (Fig. 2.12D) as reported by Schache et al., (2011). 
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Fig. 2.12 Literature comparison of the joint work of the ankle (A), knee (B), and hip (C) joints and 
the limb work (D) plotted against velocity. Closed and open markers represent walking and 
running respectively. Circles represent joint work calculated over the gait cycle, and triangles 
represent joint work calculated during a step. Adapted from: (A - C) (Schache et al., 2011) (D) 
(Donelan et al., 2002b; Schache et al., 2011). 
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The positive power of each joint increases with velocity for both walking and running (Fig. 

2.13). At the common velocity of 2.0 m s-1 reported by (Farris and Sawicki, 2011b), the joint work 

during running was greater than that of walking for all joints, except for the hip (Fig. 2.13C). The 

negative joint power decreased with velocity for both walking and running, for all joints except 

for the negative ankle joint work during walking, which remained constant (Fig. 2.13A). There 

was more positive work performed by the joints for both walking and running, except at the knee 

joint (Fig. 2.13B). 
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Fig. 2.13 Literature comparison of the positive (circles) and negative (squares) average joint power 
of the ankle (A), knee (B), and hip (C) joints and the limb work (D) plotted against velocity. Closed 
and open markers represent walking and running respectively. Adapted from (Farris and Sawicki, 
2011). 
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2.3.4 Modulation of muscle activity across walking and running velocity   

Electromyography (EMG) does not directly measure muscle work, force or metabolism, 

however, it provides a tool for assessing muscle activation and can provide indirect links to peak 

muscular power and/or muscle work, although the link between EMG and muscle mechanics is 

not discernible in all cases (Carrier et al., 2011). This review will focus on studies that have 

investigated the effect of gait and velocity on EMG, which has been used to measure 

neuromuscular effort during walking and running. In a study by Stenum and Choi, (2016), the 

neuromuscular effort was calculated as the summed mean value of the muscle activity of 16 lower 

limb muscles during walking and running on a treadmill at discrete velocities. For the full list of 

muscles refer to Fig. 2.14A. The neuromuscular effort of both walking and running increased 

linearly with velocity. However, walking was shown to increase at a faster rate relative to running 

(Stenum and Choi, 2016).  At velocities slower than 1.9 m s-1, the neuromuscular effort of running 

was significantly greater than that of walking. At velocities, faster than 2.3 m s-1, the 

neuromuscular effort of walking was significantly greater than that of running. There was no 

significant difference between the neuromuscular effort of walking and running at 2.1 m s-1 

(Stenum and Choi, 2016). The findings of this study have been interpreted to suggest that gait 

selection is chosen to minimise neuromuscular effort. 
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Fig. 2.14 Three methods used to measure and report EMG where: (A) represents the summed mean 
value of the muscle activity of 16 lower limb muscles (tibialis anterior, medial gastrocnemius, 
soleus, vastus medialis, rectus femoris, biceps femoris long head, gluteus medius and the gluteus 
maximus of both legs) during walking (closed squares) and running (open squares) on a treadmill, 
and the lines of best fit adapted from Stenum and Choi, (2016). (B) Represents the summed EMG 
of five lower limb muscles (tibialis anterior, medial gastrocnemius, vastus lateralis, biceps femoris 
and the gluteus maximus), where the left axis and circles represent the total peak EMG (averaged 
across all five muscles), and the right axis and squares represent the total mean EMG (averaged 
across all five muscles). Closed markers represent walking, and open markers represent running 
adapted from Hreljac et al., (2001) (C) represents the cumulative muscle activity per unit distance 
CMAPD of 13 lower limb and lower back muscles (longissimus thoracis, multifidus, gluteus 
medus, gluteus maximus, biceps femoris, semitendinosus, tensor fasciae latae, rectus femoris, 
vastus lateralis, vastus medialis, gastrocnemius, soleus and tibialis anterior) for walking (closed 
circles) and running (open circles) on a treadmill adapted from Carrier et al., (2011).  
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In a study conducted on five lower limb muscles (for the list of muscles refer to Fig. 2.14B), 

both the peak and mean activation of five lower limb muscles increased with walking velocity 

(Hreljac et al., 2001). When the participants were required to run at the fastest walking velocity, 

the activation of 4 muscles significantly increased for both the peak activation and the mean 

activation. However, the tibialis anterior activation during running was found to be less than that 

of walking (Hreljac et al., 2001).  

EMG has also been used as a proxy to study the metabolic cost of transport. Increases in 

EMG amplitude and/or duration correspond with increases in the activity of muscle fibres and can 

provide a correlative indication of muscle metabolism. The EMG in a study by Carrier et al., (2011) 

was measured as the cumulative muscle activity per unit distance (CMAPD). Of the 13 lower limb 

and lower back muscles studied in this experiment (for the full list of muscles refer to Fig. 2.14C), 

most muscles exhibited a curvilinear relationship between the CMAPD of walking and velocity, 

with the exceptions being the gluteus maximus and vastus lateralis (Carrier et al, 2001). Similarly, 

the relationship between the CMAPD of running and velocity was curvilinear for all muscles. The 

authors of this study concluded that if the minimum CMAPD of each muscle occurred at the same 

velocity, then the muscles of the lower back and lower limb have evolved to walk and/or run at 

that specific velocity (Carrier et al., 2001). However, as the minimum CMAPD occurred at 

different velocities for both walking and running, the findings of this study suggests that the 

muscles of the lower back and lower limb have evolved to perform a variety of locomotor tasks 

when walking and/or running over vast distances. 
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2.4 Walking and running across acceleration 

Constant velocity studies allow for the systematic assessment of a variable across a range of 

velocities. However, in reality, movement occurs with accelerations. As such, the effect of 

acceleration on gait has also been investigated. Participants start walking at a slow velocity, and 

the velocity is increased at a constant acceleration until the participant breaks into a run. 

Conversely, the run-to-walk transition (RWT) has also been studied, where the participant starts 

off at a comfortable running velocity, and the velocity is lowered at a constant acceleration until 

the participant starts walking. The gait cycles before, during and/or after the transition are analysed 

(Li and Hamill, 2002; Segers et al., 2006).   

The spatiotemporal parameters of the WRT and RWT have been studied under conditions 

where velocity is altered under constant acceleration conditions (0.05, 0.07 and 0.1 m s-2) for the 

WRT, and (-0.05, -0.07 and -0.100 m s-2) for the RWT (Segers et al., 2006). This study found that 

there was no significant difference in the WRT or RWT (2.14 ± 0.04 m s-1) velocity at any of the 

WRT or RWT accelerations. The participant’s velocity increased/decreased with all 

accelerations/decelerations (respectively), while the step frequency exhibited a positive curvilinear 

(u shape), before the WRT as velocity increased, and after the RWT as velocity decreased. After 

the WRT, and before the RWT, the step frequency was constant(Segers et al., 2006). The step 

length was also constant after the WRT, and before the RWT as velocity increased/decreased 

respectively with the different accelerations. The step length exhibited a negative curvilinear 

(inverted u shape) before the WRT and after the RWT as velocity increased/decreased with the 

different accelerations. The largest difference between the WRT and the RWT was that the WRT 

exhibited a significantly much larger step frequency, and a much smaller step length at the 



78 
 

transition step, while there was no difference in the RWT transition step length or frequency 

(Segers et al., 2006). 

The vertical GRF has also been studied in the five steps leading up to the WRT and the RWT. 

During walking, the first peak of the vertical GRF increases linearly, while the second peak 

increases curvilinearly with each subsequent step leading up to the WRT. Conversely, during the 

RWT, the peak vertical GRF reduces curvilinearly (Li and Hamill, 2002). 

It has also been shown that under constant acceleration (0.15 m s-2), the WRT step requires 

three times the mechanical energy to initiate the transition step (Segers et al., 2008). This extra 

energy is required to initiate the flight phase, which alters the out-of-phase kinetic and potential 

energy of the body COM which is typical of walking, to the in-phase kinetic and potential energy 

of the body COM which is typical of running. This study found that the pendular energy exchange 

decreases in a single step from 43 to 5% (Segers et al., 2008). 

2.5 Optimality of gait 

2.5.1 General theories of optimisation for walking and running 

The previous sections of this review have outlined how walking and running mechanics are 

modulated over a range of velocities and accelerations. The following section will outline theories 

of how walking and running is optimised. Humans choose movement patterns that minimise the 

metabolic cost and when diverging from those movement patterns, the energetic cost increases. As 

an example, the preferred walking velocity in humans is approximately 1.3 m s-1. At this velocity, 

the metabolic cost of transport (COT; J kg-1 m-1) is minimised and at slower or faster velocities, 

the COT increases (Zarrugh et al., 1974).  
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One model that has been use to describe both bipedal and quadrupedal gait takes into account 

the duty factor (the fraction of the stride for which each foot is in contact with the ground: K), and 

the time course of the force on each foot (L). This theoretical model showed that for any given 

walking velocity, there was an optimum (K, L) that minimises the energy cost of locomotion. The 

model was found to be predominantly accurate for most velocities except for those near the WRT 

where the high duty factor during walking abruptly shifted to a low duty factor during running 

(Alexander, 1980, 1992; Minetti and Alexander, 1997). The pendular nature of walking, where the 

COM rises and falls, results in energy being saved. Massaad et al., (2007) investigated whether 

the vertical COM displacement was indeed an energy saving mechanism of walking by altering 

the COM displacement during walking by having their participants walk in one of three different 

conditions: normal, bouncy and flat walking. The energy cost of of walking increased and the 

pendular mechanism was reduced with both the bouncy and flat walking gaits (Massaad et al., 

2007). Of the two differing gait patterns, the bouncy walking gait resulted in the muscles producing 

more mechanical work in a more efficient way, while conversely, the flat gait resulted in a decrease 

in muscle efficiency (Massaad et al., 2007). The findings of this research indicate that human 

walking may be the best compromise between a flat gait that requires little work to move, and a 

bouncy gait that improves muscle efficiency to minimise energy consumption (Massaad et al., 

2007).  

Key mechanical variables that can be altered during walking are the step length, the step rate 

and the step width. It has been found that when participants are required to walk with a specific 

step length, the participant will alter their step rate to minimise the COT. Altering this step 

length/step rate configuration results in an increased COT (Zarrugh et al., 1974).  
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Umberger and Martin (2007) also altered the preferred stride rate, expecting that both 

mechanical power and efficiency would be minimised at the preferred stride rate. However, the 

authors of this study found that mechanical power was minimised at a stride rate of approximately 

11-12% below the preferred stride rate, while efficiency was minimised at a stride rate of 

approximately 8% above the preferred stride rate. However, the stride rate that minimised the 

metabolic cost was the same as the preferred stride rate. The findings of this study suggest that the 

preferred stride rate is chosen as it is a compromise between mechanical power and efficiency 

(Umberger and Martin, 2007).  

The step width during walking is also chosen to minimise the COT. When altering step widths 

(expressed as a fraction of the leg length), it was found that both increasing and decreasing the 

preferred step width increased the COT (Donelan et al., 2001). When forced to walk with step 

widths greater than their preferred step width, the COT increased up to 45% (Donelan et al., 2001). 

This increase appeared to be due to an increase in the mechanical work required to redirect the 

COM velocity during the step-to-step transition. There was also an 8% increase in the COT when 

forced to walk with step widths narrower than the preferred step width. This increase was likely 

due to the increase in mechanical work required to swing the leg laterally to avoid the stance leg 

(Donelan et al., 2001). 

2.6 Theories of gait transitions 

The previous sections in this thesis have outlined the techniques used to model walking 

and running, how walking and running is modulated across a range of velocities and accelerations, 

and theories of walking and running are optimisation. The following section will outline the 

theories of why the WRT occurs.  
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2.6.1 Determining the WRT velocity 

WRT studies have primarily been conducted where velocity and/or acceleration are controlled 

(Segers et al., 2006; MacLeod et al., 2014). As such, motorised treadmills have often been used to 

determine the preferred transition velocity. One widely used method involves the participant 

walking at a comfortable velocity (e.g. 1.4 m s-1) for a time (approximately 30 seconds) and 

indicates if walking was the preferred gait. The participant dismounts and the treadmill velocity is 

slowly increased by approximately 0.1 to 0.2 m s-1, and the process is repeated until the participant 

indicates that running is the preferred gait. This velocity is determined to be the WRT velocity 

(Hreljac, 1993a). This method, while controlling for velocity, is independent of acceleration, as 

the participant is increasing their velocity by discrete increments. Typical transition velocities 

found using this protocol range from ~ 2.0 - 2.1 m.s-1  (Hreljac, 1993a; Prilutsky and Gregor, 

2001). Participants are then required to walk or run at a set percentage of velocity above or below 

the transition velocity.  

However, as humans do not discretely increase their gait velocity, instead they accelerate 

from walking to running; research has also focused on the effect of acceleration on the transition 

velocity (Segers et al., 2006). To study the effect of acceleration on the transition velocity, the 

participant starts to walk (or run) on a treadmill at a comfortable velocity, and the treadmill 

acceleration is increased at a constant rate. The transition velocity is determined to be the velocity 

at which a flight phase first occurs. Another method requires the participant to walk over ground, 

in time with constantly accelerating lights (Segers et al., 2008). Some authors have found that 

faster accelerations result in a higher transition velocity (Van Caekenberghe et al., 2010), while 

others have found that while acceleration does not affect the actual transition velocity, it does affect 

the way the transition step occurs (Segers et al., 2006). 
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2.6.2 Definition of a WRT trigger 

Hreljac, (1993b) outlined criteria with which a variable must meet to be considered a WRT 

trigger. The first, was that the variable must increase in magnitude as walking velocity increases 

but decrease abruptly in magnitude when switching to a run. (Fig. 2.15). The second was that the 

value of the variable at the WRT velocity during running must return to a level that was lower 

during walking. The next criteria was that a variable must be capable of triggering the 

proprioceptive sensors, so that the central processor could indicate which gait was preferred 

(Hreljac, 1993b). 

 

Fig. 2.15 Example of a WRT trigger. Closed circles represent the hypothetical walking variable, 
and open circles represent the hypothetical running variable. The dotted vertical line represents the 
hypothetical WRT velocity, at which the walking variable is significantly greater than that of 
running.  
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2.6.3 Mechanical limits 

While the inverted pendulum model can explain walking, it does not explain walking at 

faster velocities (Alexander, 1984). As the leg is modelled as a pendulum with the radius being 

equal to the leg length l, which moves at a velocity v, the COM accelerates toward the supporting 

foot such that:  

 P =
QR

S
, a (2.1) 

 

At the leg’s full extension (lmax, Fig. 2.4), the centripetal acceleration of the leg cannot 

exceed that of gravity (g, 9.81 ms-2). Therefore:  

 TU

V
≤ X (2.2) 

 T ≤ YXV (2.3) 

 

Assuming a leg length of 0.9 m, the inverted pendulum model shows that the fastest 

velocity a human with a leg length of 0.9 m can walk is:  

 T ≤ Y9.8	[\U × 0.9[  

  (2.4) 

 ⇒ T ≤ 2.97	[\>a  

 

While this theoretical velocity of 2.97 m s-1 is faster than the self-selected walk to run 

transition velocity reported from over ground studies (2.74 m s-1: Segers et al., 2013), it is slower 

than the velocities reached by competitive race walkers (4.0 m s-1: Alexander, 1984). To make race 
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walking possible, race walkers will stick out their pelvis’s to lower the body’s COM relative to the 

hip joint of the supporting leg. By doing this, the movement arc of the CM will now be larger 

which allows for the movement at faster velocities (Alexander, 1984).  

2.6.4 Minimising energetic cost 

Just as humans walk at slow velocities and run at faster velocities, quadrupeds walk, trot 

and gallop at slow, moderate and fast velocities (respectively; Farley and Taylor, 1991). It was 

initially thought that animals switched gait at velocities that minimised the metabolic cost. In 

reality, horses choose to gallop at a velocity where the metabolic cost of galloping is greater than 

the metabolic cost of trotting, suggesting that factors other than minimising the energetic cost is 

responsible triggering the gait transition (Farley and Taylor, 1991).  

Grounded running (running with no flight phase) is a common gait amongst birds (Gatesy 

and Biewener, 1991; Rubenson et al., 2004). Ostriches are a species of bird that are of a comparable 

mass to humans. Due to the similarities in mass, but the differences in running styles (grounded 

running for ostriches versus the flight phase in humans), previous research investated whether 

ostriches chose their gait to minimise the metabolic cost (Rubenson et al., 2004). Contrary to 

humans and horses, ostriches did indeed choose either walking or grounded running to minimise 

the metabolic cost at a specific velocity.  

For humans, the metabolic cost of walking becomes greater than that of running when 

walking at velocities of 2.2 – 2.3 m s-1 or faster (Margaria et al., 1963). While this velocity does 

coincide with the reported WRT velocities, a study conducted by Hreljac, (1993) found that the 

velocity at which it became metabolically advantageous to run instead of walk (2.24 m s-1) was 

significantly greater than the velocity at which the participants chose to transition (2.06 m s-1). 

Tseh et al., (2002) and Montiero (2011)  supports this finding which suggests that while the WRT 
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does result in energy minimisation.  Therefore, whether metabolic energetics is a WRT trigger has 

been challenged. It should be noted that Minetti et al., (1994) showed that the metabolic cost of 

walking and running at the transition velocity was identical, and as such, the metabolic cost may 

yet still play a role in the gait transition. 

2.6.5 Peak musculoskeletal loads 

Although Farley and Taylor (1991) showed that horses chose to transition to a gallop at 

velocities where it was metabolically less expensive to trot, the same study revealed that at those 

velocities at which horses preferred to gallop, the peak vertical GRF’s that acted on the horses 

body were less than the peak vertical GRF’s when trotting at the same velocity. The reduction in 

peak vertical GRF indicated that the gait may have been chosen to reduce stress on the muscles, 

tendons and bones of the body. This hypothesis was further supported when the trot-gallop 

transition velocities were lower due to added weight on the horses (Farley and Taylor, 1991). 

In humans, the peak GRF when running at the WRT is greater than that of walking at the same 

velocity, indicating that the reduction of peak vertical GRF’s is not a trigger for the WRT (Hreljac, 

1993a). Peak GRF’s alone do not account for the forces and moments acting at the individual joints 

and are not necessarily representative of joint kinetics. 

2.6.6 Fatigue minimisation 

Another mechanical trigger may be the need to minimise the stress of the dorsiflexor muscles. 

The length of the swing phase of running is longer than walking (approximately 60 and 40% 

respectively; Novacheck, 1998), and as such during walking, the ankle must dorsiflex faster than 

during running. As walking velocity increases, the time in which the ankle joint can dorsiflex 

during the swing phase (to prepare for the stance phase of the next step) decreases. Therefore, as 

walking velocity increases, so too must the swing phase ankle dorsiflexion angular velocity. 
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Hreljac (1995) showed that as walking velocity increased, the peak swing phase dorsiflexion 

angular velocity increased (reaching a maximum when walking at the WTR), however, when 

running at this same velocity, the peak dorsiflexion angular velocity decreased. This reduction was 

unique across all other variables studied.  

Joint kinetics further supports this hypothesis. As walking velocity increases beyond the 

preferred transition velocity, the peak ankle dorsiflexion moment increased but decreased when 

running. This trend was not seen for the peak plantar flexion or knee extension moments (Hreljac 

et al., 2008).  

Activation of the lower limb muscles showed similar results, with the Tibialis Anterior muscle 

activation increasing as walking velocity increased up to the transition, but lower when running at 

the transition velocity. The activity of all other lower limb muscles studied increased, even when 

the gait was switched to running (Hreljac et al., 2001). 

2.6.7 Maximise power capacity 

The ankle joint has been shown to contribute considerable amounts of power to both the 

total power of walking (40 – 50%) and running (42 - 47%; Farris and Sawicki, 2011a). It is 

therefore vital that the ankle plantar flexors can produce the adequate power needed to locomote 

at the desired velocities (Farris and Sawicki, 2011b). Recent in vivo research has shown that as 

walking velocity increases, the medial gastrocnemius fascicle shortening velocity also increases, 

resulting in the muscle being unable to provide a large enough power at the ankle joint due to 

force-velocity constraints (Farris and Sawicki, 2011a). However, the fascicle shortening velocity 

decreased when running, and as such, the ankle joint peak power capacity increases. The inability 

of the ankle joint to meet the required power output when walking due to the muscle force-velocity 

properties may be another transition trigger (Farris and Sawicki, 2011a). 
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2.6.8 Minimise mechanical work 

Recently, the need to minimise muscle mechanical work performed by the body has been 

postulated as possible WTR trigger (Farris and Sawicki, 2011b). The Achilles tendon can store 

and release mechanical energy, allowing the ankle plantar flexors to potentially operate either 

isometrically, or at a relatively slow velocity reducing the amount of metabolic energy used by the 

ankle joint during locomotion (Lichtwark et al., 2007). However, the hip joint does not have a 

large elastic element that can allow passive mechanical work to be performed. Therefore, the 

majority of mechanical work performed by the hip joint must be done by the muscles themselves, 

requiring a large amount of metabolic energy. A comparison of walking and running at 2.0 m s-1 

(approximately the WRT velocity) reveals a shift in power production from the hip to the ankle 

joint (Farris and Sawicki, 2011a). This shift in power, from the hip to the ankle, as the gait is 

changed from walking to running suggests that a reduction in hip joint mechanical power may be 

a WRT trigger.  

2.6.9 Visual 

Human gait, including the WRT, is also affected by visual stimulus. For example, setting 

a hallway on rollers and moving it backwards or forwards will either decrease or increase the self-

selected walking velocity (Konczak, 1994). By manipulating the velocity at which their 

participant's visual feedback is given, Mohler et al., (2007) have shown that the visual flow a 

participant is exposed to will greatly affect the WRT. When the visual gain was matched to their 

participants preferred walking velocity, the WRT was found to be 2.11 m s-1 which is consistent 

with the reported literature. However, when the visual feedback was halved and doubled, the WRT 

occurred at 2.18 and 2.04 m s-1 respectively (Mohler et al., 2007). 
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2.6.10 Cognitive 

Cognitive perceptual processes have also been shown to affect the WRT velocity. When 

asked to perform either easy or difficult maths problems, the WRT velocity was faster in both 

conditions (approximately 2.14 m s-1) than compared to when the participants did not perform any 

maths problems (approximately 2.05 m s-1: Daniels and Newell, 2003).  

2.6.11 Dynamic systems theory 

Another approach to explain the WRT is to investigate the difference in dynamics between 

walking and running. There are two notable features of human movement patterns (including but 

not limited to walking and running). Firstly, humans exhibit stable patterns of coordination, and 

secondly, a sudden reorganisation of coordination when switching between movement patterns. 

The dynamic systems theory proposes that both walking and running are distinct motor patterns 

that are executed by a central motor plan. The WRT has been modelled as a phase transition 

between attractors, where both walking and running are manifestations of stable complex dynamic 

systems (Diedrich and Warren, 1995). 

2.7 Mechanics of transition steps 

2.7.1 Predominantly limited to steady velocity studies 

A large quantity of research into the mechanics of the WRT and its triggers have been 

conducted under conditions where participants are required to walk or run at a constant velocity 

or series of constant velocities (Hreljac, 1993a; Farris and Sawicki, 2014a; MacLeod et al., 2014). 

van Caekenberghe et al., (2010) investigated the effect of constant acceleration on the WRT 

velocity, and found that the WRT velocity increased with acceleration, increasing from 2.09 m s-1 

at 0.1 m s-2 to 2.31 m s-1 at 0.5 m s-2. The faster WRT velocity at faster accelerations was found 
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not to be due to an increase in step frequency, but rather an increase in step length, which is 

achieved by extending the flight phase.  

At constant velocities, there is no difference between overground versus treadmill gait (van 

Ingen Schenau, 1980). However, acceleration does have different effects on a treadmill versus 

overground gait. One difference is that there is no linear inertia to be overcome while accelerating 

on a treadmill (Christensen et al., 2000). Another is that while on a treadmill, there is no optic 

flow, while during over locomotion, the changing optic flow has been found to affect the WRT 

velocity (Mohler et al., 2007).  

Further research has investigated the WRT when participants are freely allowed to transition 

from a walk to a run over ground (Segers et al., 2013). Under these uncontrolled conditions, it was 

found that the WRT velocity was considerably higher (2.7 m s-1) when compared to traditional 

constant velocity experiments. This faster transition velocity was found to be caused by a large 

increase in velocity of 0.4 m s-1 during the transition step. The velocity jump coincided with a large 

increase in energy of the body’s COM as well as a change in the energy fluctuations from out-of-

phase to in-phase. These changes were attributed to altering the landing configuration during the 

transition step which minimises the braking impulse during the transition step (Segers et al., 2013). 

2.8 Statement of problem 

The mechanical mechanisms that trigger the WRT remain unclear. Two potential explanations 

for the WRT: 1) to prevent muscular over-exertion (effort) (Hreljac, 1995; Hreljac et al., 2001; 

Bartlett and Kram, 2008), and 2) to minimise peak muscloskeletal loads, and therefore to reduce 

the risk of injury (Biewener and Taylor, 1986; Farley and Taylor, 1991; Hreljac et al., 2008).  



90 
 

Individual studies investigating the WRT have often focused on a single variable as a gait 

transition trigger. For example, ankle joint dorsiflexion has long been identified as a WRT trigger 

(Hreljac, 1995; Hreljac et al., 2008). However, in their 2008 study, Hreljac et al., only focused on 

the ankle and knee joints and did not examine the hip joint, which other research has shown to 

potentially be a joint that is also responsible for the WRT (Prilutsky and Gregor, 2001; Sasaki and 

Neptune, 2006a, 2006b). This suggests that the WRT trigger may not be limited to a single joint.  

Biomechanical variables during both the stance (Neptune and Sasaki, 2005; Arnold et al., 

2013) and swing (Segers et al., 2007; Hreljac et al., 2008) phases have been shown to be potential 

WRT triggers. These studies have often focused on an individual biomechanical variable during 

either the stance or swing phase. It is possible that the transition may be as a result of both phases.   

Much of the research into the WRT has focused on steady velocity locomotion, where 

participants walk or run at a constant velocity either on a treadmill or while walking or running 

over-ground (Hreljac, 1993a; Farris and Sawicki, 2014a; MacLeod et al., 2014). Although central 

to our understanding of the human gait transition, these studies focused on velocities (~2.0 m s-1) 

that are generally avoided during normal locomotion. Therefore, how these studies relate to the 

WRT that occurs from a naturally occurring slower walk remains unclear. Our knowledge of the 

mechanics of the acceleration from a naturally occurring walk to a run remains limited.  

Constant velocity studies are also not able to account for the naturally occurring change in 

acceleration that occurs when participants are freely allowed to change from walking to running. 

While at constant velocities, the ankle is a key joint that dictates the transition from fast walking 

to slow running (Neptune and Sasaki, 2005; Farris and Sawicki, 2011b; MacLeod et al., 2014), the 

naturally occurring WRT steps require an input of mechanical work, and therefore is likely to have 

distinct limb and mechanical patterns compared to constant velocity walking and running. 
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Furthermore, by focusing on constant velocity gait, these studies are unable to account for changes 

to the energy fluctuations of the centre of mass, or the changes in step length and step frequency 

found during constant acceleration studies (Segers et al., 2006).  

Although the increase in the COM energy during the transition step arises due to the change 

from an out-of-phase to an in-phase organisation of COM energy fluctuations (Segers et al., 2008), 

it is still unknown as to how the mechanical work done by the individual joints and limbs are 

modulated during the transition step. Furthermore, while there is strong evidence to suggest that 

the transition step is initiated in a single step, we do not know if the transition step is chosen to 

minimise muscular effort.  Effort minimisation has been observed consistently during stead-state 

walking whereby movement patterns are chosen that minimise metabolic energy expenditure, 

muscle fatigue and muscle activation (to name a few examples). Effort minimisation has also been 

observed in acute upper body tasks, such as learning a novel reaching task (Huang et al., 2012). 

However, it is still unclear whether an acute lower body task, such as the WRT also follows effort 

minimisation.  

Improving our knowledge of whether the WRT follows effort minimisation will help 

understand the control of movement in ‘real-world’ conditions, where stead-state motion is the 

exception, not the norm.  

It is clear that further research is needed to understand why it is that humans transition from 

walking to running, how this transition is initiated and whether the transition velocity is chosen to 

minimise effort. 
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Chapter Three - Linking Statement 

The following chapter (Study One) investigates whether the walk-to-run transition (WRT) 

occurs to prevent muscular over-exertion, and/or to minimise peak musculoskeletal loads. This 

chapter addresses these hypotheses at a joint level (ankle, knee and hip). The effect of velocity on 

discrete lower-limb joint kinetic parameters is measured as humans walk (30-120% of the WRT) 

and run (80-170% of the WRT) across a range of velocities. These velocities include walking 

above and running below the walk-to-run transition velocity.  
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3.1 Abstract 

Two commonly proposed mechanical explanations for the WRT include the prevention of 

muscular over-exertion (effort) and the minimisation of peak musculoskeletal loads and thus injury 

risk. The purpose of this study was to address these hypotheses at a joint level by analysing the 

effect of velocity on discrete lower-limb joint kinetic parameters in humans across a wide range 

of walking and running velocities including walking above and running below the WRT velocity.  

Joint work, peak instantaneous joint power, and peak joint moments in the sagittal and frontal 

plane of the ankle, knee and hip from 8 participants were collected for 10 walking velocities (30 – 

120% of their WRT) and 10 running velocities (80 – 170% of their WRT) on a force-plate 

instrumented treadmill. Of the parameters analysed, three satisfied our statistical criteria of the 

‘effort-load’ hypothesis of the WRT. Mechanical parameters that provide an acute signal (peak 

moment and peak power) were more strongly associated with the gait transition than parameters 

that reflect the mechanical function across a portion of the stride. We found that both the ankle 

(peak instantaneous joint power during swing) and hip mechanics (peak instantaneous joint power 

and peak joint moments in stance) can influence the transition from walking to running in human 

locomotion and may represent a cascade of mechanical events beginning at the ankle and leading 

to an unfavourable compensation at the hip. Both the ankle and hip mechanisms may contribute to 

gait transition by lowering the muscular effort of running compared to walking at the WRT 

velocity. Although few of the examined joint variables satisfied our hypothesis of the WRT, most 

showed a general marked increase when switching from walking to running across all velocities 

where both walking and running are possible, highlighting the fundamental differences in the 

mechanics of walking and running. While not eliciting the WRT per se, these variables may initiate 
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the transition between stable walking and running patterns.  Those variables that were invariant of 

gait were predominantly found in the swing phase. 
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3.2 Introduction 

Why do we switch from walking to running to move faster?  This seemingly simple 

question has received considerable attention yet, while several factors have been proposed as 

triggers for the walk-to-run transition (WRT), their mechanisms remain debated. For example, it 

has been argued that humans (Margaria et al., 1963; Mercier et al., 1994) and other animals (Hoyt 

and Taylor, 1981; Rubenson et al., 2004; Watson et al., 2011) switch between walking and running 

to minimise metabolic energy use. However, some studies in humans have reported that the WRT 

occurs at a velocity when it remains metabolically advantageous to walk, thus putting into question 

whether energy cost is the underlying determinant of the WRT (Hreljac, 1993a; Tseh et al., 2002). 

For example, dynamic systems theory acknowledges the importance of minimising energy 

expenditure, however, views locomotor economy as a consequence of dynamic stability and not 

the cause of the transition per se. From a dynamical systems perspective, the WRT is influenced 

by non-specific control parameters that move the system from one stable coordination pattern to 

another but does not prescribe these states.  As such, the WRT may represent an abrupt shift from 

walking to running to avoid dynamic instability, initiated by one or more discrete mechanical 

variables, for example, the increase in peak ankle power at the onset of running (Farris and 

Sawicki, 2011b). 

Alternatively, discrete mechanical variables may themselves be directly associated with 

gait transition, rather than only reflecting the system stability or energetics. Two such commonly 

proposed explanations for the WRT based on discrete mechanical variables include 1) the 

prevention of muscular over-exertion (effort) (Hreljac, 1995; Hreljac et al., 2001; Bartlett and 

Kram, 2008), and 2) the minimisation of peak musculoskeletal loads and therefore the chance of 

injury (Biewener and Taylor, 1986; Farley and Taylor, 1991; Hreljac et al., 2008). This can occur 
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if variables associated with muscular effort and/or load become elevated when walking above the 

WRT but are lowered upon switching to running (referred to here as the ‘effort-load’ hypothesis 

of the WRT).  In humans, the clearest example of these factors influencing gait transition have 

been identified at the ankle (Hreljac, 1995; Prilutsky and Gregor, 2001; Hreljac et al., 2008; Farris 

and Sawicki, 2011b; MacLeod et al., 2014).  However, the prevalence of other joints [e.g. the hip, 

(Minetti, et al., 1994)] and associated muscle groups affecting the WRT in humans may be 

obscured because of a lack of comprehensive information on the simultaneous individual 

mechanics of all the major lower leg joints across the gait cycle at velocities where both walking 

and running are possible. Furthermore, which discrete joint mechanical parameters that are most 

closely associated with gait transition are poorly understood, and in particular, whether joint 

loading, work, or power have varying influence on the WRT remains untested. 

Although these forms of mechanical analyses at the level of the joints do not assess 

individual muscles directly, they do provide a means to assess the end-effect of the lower-limb 

muscle functions comprehensively. They also provide a powerful approach by which discrete 

muscular effort and mechanical loading hypotheses of gait transition can be tested broadly across 

different joints and muscle groups, and afford further insight into the underlying mechanisms of 

gait transition. The purpose of this study was, therefore, to assess how discrete joint mechanics 

impact the WRT by systematically measuring the effect of velocity on lower-limb joint kinetics 

and mechanical energetics in humans across a wide range of walking and running velocities 

including walking above and running below the preferred WRT velocity.  We asked two main 

questions: 1. How is mechanical work, peak power and/or peak loading (moments) at the 

individual joints associated with the WRT? 2. Do the individual joints (ankle, knee and hip) affect 

the WRT differently?  Furthermore, in order to better understand the mechanics of switching 
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between walking and running, we also asked which joint work, power and moment parameters 

exhibit abrupt changes between walking and running, but that does not influence the WRT per se.  

Although not the central question of the present study, these parameters can inform motor control 

theories, such as dynamic systems theory, as they may represent the behavioural manifestation of 

higher-order control. 

In testing these questions, we established statistical-based criteria for accepting a variable 

as satisfying the effort-load hypothesis for the WRT. We analysed variables that can provide a 

physiological signal for altering gait mechanics including: joint work, peak instantaneous joint 

power and both peak sagittal and frontal plane joint moments, the former being linked to muscle 

force required for body support and the latter being linked to lateral stability and ligament loading, 

and thus may be more closely related to joint injury mechanisms (Besier et al., 2001a; Besier et 

al., 2001b). We assessed how these mechanical parameters changed with respect to the stance- and 

swing-phases of gait independently (we only included those variables that represent the major 

action at the joints in these phases). 

3.3 Materials and methods 

3.3.1 Subjects 

Eight healthy and recreationally active subjects (m = 4, f = 4), with no history of major 

lower-limb injury were recruited for this study (age: 24.8 ± 1.8 years; height: 170.0 ± 9.4 cm; 

mass: 69.6 ± 13.2 kg, mean ± S.D.). All testing procedures were approved by the Human Research 

Ethics Committee of the University of Western Australia. Written informed consent was obtained 

from all subjects.  
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3.3.2 Walk-to-run gait transition velocity 

All subjects were accustomed to walking and running on treadmills and were initially 

familiarised to walk and run on a force-plate instrumented split-belt treadmill (Bertec, Columbus, 

OH, USA). All participants wore shoes for all trials during the data collection. The subject’s 

preferred WRT velocity was determined following a protocol similar to those of Hreljac (1993a,b) 

and Bartlett and Kram (2008).  The subjects walked at randomised velocities ranging from 1.5 to 

2.5 m s-1 at intervals of 0.1 m s-1 for approximately 30 seconds to one minute per velocity. At each 

velocity, the subjects were instructed to choose between walking and running voluntarily and were 

allowed to switch between gaits. The slowest velocity where the subjects confirmed running to be 

their ‘most comfortable’ gait was selected as the WRT velocity. This process was repeated three 

times, and the subject’s range and average WRT velocity was determined (group average 2.00 ± 

0.09 m s-1, ranging from 1.90 to 2.10 m s-1).  

3.3.3 Three-dimensional (3-D) gait analysis 

Experiments were performed on a split-belt force-plate treadmill (Bertec, Columbus, OH, 

USA). Subjects walked at velocities ranging from 30% to 120% of their WRT velocity (0.5 to 2.5 

m s-1) and ran at velocities ranging from 80% to 170% (1.5 to 3.5 m s-1) of their WRT.  For both 

walking and running, velocity increments of 10% were analysed with the subject walking/running 

at a set velocity for at least one minute. Five velocities spanning 80 – 120% of the WRT were 

performed for both walking and running. The walking and running velocities were randomised to 

prevent any order effects. Five strides per subject per velocity were analysed where the subject 

maintained their anterior-posterior and medial-lateral position on the treadmill.  Individual strides 

where gait was spontaneously changed between walking and running were not analysed for this 

study. 
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Three-dimensional (3-D) ground reaction forces (2000 Hz) and marker position data (250 

Hz; 8-camera VICON MX motion-analysis system VICON OxfordMetrics, Oxford, UK) were 

captured and integrated in Vicon Nexus data acquisition suite (version 1.8.3). Retroreflective 

markers were placed either on bony landmarks or as part of triad-marker clusters. Single markers 

were placed on the left and right anterior superior iliac spines, left and right posterior superior iliac 

spines, left and right head of first and fifth metatarsals, and left and right calcaneus. Triad-marker 

clusters were placed on the left and right thigh and leg.  Three-dimension kinematic and inverse 

dynamic calculations were computed in VICON Nexus and Bodybuilder (VICON, Oxford 

Metrics, Oxford, UK) in accordance with the procedures established in Besier et al., (2003), 

including a functional knee axis and joint centre (mean helical axis) and a functional hip centre 

(sphere-fit) calculation. Prior to inverse dynamic modelling, marker position data was filtered 

using a fourth-order, 12 Hz (walking) and 8 Hz (running) low-pass Butterworth filter, with the 

filter frequencies selected by performing a residual analysis of filtered vs. unfiltered data 

(MATLAB, The Mathworks, Natick, MA). Ground reaction force signals were filtered at the same 

frequency as the kinematic data to prevent joint moment artifacts (Kristianslund et al., 2012). 

3.3.4 Joint moments and instantaneous joint power calculations 

Joint moments were expressed in the distal segment anatomical coordinate systems as per 

Besier et al. (2003). Only flexion/extension and adduction/abduction joint moments were used for 

WRT transition analyses because of the high variability in the long-axis joint loading. Joint powers 

were computed as the net power across all three joint planes. Joint moments and powers were 

computed for the right leg and both normalised to body mass (N kg-1 and W kg-1, respectively). 

Numerical values of the peak joint moments and powers were initially identified using Matlab 

(The MathWorks, Natick, MA).  A secondary visual inspection identified whether the peak joint 
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moments and instantaneous peak joint powers corresponded to the physiologically relevant phases 

of the gait cycle (see Fig. 3.1).  

3.3.5 Joint work  

Positive and negative joint work ( , ) were calculated for the ankle, knee and hip 

from the positive and negative values of the instantaneous joint power curves ( , ), 

respectively: 

 ,   (3.1) 

The work from the individual joints (Equation 3.1)  was computed for the stance and swing 

phases independently. Work was normalised to body mass (J kg-1). When clear bursts of positive 

and/or negative work in the gait phase (stance/swing) were produced separately under net flexion 

and extension joint moments, both the individual flexion and extension work was computed (Fig. 

3.1).  This calculation included positive hip joint work produced during the swing and stance 

phases, negative work at the hip in stance, negative work at the knee in swing, and the positive 

work at the ankle in swing. We report the flexion or extension work depending on which parameter 

represents the primary function of the joint in the gait phase (see Fig. 3.1).    

3.3.6 Testing of the ‘effort-load’ hypothesis for mechanical variables. 

Similar to Hreljac (1993b, 1995), we defined a set of criteria for a mechanical variable to 

satisfy the effort-load hypothesis of the WRT.  Our analysis is based on the hypothesis that the 

WRT occurs when an ‘undesirable’ discrete variable surpasses a certain threshold value with 

increasing walking velocity and is lowered by switching to running. A mechanical variable 

satisfied the effort-load hypothesis of the WRT if it increased with walking velocity and first 
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became larger during walking compared to running at the WRT velocity such that switching gaits 

results in a favourable reduction in that variable.  This definition is consistent with the criteria of 

Hreljac (1993b, 1995) whereby a mechanical “trigger” for the WRT is required to increase with 

walking velocity and undergo an abrupt decrease upon switching to running, but with the addition 

that the stimulus for lowering the variable first occurs at the WRT velocity. To assess these criteria 

of the effort-load hypothesis we first examined the relationships between gait and velocity using a 

two-way (gait: walking and running) by five repeated-measures (velocity: 80%, 90%, 100%, 110% 

and 120% of WRT velocity) analysis of variance (ANOVA; SPSS version 21).  Significant main 

effects of velocity and gait were assessed (p < 0.05) and adjusted for the false discovery rate arising 

from multiple comparisons (Benjamini adjustment; Benjamini and Hochberg, 1995). The variable 

was deemed to increase with walking velocity when a main effect of velocity was detected, or if 

an interaction effect between velocity and gait existed, when a post hoc one-way ANOVA limited 

to walking data exhibited a main effect of velocity.  Secondly, a priori tests were used to establish 

those velocities where walking data were significantly greater than the running data. Because our 

criteria asked specifically when the walking data first became greater than the running data we 

performed a one-tailed paired sample t-test at each velocity (p < 0.05 with Benjamini multiple 

comparison adjustments).  

3.3.7 General joint mechanical changes between walking and running at different 

velocities 

We also determined those variables that were generally affected by switching between a 

walking and running gait, but which did not satisfy the effort-load hypothesis per se. These 

variables demonstrated a shift between walking and running gaits at the WRT and other velocities 

where walking and running were compared.  In order to determine if gait had a general effect on 
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the biomechanical variables tested we used the two-way repeated-measures ANOVA described 

above to assess gait and velocity main and interaction effects (p < 0.05 with Benjamini multiple 

comparison adjustments). Variables that exhibited a main effect of gait were deemed to undergo a 

generalised modification between walking and running. When an interaction effect between gait 

and velocity was found, post hoc tests were used to identify significant differences between the 

walking and running data at individual velocities (two-tailed paired sample t-test; p<0.05 with 

Benjamini multiple comparison adjustment). 

3.4 Results 

Example traces of the group mean joint moment and instantaneous power curves during 

walking and running at the WRT velocities are presented in Fig. 3.1. The peak moments and peak 

instantaneous powers during the stance and swing phases of walking and running that are used in 

our analyses are identified, as are the joint power bursts that define our joint work variables. 

Results from the velocity/gait series analyses are presented below, and group mean data are 

provided for each variable at each velocity in the online supplementary material (Microsoft Excel). 
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Fig. 3.1 Grouped average moments (A – F) and instantaneous powers (G – L) for the ankle (A, B 
and G, H), knee (C, D and I, J) and hip (E, F and K, L) joints when walking (A, C, E and G, I, 
K) and running (B, D, F and H, J, L) at the WRT. The shaded area on the joint moments graphs 
(A – F) represent the S.D. of the group means The dark and light shading on the powers graphs (G 
– L) represent positive and negative joint work, respectively, with group S.D. omitted for clarity. 
AM1 and AM2 (A-B) indicate the peak ankle stance-phase dorsiflexion and plantarflexion moments 
respectively. The peak swing-phase moments have not been indicated on the graph due to the scale. 
KM1 and KM2 indicate the peak knee stance-phase extension and flexion moments respectively, 
while KM3 and KM4 indicate the peak knee swing extension and flexion moments, respectively (C-
D). HM1 and HM2 represent the peak hip stance-phase extension and flexion moments respectively, 
while HM3 and HM4 represent the peak hip swing-phase flexion and extension moments (E-F). AP1 
and AP2 represent the peak positive and negative ankle stance-phase power (G-H). The swing-
phase power has been not been indicated due to the scale. KP1 indicates the peak positive knee 
stance power, and KP2 and KP3 indicate the peak negative knee stance and swing power, 
respectively (I-J). HP1 and HP2 represent the peak positive and negative hip stance power, 
respectively, and HP3 and HP4 represent the peak positive hip swing power during flexion and 
extension, respectively.  The negative knee swing flexion work (performed during net flexion 
moments in terminal swing) was computed from the KP3 power burst; the positive hip stance 
extension work and negative flexion work (performed during net extension and flexion moments, 
respectively) were computed from the HP1 and HP2 power bursts, respectively; the positive hip 
swing flexion work (performed during net flexion moments in early swing) was computed from 
the HP3 power burst. 
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3.4.1 Mechanical work 

The majority of joint work variables exhibited a statistically significant increase with 

velocity, except the ankle stance negative work (see Table 3.1 for ANOVA statistics including 

velocity main effects from both two-way and one-way post hoc analyses). The individual velocities 

identified as being significantly different between walking and running (a priori and post hoc 

analyses) are identified on Fig. 3.2.  
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Table 3.1. Joint Work 

Variable 
Two-way ANOVA   One-way ANOVA 

Gait Velocity Interaction   Walking Running 

Ankle stance (positive) * <0.001 <0.001 0.171    

Ankle stance (negative) * <0.001 0.654 0.004  0.005 0.080 

Knee stance (negative) * 0.002 <0.001 0.363    

Hip stance ext. (positive) * <0.001 <0.001 <0.001  <0.001 0.024 

Hip stance flex. (negative) 0.442 0.165 0.611    

Ankle swing dorsi-flex 
(positive) 0.040 <0.001 <0.001  <0.001 0.001 

Knee swing flex. (negative) 0.338 <0.001 0.536    

Hip swing flex. (positive) * 0.023 <0.001 0.943    

       

P values for two-way ANOVA main and interaction effects and one-way ANOVA post hoc 
analyses. Bold numbers signify statistical differences after Benjamini correction for multiple 
comparisons. (*) signifies variables that satisfied the definition of a general change between 
walking and running (gait main effect), but that were not identified as a trigger of gait transition.  

 

 

No mechanical work parameters satisfied all the statistical requirements of the effort-load 

hypothesis of the WRT (see Materials and Methods). The line of best fit for the positive ankle 

swing work (Fig. 3.2D) during walking was found to increase above those of running at the WRT 

velocity but did not exhibit a statistically higher value during walking compared to running at the 

WRT. Table 3.1 details the ANOVA results and the work variables that satisfied our definition of 

a general change between walking and running (gait main effect) but which were not identified as 

satisfying the effort-load hypothesis of gait transition. 
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Fig. 3.2 Joint work (mean ± S.D.) during walking (closed symbols) and running (open symbols) 
plotted against velocity (expressed as a percent of the WRT velocity; 100% depicted by the broken 
vertical line). Positive and negative ankle (A), negative knee (B), and positive hip stance extension 
work and negative flexion work (performed during net extension and flexion moments, 
respectively) (C). Positive ankle swing dorsiflexion work (performed during net dorsiflexion 
moments in swing) (D), negative knee swing flexion work (performed during net flexion moments 
in terminal swing) (E), and positive hip swing flexion work (performed during net flexion 
moments in early swing) (F). (#) indicates velocities where walking was significantly greater than 
running (a priori tests). (*) indicates significant differences between walking and running 
established in post hoc analyses (run only when an interaction effect between gait and velocity was 
found). If both a prior and post hoc significant differences were found only the (*) is labelled. 
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3.4.2 Peak instantaneous joint powers 

The majority of instantaneous joint power variables exhibited a main effect of velocity 

(ANOVA, Table 3.2) including both power generation and absorption (Fig. 3.3). The individual 

velocities identified as being significantly different between walking and running (a priori and 

post hoc analyses) are identified on Fig. 3.3. From these statistical analyses, the peak positive hip 

stance power and the peak positive ankle swing power were the only variables identified that 

satisfied all the statistical requirements of the WRT trigger (Fig. 3.3C-D).  The line of best fit for 

the peak positive hip swing (flexion) power (Fig. 3.3F) during walking was found to increase above 

that of running close to the WRT velocity but did not exhibit a statistically higher value during 

walking compared to running at the WRT.   

Table 3.2. Peak instantaneous joint powers 

Variable 
Two-way ANOVA   One-way ANOVA 

Gait Velocity Interaction   Walking Running 

Ankle stance (positive) * 0.002 <0.001 <0.001  0.005 <0.001 

Ankle stance (negative) * <0.001 0.004 0.202    

Knee stance (negative)* <0.001 <0.001 0.542    

Hip stance (positive)  0.046 <0.001 0.001  <0.001 0.004 

Hip stance (negative)* 0.002 <0.001 0.257    

Ankle swing (positive)  0.015 0.001 <0.001  <0.001 0.576 

Knee swing (negative) 0.105 <0.001 0.385    

Hip swing flex. (positive) 0.555 <0.001 <0.001  <0.001 <0.001 

       

P values for two-way ANOVA main and interaction effects and one-way ANOVA post hoc analyses. 
Bold numbers signify statistical differences after Benjamini correction for multiple comparisons. Bold 
variable text signifies variables that are identified as walk-to-run transition triggers. (*) signifies 
variables that satisfied the definition of a general change between walking and running (gait main 
effect), but that were not identified as a trigger of gait transition.  
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The summary of ANOVA results including gait main effects and gait- velocity interaction 

effects on peak powers, and the peak power variables that satisfied our definition of a general 

change between walking and running (gait main effect) but that did not satisfy the effort-load 

hypothesis of gait transition are outlined in Table 3.2. 

 

Fig. 3.3 Peak instantaneous joint power (mean ± S.D.) during walking (closed symbols) and 
running (open symbols) plotted against velocity (expressed as a per cent of the WRT velocity; 
100% depicted by the broken vertical line). Peak positive and negative ankle (A), negative knee 
(B), and positive and negative hip stance powers (C). Peak positive ankle swing power (D), peak 
negative knee swing power (E) and peak positive hip swing power in flexion (F). Circles and 
squares represent peak positive and negative power, respectively. The (‡) next to the graph heading 
indicates the variable was identified as a WRT trigger.  (#) indicates velocities where walking was 
significantly greater than running (a priori tests). (*) indicates significant differences between 
walking and running established in post hoc analyses (run only when an interaction effect between 
gait and velocity was found). If both a prior and post hoc significant differences were found only 
the (*) is labelled. 
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3.4.3 Peak joint moments 

The majority of peak joint moment variables increased with velocity during walking, with 

the only exceptions being the peak knee stance abduction moments (Fig. 3.4 G) (see Table 3.3 for 

ANOVA statistics including velocity main effects from both two-way and one-way post hoc 

analyses). The individual velocities identified as being significantly different between walking and 

running (a priori and post hoc analyses) are identified on Fig. 3.4.  

Table 3.3. Peak joint moments 

Variable Two-way ANOVA   One-way ANOVA 
Gait Velocity Interaction   Walking Running 

Ankle stance plantarflexion * <0.001 <0.001 <0.001  0.223 <0.001 
Knee stance extension * 0.001 <0.001 0.387    
Hip stance flexion  0.042 0.008 <0.001  <0.001 0.355 
Hip stance extension  0.117 <0.001 0.004  <0.001 <0.001 
Ankle swing dorsiflexion * 0.001 <0.001 <0.001  <0.001 0.028 
Knee swing flexion  0.038 <0.001 <0.001  <0.001 <0.001 
Hip swing flexion  0.037 <0.001 0.047    
Hip swing extension  0.321 <0.001 0.008  <0.001 <0.001 
Knee stance abduction  0.032 0.075 0.505    
Hip stance abduction  0.034 0.013 0.387    
       
P values for two-way ANOVA main and interaction effects and one-way ANOVA post hoc analyses. 
Bold numbers signify statistical differences after Benjamini correction for multiple comparisons. Bold 
variable text signifies variables that are identified as walk-to-run transition triggers. (*) signifies 
variables that satisfied the definition of a general change between walking and running (gait main effect),  
but that were not identified as a trigger of gait transition.  

 

The peak hip stance flexion moment satisfied the criteria for the WRT trigger (Fig. 3.4C, 

positive values; Table 3.3). The line of best fit for the peak hip stance extension moment (Fig. 

3.4C, negative values; Table 3.3) increased above that of running at the WRT but did not exhibit 

a significantly larger value for walking compared to running at the WRT after the Benjamini 
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correction for multiple comparisons. The other peak joint moments did not satisfy the criteria for 

the effort-load hypothesis of the WRT. The summary of ANOVA results including gait main 

effects and gait- velocity interaction effects on peak joint moments, and the peak joint moment 

variables that satisfied our definition of a general change between walking and running (gait main 

effect) but that did not satisfy the effort-load hypothesis of gait transition are outlined in Table 3.3. 

 

Fig. 3.4 Peak joint moments (mean ± S.D.) during walking (closed symbols) and running (open 
symbols) plotted against velocity (expressed as a percent of the WRT velocity; 100% depicted by 
the broken vertical line). Peak ankle stance-phase plantarflexion moments (A). Peak knee stance-
phase extension (B), and hip stance-phase flexion and extension moments (C). Peak ankle swing-
phase dorsiflexion moments (D). Peak knee swing-phase flexion moments (E), and hip swing-
phase flexion and extension moments (E-F). Peak knee and hip stance-phase abduction moments 
(G – H). Positive values (circles) represent net joint flexion moments (dorsiflexion at the ankle). 
Negative values (squares) represent net joint extension moments (plantarflexion at the ankle, 
abduction at the knee and hip). The (‡) next to the graph heading indicates the variable was 
identified as a WRT trigger.  (#) indicates velocities where walking was significantly greater than 
running (a priori tests). (*) indicates significant differences between walking and running 
established in post hoc analyses (run only when an interaction effect between gait and velocity was 
found). If both a prior and post hoc significant differences were found only the (*) is labelled. 
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3.5 Discussion 

Humans and other terrestrial animals spontaneously switch from a walking to running gait 

as they increase locomotor velocity. This study aimed to determine the extent by which discrete 

mechanical variables at the individual joints that can affect muscular effort and musculoskeletal 

loads are associated with the WRT in humans. The majority of the examined joint parameters 

showed a general marked increase between walking and running at velocities where both walking 

and running are possible. However, out of the parameters examined, only three satisfied our 

statistical criteria of the effort-load hypothesis of the WRT.  Mechanical parameters that provide 

an acute signal (peak moments and peak power) were more strongly associated with the gait 

transition than mechanical work parameters that reflect the muscular function across a portion of 

the stride and were present both at the ankle and the hip.  

3.5.1 Which discrete joint mechanical variables might affect the walk-to-run transition? 

Previous studies have identified discrete joint kinematics (Minetti et al., 1994; Hreljac, 

1995), joint moments (Prilutsky and Gregor, 2001) and peak joint power (Hreljac et al., 2008) that 

may be linked to the WRT. Because these studies either focused on a subset of joints or mechanical 

variables separately, it is difficult to deduce from them whether each parameter is equally 

important in the WRT. The current study’s comprehensive inverse dynamic analyses indicate that 

various joint-level mechanical variables are linked to the WRT including both peak joint power 

and peak joint moments. This might result, in part, because these parameters are each associated 

with the same muscular actions.  For example, the required increase in peak positive hip stance 

power (Fig. 3.3C) may occur partly due to the increase in peak hip stance flexion moments (Fig. 

3.4C, positive values), as joint power is a function of joint moment. 
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It is nevertheless interesting that all of the mechanical variables satisfying the effort-load 

hypothesis of the WRT identified in this study (peak joint power and peak joint moments) are 

those that can provide an acute physiological signal. This is consistent with the theory that gait 

transition occurs spontaneously, is initiated within a single stride (Segers et al., 2013), and is 

triggered by discrete variables that can be acutely sensed. In contrast, joint work reflects the joint’s 

mechanical function over a portion of the stride. Similar to the overall metabolic rate, the longer 

time over which these variables fluctuate might preclude them from causing the transition step 

itself [although AMP-activated protein kinase (Winder, 2001) and/or other cellular mechanisms 

(Clanton et al., 2013) may provide acute sensing of the energy/work state of a muscle]. On the 

other hand, the increase in joint mechanical work at the ankle and hip during fast walking above 

that required for running offer a reasonable explanation, together with instantaneous peaks in joint 

power and moments, why humans avoid walking at these velocities and instead choose to either 

walk slower or run faster. They might also help explain, in part, the higher cost of walking 

compared to running at fast walking velocities. 

It is likely that the variables consistent with the effort-load hypothesis identified in this 

study reflect local muscle-level stimuli.  These local joint-level effects were, however, not 

contained to a single phase of the gait cycle. Variables linked to the WRT were identified both in 

the swing phase (peak positive ankle dorsiflexion power) and in the stance-phase (peak hip flexion 

power and moments).  Furthermore, the peak hip extension and flexion moments and peak ankle 

and hip power occur at different times during stance.  Given that gait transition is likely triggered 

within a short time frame, it remains unclear whether one of these variables is more strongly 

associated with the transition, whether each independently affects the WRT at different times, or 

whether they possibly act cumulatively. 
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3.5.2 Evidence for both ankle- and hip-based mechanics influencing the walk-to-run 

transition 

Several studies have identified effort (Hreljac et al., 2001; Hreljac, 1995; Hreljac et al., 

2008), or fatigue (Segers et al., 2007; Malcolm et al., 2009) in the ankle dorsiflexors during the 

swing phase as a main factor influencing the WRT. The findings of this study supports this 

hypothesis, providing further evidence that ankle dorsiflexion in swing is a key mechanism 

affecting the transition from walking to running. Indeed, this study found that the peak swing-

phase dorsiflexion power (Fig. 3.3D) satisfies the effort-load hypothesis of the WRT transition, 

with peak power values during walking exceeding those of running at the WRT velocity (MacLeod 

et al., 2014). Our results for ankle swing-phase dorsiflexion work (Fig. 3.2D) further indicate that 

ankle dorsiflexion mechanics become unfavourable at walking velocities beyond the WRT. It is 

plausible that the high peak joint power and work are the underlying mechanisms leading to 

dorsiflexion fatigue at fast walking velocities and that the reduction of these variables upon 

switching to running mitigates the fatigue and effort sensed in the muscles.  

It has also been argued that stance-phase plantarflexion is a factor contributing to the WRT. 

Neptune and Sasaki (2005), and more recently Arnold et al. (2013) showed in simulation studies 

that the ability to generate force is compromised at fast walking velocities because of sub-optimal 

force-length-velocity characteristics of the triceps surae muscles.  Switching to running allowed 

these muscles to function at a more favourable length and velocity, thus increasing their force 

capacity.  More direct evidence for this has recently been found by combining ultrasound imaging 

and gait analysis, in which the velocity of the medial gastrocnemius fascicles has been identified 

as limiting force and power production during walking at the WRT velocity (Farris and Sawicki, 

2011a). Our velocity -series joint-level analysis provides further support for this theory, whereby 
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a plateau in peak instantaneous positive power and plantarflexion moments occurs above the WRT 

(Fig. 3.3A, Fig. 3.4A, negative values). The switch to running leads to a marked increase in ankle 

joint power and plantarflexion moments (Fig. 3.3A, Fig. 3.4A, negative values) and is in agreement 

with the higher estimated triceps surae muscle force and power during running at the WRT velocity 

(Neptune and Sasaki, 2005; Farris and Sawicki, 2011a; Arnold et al., 2013). We cannot rule out, 

however, that the combination of the limitation in plantarflexion torque and dorsiflexion fatigue 

may contribute to the loss of local dynamic stability at the ankle joint when walking at velocities 

beyond the WRT (Jordan et al., 2009), and may together reflect a dynamic systems determinant of 

the WRT as opposed to a discrete ankle joint determinant. 

In addition to the aforementioned ankle mechanisms, our study also identified novel 

discrete hip-based mechanical variables that are associated with the WRT. The increase in peak 

positive hip stance power and peak flexion moments (Fig. 3.3C and Fig. 3.4C, positive values) 

during walking to values above those required for running at the WRT may contribute to the 

transition to a running gait. It is intriguing to consider whether the sharp increase in the peak 

positive hip stance-phase power beyond the WRT velocity (Fig. 3.3C) occurs because of the 

inability of the ankle to produce sufficient stance-phase peak power and joint moments (Fig. 3.3A 

and Fig. 3.4A).  In this regard, the trigger for the WRT may, in part, be the result of a cascade of 

mechanical events beginning at the ankle and leading to an unfavourable compensation at the hip, 

both of which may provide the critical signal for altering gait. Unlike Prilutsky and Gregor (2001) 

we did not observe a clear unfavourable effect on swing-phase joint moments at fast walking 

velocities.  This may be due to the moderately smaller range of walking velocities in the present 

study due to the difficulty of our subjects to maintain faster walking velocities. That hip swing-

phase mechanics might influence the WRT was, however, supported by the peak hip flexion joint 
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power measurements (Fig. 3.3F), which become greater for walking than for running above the 

WRT velocity. 

Together, these results suggest that the switch between walking and running may occur not 

only to reduce effort in ankle muscles, but also in the hip musculature. Some previous support for 

a hip-based mechanism affecting the WRT can be found from electromyography analyses of the 

hip muscles (rectus femoris and biceps femoris) at walking and running velocities spanning the 

WRT velocity (Prilutsky and Gregor, 2001). Furthermore, simulation studies in which individual 

muscle mechanics were predicted for walking and running at and above and below the WRT 

indicate favourable reductions in peak power and work in hip muscle fibres as a result of switching 

to running (Sasaki and Neptune, 2006a, 2006b), although this has yet to be shown experimentally 

in humans. Interestingly, the redistribution of average mechanical power from the hip to the ankle 

that accompanies the reduction in hip work at the WRT has been suggested to contribute to the 

greater locomotor efficiency of running (Farris and Sawicki, 2011b). This may occur due the 

purported greater plantarflexor efficiency during running and might also contribute to gait 

selection. 

3.5.3 Is injury avoidance a factor in human gait transition? 

Whether the elevation in peak hip sagittal plane joint moments (Fig. 3.4C) would influence 

the WRT due to an injury reduction mechanism [as has been suggested in horses to reduce tendon 

loads, (Farley and Taylor, 1991)] is questionable. The increased hip flexion and extension 

moments are most likely accompanied by an increase in muscle force that, while potentially 

increasing the effort of locomotion, are at levels that are not expected to pose any significant 

musculoskeletal injury risk.    



123 
 

More likely to be linked with injury mechanisms are the frontal plane loads at the knee 

(Besier et al., 2001a; Besier et al., 2001b) and the hip. The present study provides among the first 

measurements of the response of non-sagittal loading at these joints across velocity.  Interestingly, 

while the abduction loading at the knee and hip increase at the same rate with velocity during both 

walking and running, the load level is higher during running at all velocities where both gaits were 

analysed (Fig. 3.4).  Running may therefore place the joints at larger risk of injury in general, but 

there is no evidence from our study that frontal plane loading per se influences the WRT in a 

manner to specifically reduce injury risk at the WRT velocity.   

3.5.4 General effect of gait transition  

Whether joint mechanical differences between walking and running are general across all 

velocities where walking and running are possible, or whether they arise due to a velocity related 

effect has not been extensively examined. Our analysis found that most of the joint parameters in 

both the sagittal and frontal planes exhibited a marked increase with a shift from walking to 

running, both below and above the WRT. Furthermore, the majority of variables lacked an 

interaction effect between gait and velocity (Table 3.1-Table 3.3). These findings suggest that, 

overall, there is an increase in the joint mechanical variables between walking and running that are 

largely unaffected by velocity. Interestingly, those variables that were invariant of gait were 

predominantly found in the swing phase (Table 3.1-Table 3.3). That differences in joint mechanics 

between walking and running are more predominant in the stance-phase of gait is consistent with 

the body centre-of-mass paradigms of walking and running (inverted pendulum vs. spring mass), 

which are dictated primarily by stance dynamics (Saibene and Minetti, 2003). We also found some 

joint variables at the hip and the ankle that exhibited velocity -dependent differences between 

walking and running. For example, the ankle swing-phase work (Fig. 3.2D), and the peak positive 
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hip stance- and swing-phase flexion power (Fig. 3.3C and F) and stance-phase moments (Fig. 

3.4C) all lacked a main effect of gait but exhibited an interaction effect between gait and velocity 

(Table 3.1-Table 3.3).  In these variables there was either a difference between gaits only at faster 

velocities, or the differences were in opposite direction above vs. below the WRT.  In this latter 

scenario, these variables might help explain both the WRT as well as the run-to-walk transition. 

While the general increase in these joint parameter magnitudes alone may not explain the 

WRT, they may however reflect which joint variables are responsible for initiating the transition 

between stable patterns of coordination (walking/running).  As such, while not affecting the WRT 

per se, they may represent the key variables underpinning a dynamic systems interpretation of the 

WRT and may be representative of the central motor plan for moving between attractor states and 

avoiding system instability. 

3.5.5 Limitations 

Our joint-level inverse dynamic analyses represent the net effect of all muscles and 

structures that span the joints. As has been outlined previously (Sasaki et al., 2009), inverse 

dynamic analyses do not necessarily reflect the mechanics of individual muscles. We have not 

taken into account co-contraction between antagonist muscles, force sharing between synergist 

muscles or the distribution of work and power between muscle fibres and tendon.  It is also 

important to stress that our criteria for the effort-load hypothesis of the WRT to be satisfied is 

based on the statistical identification of a unique increase in a parameter during walking compared 

to running at the WRT. This was the case when a parameter for walking first increases above 

running at the WRT. Whilst these criteria are designed to detect a unique event at the WRT, we 

cannot rule out that a variable reaches a critical value that influences gait transition without being 

uniquely identifiable at the WRT velocity using the above criteria. They also do not identify other 
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mechanisms that may influence gait transition, such as a restricted capacity for stance-phase peak 

ankle power and moments output that were evident in our analysis of joint mechanics (Fig. 3.3A 

and Fig. 3.4A). Finally, our analysis of the WRT does not specifically assess whether non-specific 

control parameters, which may be reflected in our discrete joint measurements, are responsible for 

the WRT (rather than the discrete variables themselves). 

Conclusion 

Discrete joint-level mechanisms at both the ankle and hip that are thought to increase 

muscular effort have been identified as being associated with the WRT in humans. Of the examined 

variables, only those that provide an acute signal satisfied our effort-load hypothesis of the WRT.  

We hypothesise that the WRT in humans is dictated, in part, by a limitation in ankle moment and 

power generation that results in a compensation at the hip that increases the effort in hip muscles 

above that which is required during running. Finally, our analyses suggest that the differences in 

joint mechanics between walking and running in most joint-level parameters are consistent across 

different velocities where walking and running are both feasible gaits. 
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Chapter 4 Modulation of joint and limb mechanical work 

in walk-to-run transition steps in humans 
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Chapter Four – Linking Statement 

Chapter Three identified that both the ankle (peak instantaneous joint power during the 

swing phase) and hip mechanics (peak instantaneous joint power and peak joint moments during 

the stance phase) can influence the walk-to-run transition in humans. The ankle and hip joint 

parameters were found to be lower while running when compared to running at the walk-to-run 

transition velocity.  

Chapter Three investigated the walk-to-run transition under constant-velocity conditions, 

independent of the effect of acceleration. As such, it is still unclear how the mechanical work of 

the lower limb is modulated during naturally occurring walk-to-run transitions.  

Chapter Four will examine the effect of acceleration on the mechanical joint work of the 

lower-limb and the individual joints as subjects transition from their preferred walking velocity to 

a variety of running velocities, ranging from a run that is slower than their preferred walking 

velocity, to a sprint. It is hypothesised that the mechanical work of the lower limb is proportional 

to the transition velocity.  
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4.1 Abstract 

Surprisingly little information exists of the mechanics in the steps initializing the walk-to-

run transition (WRT) in humans. Here we assess how mechanical work of the limbs (vertical and 

horizontal) and the individual joints (ankle, knee and hip) are modulated as humans transition from 

a preferred constant walking velocity (WLK) to a variety of running velocities (RUN; ranging 

from a sprint to a velocity slower than WLK). WRTs to fast RUNs occur nearly exclusively 

through positive horizontal limb work, satisfying the goal of forward acceleration. Contrary to our 

hypothesis, however, positive mechanical work remains above that of WLK even when 

decelerating.  In these WRTs to slow running, positive mechanical work is remarkably high and is 

comprised nearly exclusively of vertical limb work. Vertical-to-horizontal work modulation may 

represent an optimisation for achieving minimal and maximal RUN velocity, respectively, while 

fulfilling an apparent necessity for energy input when initiating WRTs.  Net-work of the WRT 

steps was more evenly distributed across the ankle, knee and hip joints than expected. Absolute 

positive mechanical work exhibited a clearer modulation towards hip-based work at high 

accelerations (> 3 m s-2), corroborating previous suggestions that the most proximal joints are 

preferentially recruited for locomotor tasks requiring high power and work production. In WRTs 

to very slow RUNs, high positive work is nevertheless done at the knee, indicating that modulation 

of joint work is not only dependent on the amount of work required but also the locomotor context. 
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4.2 Introduction 

Among the most universal locomotor patterns is the transition from walking to running to 

move faster. Many studies have investigated the biomechanical, physiological, and/or 

psychological explanations for the spontaneous (self-selected) transition from walking to running 

in humans (WRT; Mercier et al., 1994; Hreljac, 1995; Mohler et al., 2007; Pires et al., 2014). These 

studies have generally involved constant-velocity locomotion and focused on the transition to 

running that occurs as walking velocity is increased beyond a threshold where walking is no longer 

the preferred gait. Although central to our understanding of human gait transition, these studies 

focused on WRT velocities (~2.0 m s-1) that are generally avoided during normal locomotion. For 

example, it has been shown that in towns and cities, walking velocities range from approximately 

0.75 – 1.8 m s-1 (Bornstein, 1979; Minetti et al., 1994). How these previous studies relate to the 

WRT that takes place from a slower, more natural, walking velocity is unclear.  In many cases the 

decision to transition from a walk to a run occurs not through an increase in walking velocity up 

until we experience discomfort, as has been the case in most WRT studies, but rather is achieved 

via a direct transition from slower, more comfortable walking.  Surprisingly little data exists for 

the mechanics of the WRT from these typical habitual walking velocities. Further, relatively few 

studies have examined the mechanics of accelerating from walking to running during the actual 

transition steps themselves (although see Van Caekenberghe et al., 2010b; Segers et al., 2013). 

Thus, how the joints and limbs combine to achieve the WRT remains surprisingly poorly 

understood.  

Studies assessing a range of constant-velocity walking and running indicate that the ankle 

is a key joint dictating the transition from fast walking to slow running (Neptune and Sasaki, 2005; 

Farris and Sawicki, 2011a; MacLeod et al., 2014; Pires et al., 2014). However, unlike constant-
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velocity analyses, WRT acceleration steps necessitate a net input of positive mechanical work and 

can thus be expected to have a distinct limb and joint mechanical pattern compared to both steady-

velocity walking and running. Studies on humans indicate a greater reliance on proximal joints for 

net positive work production (Hubley and Wells, 1983; Roberts and Belliveau, 2005). This shift 

in work distribution may be explained on the basis that long-fibred parallel muscles associated 

with the proximal joints have a greater capacity to perform mechanical work compared to the 

short-fibred pennate muscles of the distal limb (Biewener, 1998; Biewener and Roberts, 2000). 

Greater reliance on proximal joints to input high net positive work is nevertheless not universal.  

For example, turkeys performing bipedal running acceleration steps exhibit near equivalent net 

ankle and hip joint work across a range of acceleration levels (Roberts and Scales, 2004) and 

wallabies rely predominantly on net ankle work (McGowan et al., 2005).  At a limb level it has 

been demonstrated that as step acceleration increases in turkeys, negative work drops to zero such 

that net-work is represented solely by positive work production (Roberts and Scales, 2002). In this 

study the ratio of peak horizontal to vertical force increased substantially at higher accelerations. 

These results suggest that increasing acceleration may also be achieved through modulating the 

ratio of horizontal to vertical work.  The details of how limb and joint work is modulated across 

WRT accelerations is not known for human gait.   

The purpose of this study was to assess how mechanical work at the limbs (both horizontal 

and vertical work) and individual joints (ankle, knee and hip) is modulated as humans transition 

from a preferred walking (WLK) velocity to a variety of running (RUN) velocities (ranging from 

a sprint to a running velocity that is slower than the preferred walking velocity).  While 

transitioning to running velocities slower than the preferred walking velocity is unnatural, and 

unlikely to occur under normal conditions, they are included to help reveal more comprehensively 
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the fundamental biomechanical control paradigms of the WRT. We have chosen to investigate 

both the net mechanical work at the limbs and joints as well as the absolute positive (and negative) 

work.  In net-work calculations energy absorption and generation across the step cancel and thus 

they represent the overall effect that the specific limb or joint has on accelerating the Centre of 

Mass (COM) between the start and end of the step.  Absolute work captures the cumulative amount 

of positive (and negative) work that the joint delivers to the COM within the step.  Partitioning 

absolute positive and negative work is important for understanding how the limb and joints 

accelerate the COM in cyclical movements that include periods of energy absorption and 

generation, where examining net-work alone might obscure their role (Sasaki et al., 2009).  Finally, 

partitioning the amount of work performed to accelerate the COM vertically vs. horizontally 

further helps explain the limbs’ and individual joints’ functions across WRTs ranging from low to 

high acceleration.   

We first hypothesised that at the highest WRT accelerations, net-work would be generated 

exclusively through positive mechanical work.  We also hypothesised that positive work will 

decrease below the value for WLK when decelerating into a run and start to approach zero, because 

an input of work is theoretically no longer a mechanical requirement.  These predictions were 

based, in part, on data from fast accelerating turkeys (Roberts and Scales, 2002; Roberts and 

Scales, 2004) that provide among the most comprehensive data on bipedal acceleration steps.  

Secondly, we hypothesised that a greater reliance on mechanical work production at the proximal 

joints (knee and hip) and a reduced reliance on work at the distal joint (ankle) occurs with 

increasing WRT accelerations, similar to that observed in other human locomotor tasks when the 

requirement for positive mechanical work is high (Hubley and Wells, 1983; Roberts and Belliveau, 

2005; Qiao and Jindrich, 2016; Farris and Raiteri, 2017). 
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4.3 Materials and methods 

4.3.1 Sample and ethics approvals 

Ten healthy and recreationally active male participants with no history of major lower-limb 

injury were recruited for this study (age: 26.3 ± 2.4 years; height: 174.9 ± 6.8 cm; mass: 74.3 ± 

13.7 kg, mean ± S.D.). Previous work indicated that this sample size is suitable for detecting 

velocity-dependent effects on joint mechanics (Pires et al., 2014).  All testing procedures were 

approved by the Human Research Ethics Committee of the University of Western Australia. 

Written informed consent was obtained from all participants.   

4.3.2 Walk-to-run conditions 

Prior to conducting gait transition trials, the participants’ average self-selected walking 

velocity (WLK) was determined by having the participants walk 20 m through a gait laboratory 

(the velocity calculations are described in further detail below and in Fig. 4.1). Participants were 

subsequently instructed to change from their WLK to one of five running velocities (referred to as 

RUN): 1) a running velocity that was slower than their preferred walking velocity, 2) a running 

velocity that was the same as their self-selected walking velocity, 3) a jog, 4) a fast run, and 5) a 

sprint. The five running velocity transitions were repeated a minimum of 5 times and performed 

in random order to avoid order effects.  The participants were instructed to initiate the transition 

so that their first transition step (referred to as S1) occurred on one force-plate (2000Hz; 9261A 

Kistler, 0.6 x 0.4m Winterthur, Switzerland) and their subsequent step (referred to as S2) occurred 

on a second force plate (2000Hz; BP12001200-4K AMTI 1.2m x 1.2m, Watertown, MA, USA). 

The participants could choose whichever leg felt comfortable to initiate the transition step. They 

were instructed to maintain their WLK velocity prior to the transition step, irrespective of the 
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instructed transition velocity. If the walking velocity leading up to the transition steps did not 

match within 0.3 m s-1 of their self-selected WLK velocity, the trials were repeated.  

We conducted a secondary test where our participants were instructed to change from their 

self-selected WLK velocity to either 1) a WLK faster than their preferred WLK or 2) a WLK 

slower than their preferred WLK. 
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Fig. 4.1 Diagram of the laboratory set up. The preferred walking velocity (WLK) was measured 
from timing gates separated by 2m and placed 2m in front of the first force plate. The first (S1) 
and second (S2) transition step velocities were measured from markers placed on the participant’s 
pelvis. S1 occurred on the first force plate (0.6 m [in the direction of motion] by 0.4 m). S2 occurred 
on the second force plate (1.2 by 1.2 m). The final velocity (RUN) was measured from timing 
gates separated by 2m and placed 2m after the second force plate. 
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4.3.3 Velocity and acceleration measurements 

The WLK velocity of the participants as they approached the transition step was measured 

by a set of timing gates placed 2 m in front of the first force-plate. The velocity of RUN was 

measured by a second set of timing gates placed 2 m after the second force-plate (Fig. 1). The 

RUN velocity reported in this study is thus the running velocity that was achieved after the two 

recorded transition steps and not the velocity across these transition steps themselves.  The average 

acceleration and velocity across the individual gait transition steps (S1 and S2) were computed by 

the mean horizontal acceleration and velocity of the mid-pelvis over the stance phase (heel strike 

to toe-off) of each respective step. As there was still a double support phase during S1, we were 

unable to calculate the centre of mass (COM) acceleration and velocity of the complete S1 step 

using the Ground Reaction Force (GRF) method (Donelan et al., 2002) as we did not have a force-

plate to measure the GRF of the contralateral foot during the double support phase. We did, 

however, compare the average pelvis linear horizontal acceleration to the acceleration calculated 

from numerical integration of the GRF of S2 when no double support was present (Donelan et al., 

2002; see below for a detailed description of methodology). The average pelvis linear horizontal 

acceleration was found to be systematically slightly greater than the acceleration calculated from 

the GRF but the two methods were strongly correlated (r2 = 0.92 for the acceleration; Fig. 4.2A). 

This difference resulted in slightly different slopes of mechanical work vs acceleration compared 

to using the GRF-derived acceleration but did not alter the conclusions of the study.   
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Fig. 4.2 Regression of the centre of mass acceleration calculated from the ground reaction force 
(GRF; see methods) and the acceleration estimated from motion capture of markers placed on the 
participant’s (N = 10) pelvis (line of best fit eqn: Bbcd = e. ef ⋅ Bgh4 + f. ii;  r2 = 0.92) (A) and 
the regression of net mechanical limb work in S2 calculated from the GRF approach (see methods) 
and the net mechanical limb work in S2 computed using the  estimated centre of mass velocity 
from markers placed on the participant’s pelvis (line of best fit eqn: D7bcd

= f. je ⋅ D7gh4
+

f. ek; r2 = 0.99) (B). 
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4.3.4 3-D gait analysis and joint mechanics 

For a detailed description of the 3D gait analysis, joint moments and power calculations, 

please refer to Pires et al., (2014). Briefly, three-dimensional (3D) GRF’s (2000 Hz) and marker 

position data (250 Hz; 10 camera VICON MX motion analysis system; VICON Oxford Metrics, 

Oxford, UK) were captured whilst participants transitioned from walking to running. Prior to 

inverse dynamic modelling, marker position data and the GRF’s were filtered using a fourth-order, 

8 Hz low-pass Butterworth filter (filter frequency was selected by performing a residual analysis 

of filtered vs unfiltered data). 3D kinematic and inverse dynamic calculations were computed in 

Vicon Nexus and Bodybuilder software (VICON, Oxford Metrics, Oxford, UK) in accordance 

with Besier et al., (2003) and outlined in more detail in Pires et al (2014).  

 Joint work calculations have also been previously detailed in Pires et al (2014). Briefly, the 

net joint work for S1 and S2 were calculated from the time integral of the joint power curves, 

respectively over the stance phase. Positive and negative joint work for S1 and S2 were calculated 

from the time integral of the positive and negative values of the joint power curves, respectively, 

over the stance phase.  

Total joint powers for S1 and S2 were calculated by summing the instantaneous power 

traces at each joint. Net total joint mechanical work for S1 and S2 were calculated by integrating 

the values of the total joint power trace with respect to time. Positive and negative total joint 

mechanical work for S1 and S2 were calculated by integrating the positive and negative values of 

the total joint power trace with respect to time. 

4.3.5 Limb mechanical work 

The net, positive and negative  horizontal (lm
nop
,lm

?
,lm

>
), vertical (lq

nop
,lq

?
,lq

>
),  and 

total (lprp
nop
,lprp

?
,lprp

>
), mechanical work performed by each limb over the stance phase were 
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calculated using the ‘individual limb method’ outlined by Donelan et al., (2002). The mechanical 

power produced by each lower limb in the horizontal (sSt) and vertical (sSu) directions were 

computed as the dot product of the horizontal and vertical external force acting on the limb 

(vSt, vSu) and the horizontal and vertical velocity of the centre of mass (TSt, TSu), respectively: 

 sSt = vSt ⋅ TSt										sSu = vSu ⋅ TSu  (4.1) 

  

The total limb power generated on the body’s centre of mass was computed from the sum 

of the horizontal, vertical and mediolateral power: 

 sSwxw = 	vStTSt + vSuTSu+vSyzTSyz  (4.2) 

 

where vSyzand 	TSuyz  are the medio-lateral ground reaction force and centre of mass 

velocity, respectively.  The centre of mass velocities in each direction were estimated from the 

motion of the mid-pelvis measured using our motion capture system. Medio-lateral work was small 

and was not specifically assessed further in subsequent analyses.  Net horizontal, net vertical and 

net total limb mechanical work were computed by integrating limb power over the stance phase: 

 lm
nop
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p|
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p|

p}

~�,									lprp
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~� (4.3) 

 

Positive and negative horizontal, vertical and total limb mechanical work were computed 

by integrating limb power and restricting to positive and negative values, respectively: 
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For S2, in which the entire stance phase is in single support, we assessed how the limb 

work calculated using the pelvis velocity compared to limb work calculated using a COM velocity 

derived from force plate recordings. For this comparison the COM velocities in each direction 

were calculated by integrating the acceleration of the centre of mass with respect to time. 

Horizontal and vertical centre of mass accelerations were derived from the components of the 

ground reaction force and by the participants’ body mass (and incorporating the acceleration due 

to gravity in the vertical direction):  

 TSt = {
vSt

[

p|

p}

~� + Äm,										TSu = {
vSu −[X

[

p|

p}

~� + Äq (4.5) 

where [ is the body mass of the participants, X is the gravitational acceleration (9.81 m s-

2), and Äm and Äq are integration constants.  The integration constants were calculated as the 

difference between the average velocity (horizontal and vertical: T̅St, T̅Su) of the pelvis and the 

average horizontal and vertical velocity calculated from the numerical integration of the GRF 

across the stance phase.  The remainder of the work calculations were the same as those of Eqns 

4.1-4.4.  The mechanical work calculation using the two separate methods for S2 resulted in only 

very small differences that did not alter conclusions drawn in this study (Fig. 4.2B). 
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4.3.6 Statistics 

In post-testing, the recorded RUN velocity frm the second timing gates were grouped into 

the following velocity ranges: 1) velocity < 1.5 m s-1; 2) 1.5 m s-1< velocity < 2.5 m s-1; 3) 2.5 m 

s-1< velocity < 3.5 m s-1; 4) 3.5 m s-1 < velocity < 4.5 m s-1 and 5) velocity > 4.5 m s-1. Within these 

groups a one-way repeated measures ANOVA (post hoc comparison with Bonferroni correction 

and a significance level of P < .05) was used to compare velocity between WLK, the average 

velocity of S1 and S2, and RUN. 

 The limb and joint work measures of S1 and S2 for each participant were plotted against 

the average COM acceleration of each step. We determined whether a linear or curvilinear 

regression line best fit each participant’s limb and joint work vs. acceleration data by increasing 

the order of the polynomial until the highest coefficient was no longer significantly different from 

0. At this point, increasing the number of coefficients did not improve the fit of the data. 

To assess the relationships between limb and joint work measures and acceleration we first 

computed the work in both S1 and S2 at accelerations common to all participants (-1.0, 0.0, 1.0, 

2.0, 3.0, 4.0 and 5.0 m s-2) using the participant-specific regression equations described above.  

Using these calculated values we performed one-way repeated measures (7 acceleration levels) 

ANOVAs on S1 and S2 limb work measures at a P level of <.05. We also performed a two-way 

(joint: ankle, knee and hip) by 7 repeated measures ANOVA (7 acceleration levels) at a 

significance level of P < .05 for both S1 and S2 to assess how net, positive and negative joint work 

was modulated across acceleration. The same ANOVA was run on the percent contribution that 

each individual joint had to the summed net, positive and negative joint work, after performing an 

arc-sine transformation.  Post hoc comparisons with Bonferroni corrections were used to determine 

significant differences between individual joints. If an interaction effect between joint and 
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acceleration was present we tested for significance between percent work contribution in 

individual joints at each acceleration; we used a paired-sample t-test on arc-sine transformed data 

with Bonferroni corrections for multiple comparisons.   A paired-sample t-test was used to 

determine if there was a significant difference between the total joint work performed in WRT 

accelerations versus that generated when the same acceleration was achieved by walking 

faster/slower. 

4.4 Results 

4.4.1 Step velocity 

In the first step of the walk-run transition (S1), irrespective of the instructed running 

velocity condition, our participants increased their horizontal velocity (P < .05; Fig. 4.3). When 

instructed to transition to a run that was slower than their WLK, our participants increased 

horizontal velocity, but decelerated thereafter (Fig. 4.3. A). Except for transitioning from walking 

to an instructed run that was intended to be the same velocity as the preferred walking velocity, 

(~1.5 m s-1), our participants were not able to achieve a constant velocity between S2 and the final 

RUN velocity (Fig. 4.3. B). When transitioning to running velocities that were greater than 2.5 m 

s-1 (instructed ‘fast runs’ and ‘sprints’), our participants’ horizontal velocity increased between all 

steps (Fig. 4.3. C-E).     
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Fig. 4.3 Box and whisker plots of the preferred walking velocity (WLK), S1 an S2 transition step 
velocity and the final running velocity (RUN). Data have been grouped by the following RUN 
velocity ranges: velocity < 1.5 m s-1 (A); 1.5 m s-1 < velocity < 2.5 m s-1 (B); 2.5 m s-1 < velocity 
< 3.5 m s-1 (C); 3.5 m s-1 < velocity < 4.5 m s-1 (D); and velocity > 4.5 m s-1 (E). Velocities were 
measured at the start of the walkway (WLK); the first step where they transitioned to a running 
gait over the force-plate (S1); the second transition step over the second force-plate (S2); and the 
end of the walkway as the participants ran (RUN). The WLK and RUN velocities were measured 
from timing gates placed two metres either side of the force-plates. The S1 and S2 velocities were 
measured from the average pelvis linear velocity measured over the stance phase for the respective 
step. Bonferroni post hoc adjustment was used to identify significant differences between the 
respective steps: * significant difference (P < .05) between WLK vs. S1, WLK vs. S2 and WLK 
vs.  RUN; # significant difference between S1 vs. S2, and S1 vs. RUN; +  significant difference 
between S2 and RUN. 

2.0

1.5

1.0

0.5

0.0

3210

A

3.0

2.0

1.0

0.0

3210

B

4.0

3.0

2.0

1.0

0.0

3210

C

5.0

4.0

3.0

2.0

1.0

0.0

3210

D

5.0

2.5

0.0

3210

E

Ve
lo

ci
ty

 (m
 s

-1
) 

* # *

*

*

*

*

*

*

*

*

*

*

*

*

Walk S1 S2 Run

# +

# +#

#

#

#

#

+

+



146 
 

4.4.2 Mechanical power  

Example traces of the instantaneous ankle, knee and hip joint and total joint power plotted 

against the percentage of the stance phase for S1 and S2 are presented in Fig. 4.4. Due to the 

quantity and spread of data, individual traces were chosen that corresponded to a RUN velocity of 

1.0, 3.0 and 5.0 m s-1. The participant’s self-selected constant-velocity running trial (~ 3.4 m s-1) 

is also included (Fig. 4.4).  
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Fig. 4.4 Representative traces for the instantaneous ankle (A and B), knee (C and D), hip (E and 
F) and total (G and H) joint powers (body mass-normalised) for S1 and S2 plotted against the 
percent of the stance phase. The fine dotted line represents a WRT to a RUN of 1.0 m s-1; the 
course broken line represents a WRT to a RUN of 3.0 m s-1; and the solid black line represents a 
WRT to a RUN of 4.9 m s-1. The solid grey line is an example trace of the joint power where the 
participant is running at a constant velocity of 3.4 m s-1 (self-selected running velocity).  
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4.4.3 Vertical, horizontal and total limb work vs. acceleration 

There was a significant main effect of acceleration on all limb work measures for both S1 

and S2, except for the vertical net-work in S2 (P < .05; Fig. 4.5).  As expected, the net total limb 

work increased with acceleration, but only became negative with a negative horizontal acceleration 

in S2 (Fig. 4.5E, F).  Total negative limb work reduced to near zero at accelerations above ~3 m s-

2 in S1 and 4 m s-2 in S2. Net-work at these higher accelerations was therefore comprised nearly 

exclusively of positive limb work.  Positive total limb work increased with acceleration in S1 and 

S2 and was always above the positive work of WLK.   The positive and net horizontal mechanical 

work in both S1 and S2 significantly increased as step acceleration increased (Fig. 4.5A, B). At 

accelerations above 3-4 m s-2 net horizontal work resulted purely from positive horizontal work 

production.  Conversely, the net (S1) and positive (S1 and S2) vertical mechanical work 

significantly decreased as step acceleration increased (Fig. 4.5C, D; P < .05). 
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Fig. 4.5 Positive (black circles), negative (red circles) and net (blue circles) body mass-specific 
mechanical limb work in S1 and S2 for each participant (n = 10) vs. acceleration; horizontal (A 
and B), vertical (C and D) and total (E and F) limb work.  Solid colour lines are lines of best fit. 
The horizontal broken black, red and blue lines represent the positive, negative and net mechanical 
limb work performed during WLK over one step. The broken black line (E and F) represent the 
work required to accelerate the centre of mass horizontally calculated from the change in kinetic 
energy from the start to the end of the step. 
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4.4.4 Mechanical joint work vs. acceleration 

A full description of the ANOVA results for net, positive and negative joint work are 

presented in Table 4.1. A main effect of acceleration was observed across the joints (ankle, knee 

and hip) for net, positive and negative joint work. (P < .05; net and positive work increased with 

increasing acceleration while negative work decreased; Fig. 4.6, Fig. 4.7).  
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Table 4.1. Joint work vs. acceleration statistics 

 S1  S2 

 Two-way ANOVA  Bonferroni  Two-way ANOVA  Bonferroni 

 
Joint Accel. Int. 

 Ankle 
vs. 

Knee 

Ankle 
vs. 
Hip 

Knee 
vs. 
Hip 

 
Joint Accel. Int. 

 Ankle 
vs. 

Knee 

Ankle 
vs. 
Hip 

Knee 
vs.   
Hip 

Pos. .009 < .001 < .001  .039 1.00 .074  < .001 < .001 < .001  < .001 < .001 1.00 

Neg < .001 < .001 < .001  .950 .001 .009  .008 < .001 < .001  .967 .001 .139 

Net .017 < .001 < .001  .237 .661 .057  < .001 < .001 .926  .002 .001 .190 

 

P values indicating ANOVA main effects of Joint and Acceleration (Accel.) and their interaction effect (Int.).  Bonferroni post hoc 
tests identify statistical differences between individual joints. Bold numbers signify statistical differences (P< .05).  For statistical 
differences between joints at specific levels of acceleration please refer to Fig. 4.8. 
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A main effect of joint was observed on net-work in S1 and S2. Post hoc tests failed to 

identify any significant differences in net-work between specific joints in S1. When the main effect 

of acceleration across joints was investigated further, post hoc tests revealed that the ankle net-

work was statistically greater than the knee and hip in S2 (P< .05; Fig. Fig. 4.6, Fig. 4.7F).  An 

interaction effect on net-work was observed between joint and acceleration in S1 (P < .05; Fig. 4.7 

F). Post hoc tests on percent net-work in S1 showed that the ankle generates significantly more 

net-work at low accelerations whereas the hip generates more work at high accelerations (P < .05, 

Fig. 4.7E, Fig. 4.8E). 

A main effect of joint was also observed on positive work in both S1 and S2.  Post hoc 

tests found that positive work at the ankle was greater than the knee in S1 and was greater than the 

knee and hip in S2 (P < .05; Table 4.1; Fig. 4.6, Fig. 4.7A, B).  An interaction effect on positive 

work was observed between joint and acceleration in both S1 and S2 (P < .05; Fig. 4.7A, B). Post 

hoc tests on percent positive work showed that the ankle and knee generate significantly more 

positive work than the hip at low accelerations but that the hip increases its relative contribution 

to positive work at high accelerations (P < .05Fig. 4.7A, B; Fig. 4.8A, B).  In S1 the hip generates 

the most positive work out of all joints (P < .05, Fig. 4.7A; Fig. 4.8A). 

Apart from the positive work done by the hip joint during both steps (Fig. 4.6E-F), the 

positive mechanical work of each joint during the transition step was always greater than that of 

the positive mechanical work of the joint when walking at a self-selected walking velocity 

(horizontal broken lines, Fig. 4.6).  



153 
 

We did not make any specific hypotheses regarding the relative amount of negative work 

among joints.  We did observe significant main effects of joint on negative work and interaction 

effects between joints and acceleration in both S1 and S2.  In summary, when negative work 

production is largest (during low and negative horizontal accelerations) most negative work is 

produced at the knee (P < .05; Fig. 4.6, Fig. 4.7C, D).  Negative joint work is very small at high 

acceleration but that which is produced is done so primarily in the ankle and hip (P < .05; Fig. 4.6, 

Fig. 4.7C, D). A full description of the ANOVA results for negative work are presented in Table 

4.1.   

The positive, negative and net-work required to both accelerate (0.49 ± 0.32 m s-2) and 

decelerate (-0.47 ± 0.15 m s-2) from the WLK to faster/slower walking velocities was significantly 

less than the work required to transition to a run with an equivalent acceleration (P < .05; Fig. 4.9). 
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Fig. 4.6 Grouped positive (black circles), negative (red circles) and net (blue circles) body mass-
specific mechanical joint work for each participant (n = 10) for the ankle (A and B), knee (C and 
D), and hip joints (E and F), and the total joint work (G and H) for S1 and S2 plotted against the 
participants’ average acceleration. Solid colour lines are lines of best fit. The broken black, red 
and blue horizontal lines represent the amount of positive, negative and net mechanical work 
produced by each joint respectively (A-F), or the positive, negative and net total joint work (G, 
H), when participants walked at their preferred velocity (WLK). 
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Fig. 4.7 The lines of best fit for positive (A and B), negative (C and D), and net (E and F) joint 
work vs. acceleration for the ankle (solid line), knee (fine dotted line) and hip (coarse dotted line). 
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Fig. 4.8 The group average (n = 10) percent ankle (black), knee (grey) and hip (white) joint work 
of the summed positive (A and B), negative (C and D) and net (E and F) joint work in S1 and 
S2.  Percent contribution was computed at accelerations of -1.0, 0.0, 1.0, 2.0, 3.0, 4.0 and 5.0 m s-

2. To assess the contribution of each joint to net mechanical work, if the total net-work was positive 
or negative, only the joints that were producing net positive or negative work, respectively, were 
included in the calculation of the percent joint work contribution.  The asterisk (*), hash (#) and 
dagger (†) represents a significant difference between the ankle and knee; the ankle and hip; and 
the knee and hip, respectively (P < .05). 
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Fig. 4.9 Positive (A), negative (B), and net (C) total joint work as participants accelerated (0.49 ± 
0.32 m s-2) or decelerated (-0.47 ± 0.15 m s-2) without changing gait (continuous walking; white 
bars) vs. when transitioning to a run (WRT) with the same acceleration and deceleration (black 
bars; data are only presented for the first step of the WRT (S1)).  The asterisk (*) indicates a 
significant difference between the work generated in the walking acceleration/deceleration and 
that generated in the WRT acceleration/deceleration (P < .05). 
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4.5 Discussion 

4.5.1 General mechanical response to WRT transition tasks 

This study investigated limb and joint mechanics and their modulation during the transition 

from a preferred walking velocity to various targeted running velocities. The response to the 

instructed WRT was consistent across participants yet showed several unexpected features.  First, 

we showed that humans have difficulty transitioning directly to a running gait that has a forward 

velocity equal to, or slower than, their preferred walking velocity (Fig. 4.3A, B).  It is possible that 

the ability to directly decelerate from a walk to a very slow run is improved with practice.  The 

challenge of decelerating into a slow run is supported by a total joint power profile that 

predominantly generates power, irrespective if the locomotor goal is to decelerate (Fig. 4.4G).  

Deceleration into a very slow run is instead primarily achieved in S2, after many of the participants 

have already transitioned to a run with an initial increase in forward velocity (Fig. 4.3A).   

We also found that when instructed to transition to a running gait with ‘jogging’ through 

to ‘sprinting’ velocities, a constant velocity is not achieved by the second (S2) step of the WRT 

(Fig. 4.3, Fig. 4.6).  Our analyses were limited to two steps and we can not establish how many 

steps are required to achieve a constant forward velocity.  Despite the inability of the participant 

to adhere strictly to the instructed transition tasks a systematic response of the joints and limbs to 

a WRT spanning a broad range of running velocities and accelerations was observed. 

4.5.2 Limb mechanical work as a function of the walk-to-run transition acceleration 

In both S1 and S2 negative limb work (and negative total joint work) drops to zero as WRT 

acceleration increases (Fig. 4.5, Fig. 4.6), supporting our hypothesis that humans, similar to avian 

bipeds, use purely positive mechanical work to achieve high forward acceleration. We also 
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discovered that in these high forward accelerations humans generate nearly exclusive positive 

horizontal work.  Together, these data show that humans generate work effectively when the goal 

is to accelerate the COM in the forward direction.  Had negative work been generated in high 

acceleration steps, more positive work would be required to achieve the same net positive work.  

Likewise, if a greater portion of this work was directed in the vertical direction, more overall work 

would be required to generate the same horizontal work, and thus forward acceleration.  Both these 

strategies theoretically minimise muscle work required for high WRT accelerations.  One way to 

gauge the effectiveness of the limb in accelerating the COM forward is to compare it to the 

theoretical mechanical work required to achieve the observed horizontal acceleration.  This can be 

computed as !1 2$ %&'(
) * − ,1 2$ %&'-

) ., where &'(
)  and &'-

)  and are the final and initial velocities 

of the COM during the WRT step, respectively.  The theoretical horizontal work confirms that, at 

high WRT accelerations, the limb (and presumably muscles) produce work that is indeed devoted 

nearly purely to the task of forward acceleration; nearly no mechanical work is ‘wasted’ in COM 

deceleration or vertical acceleration (Fig. 4.5).  

Contrary to our hypothesis, however, positive limb (and positive total joint work) was 

always above that during steady-velocity walking, irrespective of the WRT acceleration.  WRTs 

to very slow velocities incur remarkably high positive work considering the goal is to decelerate, 

not accelerate, the COM.  WRTs slow RUN velocities are consequently also associated with a 

large increase in negative work. This is necessary to generate the net negative horizontal work 

(Fig. 4.5A and B) required for reducing the forward velocity of the COM.  It is noteworthy that 

even though some participants could reduce their forward velocity in S1, no participants were able 

to do so with an overall reduction in net limb work (Fig. 4.5E), raising the question whether an 

input of energy is a fundamental control paradigm of transitioning from walking to running. 



160 
 

The high mechanical cost of transitioning to very slow running velocities results nearly 

completely from the generation of positive vertical limb work (Fig. 4.5).  Although producing 

additional mechanical work is undesirable, if an initial input of energy is indeed a constraint on 

the WRT then directing this energy in the vertical direction is the best way to minimise unwanted 

forward acceleration. This is because an input of vertical work will have a minimal effect on 

forward velocity.  It has been previously reported that when participants are freely allowed to 

transition from a walk to a run there is a large increase in velocity (referred to as a velocity jump) 

during the transition step (Van Caekenberghe et al., 2010a; Van Caekenberghe et al., 2010b; 

Segers et al., 2013). Our results indicate that this velocity jump is still present at slow velocities 

but rather than occurring horizontally it occurs vertically.  The second step in the WRT (S2) 

showed the most pronounced increase in positive limb work in WRTs involving a reduction in 

forward velocity.  In these transitions it is remarkable that positive limb work is nearly equivalent 

to that of transition from a walk to a sprint (Fig. 4.6H).  Controlling WRTs to very slow runs thus, 

paradoxically, involves an increase in positive mechanical limb work, which is directed to 

accelerate the COM vertically.   

By parsing total joint work into vertical and horizontal work we uncover a previously 

undescribed (to the best of our knowledge) modulation of limb work in WRTs.  With transitions 

to faster running there is a clear systematic reduction in vertical limb work and an increase in 

horizontal limb work.  When transitioning to a sprint, limb work is directed nearly exclusively in 

the horizontal direction compared to the near-exclusive vertical limb work when transitioning to 

very slow runs (Fig. 4.5).  This modulation can be viewed as an optimisation for maximal forward 

acceleration when the goal is achieving maximal running velocity and minimisation of forward 

acceleration when the goal is achieving minimal forward velocity. 
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4.5.3 Limb mechanics of WRT’s – insights into gait transition energetics and gait 

selection 

Previous studies have found that gait transition is metabolically expensive (Usherwood and 

Bertram, 2003), especially when compared to the cost of changing velocity by walking faster and 

slower (Minetti et al., 2013; Seethapathi and Srinivasan, 2015). Although we do not assess 

metabolic energy cost directly our data corroborates these observations. We found that a WRT 

step that does not alter gait velocity is costlier of positive mechanical work compared to a normal 

walking step at the same velocity [positive work is used here as it is most closely associated with 

positive fibre work during gait (Sasaki et al., 2009) and metabolic energy (Woledge et al., 1985)].  

We also found that changing velocity by walking faster/slower uses considerably less positive 

mechanical work than a gait transition to the same velocity (Fig. 4.9).  These findings offer a 

possible mechanical underpinning to the relative costs of gait transitions and walking velocity 

oscillations, although comparisons to previous studies are complicated by the fact that these 

involved continuous walking / running in treadmill-bases experiments. 

In addition to gait transition costs, our data provides insights into gait selection behaviour.  

In an elegant study, Long and Srinivisan (2013) showed that human participants often use mixtures 

of walking and running gaits in an energetically optimal way to reach their destination. When the 

average velocity required for the journey decreased below ~ 2 m s-1, however, participants used 

nearly exclusively a range of walking velocities. Our findings afford an explanation for this 

demarcation.  First, transitions from walking to running are (unnecessarily) mechanically and 

metabolically expensive at these slow velocities and oscillating between walking slow and fast 

may instead be the most economical gait pattern.  Furthermore, the very high mechanical cost of 

switching from walking to running at relatively slow velocities might diminish the benefit of walk-
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run mixtures utilising slow, but metabolically economical, running velocities (2-2.5 m s-1; Long 

and Srinivasan, 2013).  These possible influences of WRT costs on gait behaviour should in theory 

be amplified when distances are short and the relative cost of WRTs to the total cost of the journey 

are high. 

4.5.4 Modulation of net joint work in WRT transitions 

We observed a more even distribution of net-work across WRTs accelerations than what 

was expected.  Previous studies of incline running, and jumping have found that the hip contributes 

substantially to the net mechanical work required to raise the COM (Roberts and Belliveau, 2005; 

Hubley and Wells, 1983).  During incline running, it has been found that humans even decrease 

their net ankle work between moderate and steep inclines, relying purely on the hip to provide the 

additional COM mechanical work (Roberts and Belliveau, 2005).  In contrast, we found that, 

overall, the ankle was at least equally important in providing net positive mechanical work as the 

hip in WRTs (ANOVA main effect).  In fact, in S2, the ankle bore the largest contribution to net-

work production even at the highest accelerations (Fig. 4.8F).  Also noteworthy is the relatively 

large contribution of net positive mechanical work at the knee, especially in S1 (Fig. 4.6C, Fig. 

4.7E, Fig. 4.8E), which stands in contrast to the exclusive net negative knee work observed in 

human incline running. The obvious difference between the work distribution in incline running 

and jumping and the work distribution of the WRT is that work in WRTs is required to accelerate 

the COM forward, compared to vertical acceleration in the previous two tasks.  This demonstrates 

that modulation of net joint work is not necessarily dictated by muscle-tendon architecture as much 

as it is by the mechanics of the locomotor task itself.  Interestingly, the observed net-work 

distribution between joints resembles those of other bipeds, turkeys and wallabies, undergoing a 

similar range of horizontal accelerations (Roberts and Scales, 2004; McGowan et al., 2005).   
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Notwithstanding the large contribution of the ankle to net-work, our data does partially 

support our hypothesis that high acceleration WRTs are achieved by an increased reliance on net-

work at proximal joints, specifically the hip.  This can be seen by the switch to predominantly hip-

based net-work production above 3 m s-2 in S1 (Fig. 8E).  That this does not occur in S2, however, 

further illustrates that a distal-to-proximal modulation of net joint work depends on the locomotor 

context, not simply the magnitude of the required mechanical work.  It is also noteworthy that the 

knee is responsible for the majority of the energy absorption (net negative work) during 

deceleration WRTs (Fig. 4.8F).  This is consistent with the primary energy absorption role of the 

knee joint during constant-velocity walking and running (Novacheck, 1998; Hreljac et al., 2008; 

Farris and Sawicki, 2011b; Pires et al., 2014). 

4.5.5 Modulation of positive joint work in WRT transitions 

During gait, absolute positive joint work is a much closer estimate of total positive muscle 

fibre work than net joint work (Sasaki et al., 2009) and, therefore, modulation of positive joint 

work (more so than net-work) may be more closely linked with muscle-tendon architecture.  

Indeed, positive hip joint work in both S1 and S2 better align with our hypothesis that higher 

accelerations lead to a greater reliance on mechanical work production at proximal joints. These 

results also corroborate those of other studies investigating horizontal acceleration movements in 

humans showing an increased reliance on the hip for positive work (Belli et al., 2002; Farris and 

Raiteri, 2017). 

A common explanation for a distal-to-proximal shift in work production has been that 

proximal joints are powered by strap-like muscles with long parallel fibres that are thought to be 

better suited to producing positive mechanical work compared to shorter, pennate, fibred muscles.  

Although the mass-specific work capacity of pennate muscles are not lower (any loss in shortening 
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capacity due to short fibres can be offset by an increase in force capacity due to greater cross-

sectional area), under high power demands force-length-velocity effects may limit their force, and 

thus work capacity (Biewener and Roberts, 2000).  An additional constraint on work capacity in 

distal muscles may be related to tendon compliance. Tendon compliance has the ability to affect 

muscle dynamics significantly, in particular as the time course for force production decreases 

(Lichtwark and Wilson, 2006; Lichtwark et al., 2007; Rosario et al., 2016). For example, it has 

been hypothesised that fast walking is avoided because the gastrocnemius and soleus must undergo 

rapid shortening that reduces force capacity due to fibre force-velocity effects (Neptune and 

Sasaki, 2005; Farris and Sawicki, 2011a). Similarly, Dorn et al. (2012) found using a simulation 

approach that when humans approach sprinting velocities the triceps surae also shortens under 

high velocity and likewise has a compromised force capacity at these fast running velocities.  It is 

possible that the interaction between the compliant Achilles tendon and the fibre mechanics of the 

triceps surae underscores the observed shift to greater reliance on the hip for positive work 

production during high acceleration movements. Interestingly, greyhounds, that are characterised 

by highly compliant distal tendons, have similarly been shown to switch from positive joint work 

at the ankle to positive hip joint work as whole-body acceleration requirements increase. (Williams 

et al., 2009).   

We also demonstrate that, like net-work, high positive mechanical work output is not 

limited to the hip joint.  When transitioning to very slow running velocities a surprisingly large 

amount of positive work is performed by the knee joint (Fig. 4.6C, D; Fig. 4.7A, B). It is not clear 

why the knee, as opposed to the other joints, is used to produce the positive work in WRTs to slow 

running.  One reason may be that the knee is better suited to produce vertical work compared to 

the hip.  The predominant use of the knee extensors to power vertical jumping in humans provides 
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support for this interpretation (Hubley and Wells, 1983; Jacobs et al., 1996). We propose that the 

knee is preferentially recruited for positive vertical work, whereas the hip is recruited for positive 

horizontal work production in WRTs. This interpretation is borne from the combined modulation 

between positive knee and hip work and positive vertical and horizontal limb work across WRT 

accelerations.  This is most apparent in S2, where the knee and hip exhibit a near opposite response 

to a change in WRT acceleration - here the knee reduces positive work output at high accelerations 

that require predominantly horizontal work (Fig. 4.6D and Fig. 4.7A). It is not clear whether this 

should result from any musculoskeletal architectural differences between knee and hip muscles, 

although it has been demonstrated, at least in cat locomotion, that certain muscles are more 

strongly related to controlling vertical vs. horizontal ground reaction forces (Kaya et al., 2006). 

4.5.6 Limitations 

This study focused solely on joint-level inverse dynamic analyses, and so represents the 

net effect of all muscles and structures of the joints. We have not taken into account co-contraction 

between antagonist muscles, force sharing between synergist muscles, energy transfer between 

joints, or the distribution of work and power between muscle fibres and tendons. The approach we 

have taken in this study may thus not reflect the mechanics of individual muscles. It also is possible 

that training may improve the effectiveness of unnaturally slow transition velocities, possibly 

altering their limb and joint mechanics. 
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Chapter Five- Linking Statement 

The findings of Chapter Four revealed that the mechanical work done by the lower limb 

was not proportional to the transition velocity. Although an increase in transition velocity did result 

in an increase in the mechanical work of the lower limb, when our participants transitioned to a 

slower running velocity (in some instances slower than their preferred walking velocity), there was 

a subsequent increase in the mechanical work done by the lower limbs.  

The data from the previous chapter showed a minimum in the mechanical work of the lower 

limb vs. transition velocity graph at approximately 2 ms-1 which coincided with the walk-to-run 

transition velocity recorded in Chapter Three, and previously reported literature.  

Chapter Five aims to identify whether the self-selected transition velocity coincides with a 

minimisation of the muscular effort required to transition from a walk to a run. The muscle 

activation of 14 lower limb muscles (7 on each leg), and the mechanical work of each lower limb 

joint was measured as participants transitioned from a walk to a variety of running velocities 

including the self-selected running velocity. The findings of this study will broaden our 

understanding of the underlying neuromuscular control of gait transition and will further test the 

general theory of energy minimisation in a novel gait task.  

The data presented in this chapter was collected in conjunction with Chapter Four. This 

thesis is presented as a series of stand-alone studies, we therefore acknowledge that the 

methodology of this chapter may appear repetitive.  
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5.1 Abstract 

Despite the countless ways the human body can move, movement patterns that minimise 

effort are chosen to perform well-learned tasks with the proviso that the task goal is achieved. It 

remains unclear if acute movement tasks follow the principle of effort minimisation. To examine 

whether effort minimisation applies to an acute movement task, we have examined the walk-to-

run transition step (WRT), which serves the purpose of acutely switching from a slower gait 

(walking) to a faster gait (running). We hypothesise that the joint work and integrated 

electromyography (iACT) will be minimised at the running velocity a subject chooses when 

instructed to transition from a walk to a run, i.e., the self-selected running velocity (SSRV) such 

to minimise the muscular effort associated with the acute WRT task. The joint work and iACT 

(normalized to the average at the SSRV) were plotted against the running velocity (normalised to 

SSRV). A trend line coefficient and regression analysis was performed to determine whether a 

linear or quadratic regression line of best fit each variable’s data. 95% confidence bands were 

calculated for the variable and were used to determine if there was an overlap between the variable 

at the SSRV and the calculated minimum. Every iACT variable had at least one participant (out of 

ten) exhibit an overlap, with 14 out of 24 iACT variables having 5 or more participants exhibit an 

overlap. Conversely, only two joint work variables had five or more participants out of ten exhibit 

an overlap. 
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5.2 Introduction 

The human body can perform motor tasks in a countless number of ways. Despite this, humans 

often choose movement patterns that minimise effort to perform well-learned tasks with the 

proviso that the task goal is achieved (Prilutsky and Zatsiorsky, 2002).  Effort minimisation has 

been observed in the form of metabolic energy expenditure, muscle activation, muscle fatigue and 

the sense of perceived effort. For example, it has been well documented that humans prefer to walk 

at specific velocities that minimise the amount of metabolic energy required to move a unit 

distance (Ralston, 1958; Margaria et al., 1963). The effort minimisation of walking has since been 

documented in further research (Zarrugh et al., 1974; Donelan et al., 2001). Furthermore, at 

energetically optimal velocities, humans choose a combination of movement patterns that 

minimise metabolic cost and/or muscle activity such as foot postures (Cannon et al., 2007), stride 

lengths (Cavanagh and Williams, 1982), step widths (Donelan et al., 2001), and stride rates 

(Umberger and Martin, 2007). It should be noted however, that for both walking and running 

across a range of velocities, the cumulative muscular activity required to traverse a kilometre was 

minimised at different velocities for each of the different 13 muscles presented in that study 

(Carrier et al., 2011).  

Most studies assessing effort minimisation in movement have focused on steady-state 

locomotion where the participant is required to walk or run at a constant velocity for a specific 

period of time. What remains much less clear is if acute movement tasks also follow the principle 

of effort minimisation.  Some examples of effort minimisation have been observed in acute 

movements, such as when we choose arm movements that minimise the neural effort for 

controlling arm intersegmental dynamics when drawing horizontal lines (Dounskaia et al., 2011). 

Effort minimisation has also been demonstrated by humans learning a novel arm reaching task.  
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When participants had learned how to perform the novel task, the metabolic power, muscle activity 

and the coactivation all decreased in comparison to when the task was new (Huang et al., 2012). 

Further examining effort minimisation in acute movement tasks is important for understanding 

more broadly the scope of effort minimisation as a principle of movement biology.  It will also 

prove important for understanding the control of movement in ‘real-world’ settings, in which 

steady-state cyclical movement is the exception rather than the norm. 

To examine whether effort minimisation applies to an acute movement we have examined the 

walk-to-run transition step (WRT).  The WRT serves the purpose of acutely switching from a 

slower gait (walking) to a faster gait (running). In a previous experiment (Chapter Four: Pires et 

al., 2018), we measured the joint work performed by the lower limbs during the WRT and 

subsequent steps. The participants were asked to transition from a walk to a run, with a variety of 

post-transition run target velocities, ranging from a run that was slower than their preferred 

walking velocity to a sprint. In Chapter Four (Pires et al., 2018) found that the positive mechanical 

limb work was minimised at a transition to a running velocity of approximately 2 m s-1. This 

velocity is consistent with the WRT velocity reported in constant velocity studies (Hreljac, 1995; 

MacLeod et al., 2014). Given that the previous study indicated that there is a minima in positive 

joint work associated with the transition to a specific running velocity, we hypothesise that the 

observed minima in joint work occurs at the running velocity a participant will freely choose to 

run at when instructed to transition from a walk to a run. This will be referred to as the “self-

selected running velocity” (SSRV), such to minimise the muscular effort associated with the acute 

WRT task. To test this hypothesis, the positive mechanical joint work done on the first two 

transition steps as our participants transitioned from a preferred-velocity walk to their SSRV as 

well as a variety of velocities ranging from a run that was slower than their preferred walking 
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velocity to a sprint. To further test our hypothesis, we measured the integrated electromyography 

(iACT) from the major leg muscles over each transition condition. The iACT was included as it is 

representative of the time a muscle is active and the level of muscular recruitment, and therefore 

is representative of overall muscular recruitment. 

5.3 Methods and materials 

5.3.1 Participants 

Ten healthy and recreationally active male participants, with no history of major lower-

limb injury were recruited for this study (age: 26.3 ± 2.4 years; height: 174.9 ± 6.8 cm; mass: 74.3 

± 13.7 kg; mean ± S.D.). Previous work indicated that this sample size is suitable for detecting 

velocity-dependent effects on joint mechanics (Chapter Three: Pires et al., 2014). All testing 

procedures were approved by the Human Research Ethics Committee of the University of Western 

Australia. Written informed consent was obtained from all participants. 

5.3.2 WRT conditions 

Our participants were required to perform a WRT gait transition across a 20 m walkway in a 

gait laboratory. Our participants transitioned from their preferred walking velocity to a variety of 

running velocities ranging from: 1) a running velocity that was slower than their preferred walking 

velocity, 2) a running velocity that was the same as their preferred walking velocity, 3), their 

SSRV, 4) a fast running velocity, and 5) a sprint. Each of these conditions were repeated a 

minimum of five times and performed in random order to avoid order effects. For a detailed 

explanation of the WRT conditions and velocity measurements, refer to Chapter Four (Pires et al., 

2018).  

The participants were instructed to initiate the transition so that their first transition step 

(referred to as “S1”) occurred on one force-plate (2000Hz; 9261A Kistler, 0.6 x 0.4m Winterthur, 
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Switzerland) and their subsequent step (referred to as “S2”) occurred on a second force plate 

(2000Hz; BP12001200-4K AMTI 1.2m x 1.2m, Watertown, MA, USA). Our participants were 

instructed to maintain a constant self-selected comfortable walking velocity prior to the transition 

step, irrespective of the instructed transition velocity. If the walking velocity leading up to the 

transition steps did not match within 0.3 m s-1 their recorded self-selected walking velocity, the 

trial was repeated. 

The initial walking velocity (WLK) of the participants as they approached the transition step 

was measured by a set of timing gates placed 2 m in front of the first force-plate. The velocity of 

the terminal run (RUN) after the transition was measured by a second set of timing gates placed 2 

m after the second force-plate. Both the WLK and RUN timing gate sets were also separated by 2 

m to measure the average velocity (Fig. 5.1). 
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Fig. 5.1. Diagram of the laboratory set up. The “Walk” velocity was measured from timing gates 
separated by 2 m and placed 2 m in front of the first force plate. The terminal velocity was 
measured from timing gates separated by 2 m and placed 2 m after the second force plate. 

 

5.3.3 EMG recording and analysis 

Electromyographic (EMG) activity was sampled from the soleus (SOL), gastrocnemius 

medialis (MG), tibialis anterior (TA), vastus medialis (VM), rectus femoris (RF), bicep femoris 

(BF), and gluteus maximus (GM) of both legs at 2000 Hz using surface electrodes and a wireless 

telemetered system (Noraxon, Scottsdale, Arizona, USA) for the stance phase. The raw EMG 
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signals were high pass filtered using a 30 Hz fourth-order zero-lag Butterworth filter, full-wave 

rectified, and low pass filtered using a 16 Hz fourth-order zero-lag Butterworth filter, and 

normalised to the peak excitation of the testing session. The normalised muscle excitation was 

converted to muscle activation (ACT) using a simple linear first-order system that reflects the 

influx and efflux of calcium through the muscle membrane by two-time constants (van der Kooij 

et al., 2008): 

	 0(2) = 	
5

56789⋅;
<(2), and 0(2) = 	 5

567=8⋅;
<(2) (5.1) 

 

Where < is the excitation signal normalised between 0 – 1, 0 is muscle activation 

normalised between 0 – 1, >?@is the rate constant for increased muscle activation (< > 	0) and 

>B?is the rate constant for deactivation. >?@ and >B?was set to 25 and 50 ms respectively. This 

conversion allowed muscle activity to be analysed by considering the electromechanical delay. 

Integrated Activation (iACT) was calculated from the time integral of the ACT linear envelope 

over the stance phase: 

	 CDEF = 	∫ DEF
H(
H-

IJ  (5.2) 

 

The iACT was then normalised to the average iACT of the SSRV trials. Total iACT for S1 and 

S2 was calculated by summing the scaled iACT of each muscle to the percentage of volume muscle 

mass [see Ward et al. (2009) for muscle volumes].  
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5.3.4 3-D gait analysis 

For a detailed description of the three-dimensional (3D) gait analysis, joint moments and power 

calculations, please refer to Chapter Three  (Pires et al., 2014). Briefly, 3D GRF’s (2000 Hz) and 

marker position data (250 Hz; 10 camera VICON MX motion analysis system; VICON Oxford 

Metrics, Oxford, UK) were captured whilst participants transitioned from walking to running. 3D 

kinematic and inverse dynamic calculations were computed in Vicon Nexus and Bodybuilder 

software (VICON, Oxford Metrics, Oxford, UK) in accordance with Besier et al., (2003) and 

outlined in more detail in Chapter Three (Pires et al. 2014).  

Joint work calculations have been previously detailed in Chapter Three (Pires et al., 2014).  

Briefly, positive joint work for S1 and S2 was calculated from the time integral of the positive 

values of the joint power curves, respectively, over the stance phase.  

Total joint power for S1 and S2 was calculated by summing the instantaneous power traces at 

each joint resulting in a net instantaneous power trace. Total joint mechanical work for S1 and S2 

were calculated by integrating the positive values of the total joint power trace with respect to time. 

5.3.5 Statistics 

The SOL, MG, TA, VM, RF, BF, GM and Total iACT (normalised to the average iACT at the 

SSRV) and the ankle, knee, hip and limb work (normalised to the average joint work at the SSRV) 

were plotted against the running velocity (normalised to SSRV) for the individual participants data 

(n = 10). The summed normalised work and iACT of S1 and S2 (SUM) was also plotted against 

the running velocity (normalised to SSRV).  

A trend line coefficient and regression analysis were performed to determine whether a linear 

or a quadratic regression line best fit each variable’s data. The order of polynomial was increased 
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until the coefficient was no longer significantly different from 0 (p < .05). At this point increasing 

the number of coefficients did not improve the fit of the data.  

If the individual participant’s data showed a quadratic fit, eqn. 5.3 was used to find the 

minimum value for the variable, where a and b are the coefficients in eqn. 5.4. If the minimum for 

the variable fell outside of the velocity range, it was excluded from further analyses. If the 

relationship between the variable and the normalised transition velocity was found to be negative, 

i.e. a maximum value was found, the variable was also excluded from further analyses.  

	 %CK =
−L

2M
 (5.3) 

	 N = MO) + LO + Q	 (5.4) 

 

A 95% confidence band was calculated for those variables that exhibited a quadratic line 

of best fit (and satisfied the criteria outlined in the previous paragraph) and a minimum (p < .05) 

at the SSRV. If the work or iACT variable at the numerical minimum (based off the line of best 

fit) fell into the 95% confidence band at the SSRV, the variable was determined to have an overlap 

between the numerical minimum and the SSRV (Fig. 5.2). The overlap between the variable at the 

numerical minimum and the SSRV is subsequently referred to as the overlap minimisation criteria.  
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Fig. 5.2. Example overlap between the 95% confidence band (p < .05) at the SSRV (red vertical 
line) and the numerical minimum of the fitted data (blue horizontal line). The intersection between 
the red and blue lines indicates an overlap.  

 

While the focus of the statistical analysis is on the data at the individual participant level, 

the same minimum and overlap analysis has been performed on the grouped data and presented in 

the figures and tables in the results section. 

5.4 Results 

The average SSRV was 2.80 ± 0.32 m s-1. Our participants transitioned to running 

velocities that ranged between 23 and 186% of the grouped normalised SSRV. Due to the volume 

and spread of data collected in this study, we are unable to present the muscle activation and joint 

work for each velocity collected. Accordingly, we have presented the muscle activation and the 

instantaneous joint power (both normalised to the average peak during the SSRV) for three 
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velocities, 50, 100 and 150% or the normalised SSRV as these velocities are representative of the 

spread of the data set. 

5.4.1 EMG 

The activation for each muscle generally increased with transition velocity, however, there 

was a smaller increase in the activation between 50 and 100% than between 100 and 150% of the 

SSRV (Fig. 5.3). The peak muscle activation for 50 and 100% of the SSRV was similar between 

S1 and S2 for most muscles. Generally, the peak muscular activation at 150% of the SSRV was 

greater during S2 than S1 for most muscles, the exception being the RF, where the peak activation 

was greater during S1 than S2 (Fig. 5.3).
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Fig. 5.3 Grouped mean (n = 10) instantaneous SOL (A and B), MG (C and D), TA (E and F) VM 
(G and H), RF (I and J), BF (K and L), GM (M and N) and Total (O and P) EMG for S1 (A, C, 
E, G, I, K, M and O), and S2 (B, D, F and H) plotted against the per cent stance phase. The red, 
blue, and black lines represent 50, 100 and 150% of the SSRV, respectively (normalised velocity). 
The linear envelopes have been normalised to the peak EMG found during the participants SSRV.
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5.4.2 iACT 

Every participant had at least one iACT variable satisfy the overlap minimisation criteria. 

The VM S2 and RF SUM had nine out of ten participants exhibit an overlap between the iACT at 

the numerical minimum and the individual participants SSRV. Five variables, SOL S2, VM SUM, 

RF S2, Total S2 and Total SUM all had eight out of ten participants satisfy the overlap 

minimisation criteria. RF S1 had seven out of ten participants satisfy the overlap minimisation 

criteria, while SOL SUM and MG S2 each had six out of ten participants satisfy the overlap 

minimisation criteria. SOL S1, MG SUM, TA SUM, and VM S1 had five out of ten participants 

satisfy the overlap minimisation criteria, with TA S2 and BF S2 each having four out of ten 

participants satisfy the overlap minimisation criteria. Five variables, TA S1, BF SUM, GM S2, 

GM SUM and Total S1 each had three participants satisfy the overlap minimisation criteria, with 

MG S1 had two participants satisfy the overlap minimisation criteria. BF S1 and GM S1 each had 

a single participant satisfy the overlap minimisation criteria (Table 5.1).  

Grouped iACT scatter plots for the combined data for all ten participants are presented in 

Fig. 5.4 and Fig. 5.5. Table 5.1 also presents the normalised velocity at which the grouped data 

numerical minimum occurs, the iACT at the grouped numerical minimum, the iACT value of the 

grouped data, the upper and lower confidence bands for the iACT data at the grouped SSRV and 

whether the grouped data exhibits an overlap between the iACT at the numerical minimum and 

the iACT at the SSRV.  
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Fig. 5.4 Combined iACT for each participant (n = 10) normalised to the iACT performed by each 
muscle at the participants transition velocity plotted against the terminal velocity normalised to the 
preferred transition velocity for the SOL (A – C), the MG (D - F), the TA (G – I), the VM (J – 
L), the RF (M - O), the BF (P – R), and the GM (S – U) iACT for each leg for S1 (A, D, G, J, M, 
P and S), S2 (B, E, H, K, N, Q,  and T), and the SUM of S1 and S2 (C, F, I, L, O, R and U). 
The red vertical line represents the 95% confidence band (p < .05) at 100% of the normalised 
velocity. The grey shaded area represents the 95% confidence band (p < .05). The coarse dotted 
line represents the numerical minimum of the grouped data.  The fine dotted line indicates the 
normalised mean preferred walking velocity of 0.52, normalised to the SSRV. The blue horizontal 
line represents the iACT at the numerical minimum.  
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Fig. 5.5 Combined normalised total iACT for each participant (n = 10) for S1 (A), S2 (B) and 
SUM (C). The total iACT was calculated by summing the scaled iACT of the SOL, MG, TA, VM, 
RF, BF and GM muscles to the percentage of volume muscle mass [see Ward et al. (2009) for 
muscle volumes]. The red vertical line represents the 95% confidence band (p < .05) at 100% of 
the normalised velocity. The grey shaded area represents the 95% confidence band (p < .05). The 
coarse dotted line represents the numerical minimum of the grouped data.  The fine dotted line 
indicates the normalised mean preferred walking velocity of 0.52, normalised to the SSRV. The 
blue horizontal line represents the iACT at the numerical minimum. 
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Table 5.1. iACT 
 

Overlap Count 
Grouped 
Numerical 
Min. at TV 

Grouped 
Numerical 
Min. iACT 

Grouped 
iACT at 
SSRV 

Lower iACT 
CB at SSRV 

Upper iACT 
CB at SSRV 

Grouped 
Overlap? 

SOL S1 5 0.738 0.946 0.985 0.953 1.017 No Overlap 
SOL S2 8 1.068 1.060 1.064 1.009 1.120 Overlap 
SOL SUM 6 0.938 1.022 1.025 0.988 1.061 Overlap 
MG S1 2 0.373 0.886 0.970 0.943 0.998 No Overlap 
MG S2 6 1.112 1.044 1.049 1.006 1.091 Overlap 
MG SUM 5 0.863 1.004 1.010 0.982 1.037 Overlap 
TA S1 3 0.947 0.911 0.911 0.869 0.954 Overlap 
TA S2 4 1.216 1.109 1.148 1.062 1.234 Overlap 
TA SUM 5 1.159 1.016 1.030 0.979 1.081 Overlap 
VM S1 5 0.782 0.979 1.010 0.972 1.047 Overlap 
VM S2 9 1.083 1.034 1.046 0.966 1.127 Overlap 
VM SUM 8 1.004 1.028 1.028 0.979 1.078 Overlap 
RF S1 7 0.812 0.673 0.844 0.694 0.994 No Overlap 
RF S2 8 1.006 0.879 0.879 0.716 1.042 Overlap 
RF SUM 9 0.907 0.820 0.861 0.737 0.986 Overlap 
BF S1 1 0.597 0.897 1.001 0.949 1.053 No Overlap 
BF S2 4 0.825 1.077 1.091 1.025 1.157 Overlap 
BF SUM 3 0.694 0.994 1.046 1.000 1.092 No Overlap 
GM S1 1      No Overlap 
GM S2 3 0.443 0.946 1.143 1.054 1.231 No Overlap 
GM SUM 3 0.040 0.757 1.072   No Overlap 
Total S1 3 0.686 0.920 0.981 0.951 1.012 No Overlap 
Total S2 8 1.114 1.055 1.068 1.011 1.124 Overlap 
Total SUM 8 0.947 1.022 1.024 0.989 1.060 Overlap 
The number of individual participants that satisfied the overlap minimization criteria for each iACT variable. The remaining columns 
are for the grouped data found in Fig 5.4 and Fig 5.5. Specifically, the transition velocity at which the numerical minimum occurs, the 
iACT at the numerical minimum, the grouped iACT at the SSRV, the upper and lower iACT confidence bands at the SSRV and 
whether or not the grouped data showed an overlap between the iACT at the numerical minimum and the iACT at the SSRV. 
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5.4.3 Joint power 

Generally, the positive peak power of each joint increased with RUN velocity. The peak 

power of each joint was similar between S1 and S2, although the ankle joint of S2 was greater than 

that of S1 at 150% of the SSRV (Fig. 5.6 A-B). Furthermore, the peak positive hip power occurred 

towards the middle of the stance phase during S1, but at the beginning of the stance phase during 

S2 (Fig. 5.6 E-F). The peak negative ankle power was greater during S1 than S2. The peak negative 

ankle power was similar across all velocities (Fig. 5.6 A-B). The peak negative knee joint power 

was greater during S2 than S1 for 50 and 100% of the SSRV, however, there was little peak 

negative knee joint power at 150% for both S1 and S2 (Fig. 5.6 C-D). There was little negative hip 

joint power for S1 and S2 for both 50 and 100% of the SSRV. At 150% of the SSRV, the peak 

negative hip joint power was greater during S2 than S1 (Fig. 5.6 E-F). The peak negative limb 

power was greater during S2 for 50 and 100% of the SSRV than compared to S1. There was little 

negative limb power during either S1 or S2 at 150% of the SSRV (Fig. 5.6 G-H). 
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Fig. 5.6 Grouped mean (n = 10) instantaneous ankle (A and B), knee (C and D), hip (E and F) 
and limb (G and H) joint powers for S1 and S2 plotted against the percent stance phase. The red, 
blue, and black lines represent 50, 100 and 150% of the SSRV, respectively. 
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5.4.4 Joint work 

The Limb S2 had six out of ten participants satisfy the overlap minimisation criteria with 

the Knee S2 having five out of ten participants satisfy the overlap minimisation criteria. The Knee 

S1 and Limb SUM both had three participants satisfy the overlap minimisation criteria. The Ankle 

S2, Ankle SUM, Knee SUM, Hip S2 and Hip SUM all had two participants satisfy the overlap 

minimisation criteria. The Ankle S1 and Limb S1 both had a single participant satisfy the overlap 

minimisation criteria. The Hip S1 was the only joint work variable that did not have a single 

participant to satisfy the minimisation overlap criteria (Table 5.2).  

Grouped joint work scatter plots for the combined data for all ten participants are presented 

in Fig. 5.7. Table 5.2 also presents the normalised velocity at which the grouped data numerical 

minimum occurs, the joint work at the grouped numerical minimum, the joint work  value of the 

grouped data, the upper and lower confidence bands for the joint work data at the grouped SSRV 

and whether the grouped data exhibits an overlap between the joint work  at the numerical 

minimum and the joint work at the SSRV. 
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Fig. 5.7 Combined positive mechanical work for each participant (n = 10) normalised to the 
positive mechanical work performed by the joint at the participants transition velocity plotted 
against the terminal velocity normalised to the preferred transition velocity. Ankle (A – C), knee 
(D - F), hip (G – I), and the mechanical work performed by the limb (J – L) for S1 (A, D, G and 
J), S2 (B, E, H and K), and the summation of S1 and S2 (C, F, I and L). The red vertical line 
represents the 95% confidence band (p < .05) at 100% of the normalised velocity. The grey shaded 
area represents the 95% confidence band (p < .05). The coarse dotted line represents the numerical 
minimum of the grouped data.  The fine dotted line indicates the normalised mean preferred 
walking velocity of 0.52, normalised to the SSRV. The blue horizontal line represents the joint 
work at the numerical minimum. 
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Table 5.2. Joint work 
 

Overlap Count 
Grouped 
Numerical 
Min. at TV 

Grouped 
Numerical 
Min. joint 
work 

Grouped joint 
work at SSRV 

Lower joint 
work CB at 
SSRV 

Upper joint 
work CB at 
SSRV 

Grouped 
Overlap? 

Ankle S1 1      No Overlap 
Ankle S2 2      No Overlap 
Ankle SUM 2      No Overlap 
Knee S1 3 0.692 1.028 1.070 1.027 1.112 Overlap 
Knee S2 5 1.251 1.035 1.075 1.023 1.127 Overlap 
Knee SUM 2 0.528 0.918 1.119 1.070 1.169 No Overlap 
Hip S1 0   0.936   No Overlap 
Hip S2 2 0.476 0.792 1.169 1.086 1.252 No Overlap 
Hip SUM 2 0.343 0.646 1.052 1.006 1.098 No Overlap 
Limb S1 1 0.150 0.798 0.991   No Overlap 
Limb S2 6 0.911 1.042 1.045 1.009 1.082 Overlap 
Limb SUM 3 0.614 0.967 1.018 0.994 1.043 No Overlap 
The number of individual participants that satisfied the overlap minimization criteria for each joint work variable. The remaining 
columns are for the grouped data found in Fig 5.7. Specifically, the transition velocity at which the numerical minimum occurs, the 
joint work at the numerical minimum, the grouped joint work at the SSRV, the upper and lower joint work confidence bands at the 
SSRV and whether or not the grouped data showed an overlap between the joint work at the numerical minimum and the joint work at 
the SSRV. 
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5.5 Discussion 

5.5.1 Is the SSRV is chosen to minimise muscular effort? 

For repetitive lower body movements that take place over longer periods of time, humans 

choose movement patterns that minimise effort. For example, the pedalling rate is the variable that 

most strongly affects the power output of cycling (Gonzalez and Hull, 1989). Metabolic 

minimisation has also recently been observed in repetitive arm movements (Huang et al., 2012; 

Huang and Ahmed, 2014). More specifically, the preferred walking velocity for humans (Margaria 

et al., 1963; Ralston, 1958) and other animals (Hoyt and Taylor, 1981; Rubenson et al., 2004) has 

been shown to coincide with minimal metabolic cost across a range of walking velocities.  

The majority of iACT variables presented in this study conformed to effort minimisation with 

14 iACT variables having over 50% of the participants conform to the overlap minimisation 

criteria (Table 5.1; Fig 5.4). Of the remaining variables, at least one participant conformed to the 

effort minimisation (BF S1 and GM S1; Table 5.1). Although EMG does not directly measure 

muscular work, muscular force or muscular metabolism, increases in EMG has been associated 

with an increase in these parameters (Praagman et al., 2003; Anders et al., 2008).  Furthermore, 

because EMG is representative of muscular activation it offers a metric of muscular effort. That 

14 iACT variables satisfied the overlap minimisation criteria, but also the muscle volume-weighted 

total limb activation (Fig 5.5 B-C), provides evidence that the SSRV is indeed chosen to minimise 

muscular activation. The two muscles that most heavily influenced the total limb activation were 

the VM (VM S2; Fig 5.4 K) and the RF (RF S2; Fig 5.4 N). Both muscles are comparatively large, 

and so contribute a large amount to the total limb activation. Furthermore, both muscles had nine 

out of ten participants exhibit an overlap between the iACT at the numerical minimum and the 
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iACT at the SSRV. These results are among the first to indicate that locomotor behaviour in an 

acute gait task, where muscles undergo a single activation-deactivation may be governed by 

effort/energetic criteria. Our findings further strengthen the notion that effort minimisation is a 

principle of human movement across locomotor tasks.  

Whereas we demonstrate locomotor behaviour and neural control of locomotion consistent 

with effort minimisation, previous research has suggested that muscle activation during gait  has 

not evolved to yield energy minimisation at a single walking or running velocity (Carrier et al., 

2011). The authors of this previous study showed that the minima for each EMG variable occurred 

at different walking and running velocities, although the authors assessed the cumulative muscle 

activation per unit distance (CMAPD) as opposed to the iACT in a single contraction. It was argued 

that each muscle was minimised at different velocities, so that the different muscles of the lower 

body could be optimised to perform a variety of tasks. As an example, the GM has been shown to 

be important during uphill running (Roberts and Belliveau, 2005), and the SOL has been shown to 

play an important role in the forward propulsion of the centre of mass during both walking and 

running (Neptune et al., 2009; Hamner et al., 2010). 

   Our results of iACT similarly showed that each iACT variable exhibited a minima for at least 

one participant across a range of velocities.  Because the relationship between iACT and the RUN 

velocity resulted in shallow minima basins in most cases, the discrepancies in the exact RUN 

velocity where the minima occurred has a small bearing on the iACT magnitude.  Therefore, it is 

possible that there is a range of RUN velocities where the participant can effectively achieve 

minimisation in muscle activation. Contrary to constant velocity walking and running, the 

evidence in this study suggests that lower body muscles minimise muscular activation when 

performing a walk to a run transition. The WRT step has been shown to be a unique biomechanical 
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event in comparison to walking and running. Under constant acceleration conditions, the WRT 

step has shown to have a considerably higher step frequency, and a considerably lower step length 

in comparison to the preceding walking, and the subsequent running steps (Segers et al., 2006). 

This study provides further evidence that the transition step is a unique biomechanical event, with 

a singular purpose, to switch from a walk to a run. The dynamic systems theory postulates that the 

WRT occurs in order to avoid dynamic instability (Diedrich and Warren, 1995). This study 

suggests that the SSRV is the velocity at which the task of switching from a walk to a run is 

achieved with the least muscular activation, possibly providing the body with the easiest way to 

avoid the dynamic instability range.  

 

5.5.2 Why does iACT better predict effort minimisation than mechanical work? 

There was a weaker association between the joint work variables and effort minimisation, with 

six out of ten participants satisfying the overlap minimisation criteria for the Limb S2 (Table 5.2; 

Fig. 5.7) and no participants satisfying the overlap minimisation criteria for the Hip S1 (Table 5.2; 

Fig. 5.7).   

The great ambiguity in joint work minimisation is likely due to mechanical joint work not 

being a direct measurement of the work or force production of individual muscles. Rather, joint 

work is a measure of the net effect of all structures surrounding the joint, including muscle, tendon 

and passive load bearing structures (Sasaki et al., 2009). Joint work also does not capture muscular 

co-contraction about a joint, the distribution of work and power between muscle fibres, or tendon 

or force sharing between synergist muscles. While iACT also does not directly assess muscular 

force, work, or metabolism, it does provide a more direct indication of the magnitude of muscle 

activation as well as the duration of activation, and so may provide a more reliable indicator of the 
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effort of individual muscles in comparison to mechanical joint work. Muscle activation has 

previously been identified as a stronger optimality criteria than muscle stress or metabolism in 

steady-state walking (Miller et al., 2012).  The present study further indicates that muscle 

activation per se might be a key target of control dictating human gait.  

5.5.3 Why does muscle activation increase at non-SSRVs? 

What biomechanical factors explain the increase in muscle activation with transitions to 

running velocities above and below the SSRV? Although the statistical analysis presented in this 

study focused on the individual participant, the grouped data provided in Figures 5.4, 5.5 and 5.7 

still provide insight into how humans transition from a walk to a run across a range of transition 

velocities, as the grouped scatter plot provides an averaged overlook into human motion. The 

elevation in iACT to a faster RUN is expected since greater muscle work and power is required to 

achieve higher acceleration.  An increase in muscular activity at fast walking and/or running 

velocities has been previously reported (Hreljac et al., 2001; Hof et al., 2002; Stenum and Choi, 

2016). The increase in iACT when transitioning to a slower RUN is more puzzling.  The increase 

in iACT with transition to slow RUNs might arise due to the systematic increase in the requirement 

for vertical limb work production with transitions to slower running velocities (Pires et al., 2018; 

Chapter 4).  This is especially evident in the iACT of the VM (Fig. 5.4 J-L) and RF (Fig. 5.4 M-) 

of all three steps, which are the two muscles that are responsible for knee extension that were 

measured in this study. At the slower velocities, a greater level of muscular recruitment might also 

be needed to stabilise the single leg in contact with the ground, over a longer contact time. This is 

supported by previous research which has shown that walking at velocities faster than the preferred 

walking velocity (but slower than the WRT) results in increase in the mediolateral COM 

displacement which results in the participants being more off balance (Orendurff et al., 2004; Shih 
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et al, 2016). Furthermore, actively stabilising the body during walking has been shown to incur an 

increased metabolic cost (Donelan et al., 2004). The dynamic systems perspective suggests that 

the WRT occurs to avoid an unstable locomotion velocity range, whereby walking or running in 

this zone results in greater locomotor variability (Diedrich and Warren, 1995; De Smet et al., 

2009). The elevated iACT at the unnaturally slow velocities provides strong evidence to support 

the dynamic systems perspective. 

5.5.4 Why do certain muscles, joints and steps show clearer effort minimisation than 

others? 

 There appears to be a stronger association with the effort minimisation during S2 than S1 

with the VM, SOL and RF during S1 having at least eight out of ten participants satisfy the overlap 

minimisation critera (Table 5.1). There is also a noticeable difference in the level of normalised 

iACT between S1 and S2 at slower transition velocities, where the level of normalised iACT during 

S2 is greater than that of S1. The double support of S1 meant that the COM is supported by two 

legs.  Double support in S1 can explain the lower level of muscular activation and possibly the less 

pronounced minimisation of iACT and joint work.  In S2, when the entire stance phase occurs in 

single leg support, body weight support and the acceleration of the COM is achieved by muscles 

of the support leg alone.  

A novel finding of Chapter Four (Pires et al., 2018), was that an input of mechanical work was 

a necessity of the WRT, irrespective of the transition velocity. At the slowest velocities, the 

mechanical work was done almost exclusively in the vertical direction instead of horizontally and 

was produced primarily by the knee extensors. The almost exclusive vertical work at the slowest 

transition velocities explains the elevated iACT of the RF in comparison to the other muscles that 

are likely recruited to produce horizontal work. The RF is a knee extensor which is active during 
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the stance phase to keep the COM upright. Furthermore, the RF is active for longer during the 

increased stance phase time at the slower transition velocities.  

The hip joint has been shown to play a vital role in acceleration (Roberts and Belliveau, 2005). 

At velocities that are slower than the SSRV, the hip joint is likely not needed to accelerate the 

body horizontally. It has been shown that during steady state walking at velocities slower than the 

WTR, the hip joint work during walking is significantly smaller than when running at the 

corresponding velocities (Chapter Three: Pires et al., 2014). At velocities that correspond to the 

normalised preferred walking velocity, during S1, it is likely that the hip joint is not required to 

contribute mechanical work as the body is not accelerating (Fig. 5.7G). It is also possible that the 

mechanical work needed to initiate the flight phase of running during S1 may be provided by the 

ankle (Fig. 5.7A) and knee (Fig. 5.7D) joints. The comparatively low levels of hip joint work 

during S1 may also be explained by the double support phase of S1. The hip joint work during S2 

is minimised close to the preferred walking velocity (0.48: Table 5.2; Fig. 5.7 H), which may be 

due to the hip joint not needing to contribute joint work as there is no acceleration between walking 

and running at this velocity.  

While the SOL and MG for both steps (the two muscles that were recorded for this study that 

are responsible for plantar flexion: Fig. 5.4 A-F) exhibited a quadratic relationship between 

normalised iACT and normalised transition velocity, the normalised ankle joint work exhibited a 

linear increase with normalised velocity. This could indicate that although there is an increased 

need to recruit more SOL and MG muscle fibres at slower and faster-normalised transition steps, 

the mechanical work done by the ankle joint may be due to the shortening of the Achilles tendon 

itself as opposed to the shortening of the individual muscle fibres of the SOL and MG. This might 

cause a decoupling between ankle joint work and iACT of the ankle plantar flexor muscles. 
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The summed knee joint work is minimised at the SSRV (0.92: Table 5.2; Fig. 5.7 F). The close 

association appears to be a function of both S1 (Fig. 5.7 D) and S2 (Fig. 5.7 E), where the knee 

joint work of S1 increases in magnitude at velocities faster than the SSRV (Fig. 5.7 D); while the 

knee joint work of S2 is greatest at the slowest transition velocities and decreases in magnitude 

until the SSRV (Fig. 5.7 E). The comparatively large levels of knee joint work during S2 may be 

due to greater levels of knee extension being needed to both keep the body upright during the 

increased stance phase time at the slower transition velocities, and to provide the extra mechanical 

work needed to accelerate the body vertically which is consistent with the findings of Chapter Four 

(Pires et al., 2018). This is further supported by the large levels of iACT found in the two muscles 

that cross the knee joint, and extend the knee, the VM (Fig. 5.4 K) and RF (Fig. 5.4N) during S2. 

5.5.5 Limitations 

The joint level inverse-dynamics analyses only represents the net effect of all muscles and 

structures that surround the joint. We have not accounted for co-contraction between antagonist 

muscles, force sharing between synergist muscles or the distribution of work and power between 

muscle fibres and tendon, and so inverse dynamic analyses do not necessarily reflect the mechanics 

of individual muscles (Sasaki et al., 2009). Furthermore, EMG cannot provide a direct 

measurement of muscle force, work or metabolism.   

Conclusions 

The SSRV is consistent with minimisation of muscular effort indicating that effort 

minimisation occurs not only in steady-velocity human gait but also in acute gait tasks requiring 

as few as a single set of muscle activations.  We hypothesise that at velocities slower than the 

SSRV, the magnitude of iACT for most lower body muscles increases to sub-optimal levels to 
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generate the required vertical work of the COM and possibly to provide stability during unnaturally 

slow WRTs. 
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