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ABSTRACT

Metabolic cost of asymmetrical walking:

preferred step time asymmetry

optimizes metabolic cost of walking

September 2019

Jan Stenum, BSc, University of Copenhagen

MSc, University of Copenhagen

PhD, University of Massachusetts Amherst

Directed by: Professor Julia T. Choi

Hemiparetic and amputee walking often has asymmetrical step lengths and step times,

and it is metabolically costlier than symmetrical able-bodied walking. Consequently,

asymmetry has been suggested to account for the greater energy expenditure, but the

metabolic cost of asymmetrical walking is poorly understood. Conversely, even though

symmetry is metabolically optimal in able-bodied walking, it is also possible that

asymmetrical gait parameters may be selected if they are optimal under imposed

constraints. First, to understand the metabolic cost of asymmetry, we performed

experiment 1 in which we recruited 10 able-bodied subjects to walk with a range of

different combinations of asymmetrical step lengths and step times on a normal treadmill

at 1.25 m s−1. We found that the metabolic cost of step time asymmetry was more than

twice the cost of step length asymmetry, but that the costs were not additive. Rather, the

metabolic cost of walking with concurrent asymmetry in step lengths and step times was

best explained by the cost of step time asymmetry alone. Second, to understand if

asymmetrical gait parameters may be selected if they are energetically optimal, we

performed experiment 2 in which we recruited 10 able-bodied subjects to walk with a

range of different combinations of asymmetrical step lengths and step times on a split-belt

treadmill in 3 conditions with speed-differences of 0.5 m s−1, 1.0 m s−1 and 1.5 m s−1 at

an average speed of 1.25 m s−1. Across all speed-difference conditions, we found that

subjects preferred to use asymmetrical step times that were energetically optimal, but

that the preferred asymmetry in step lengths was sub-optimal. Overall, our results suggest

vi



that step time asymmetry is more effective than step length asymmetry to induce changes

to metabolic cost and that symmetry is not necessarily energetically optimal. Instead,

asymmetry in step times may be preferred when it is energetically optimal. Our results

are based on asymmetry imposed on able-bodied walking and future research may test

how the results generalize to other types of gait asymmetry in order to understand the

implications for gait rehabilitation in which the goal often is to achieve a more

symmetrical walking pattern.
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CHAPTER 1

INTRODUCTION

1.1 Background and motivation

1.1.1 Optimization of human movement

The control of human movement is redundant: we can complete a task using an

uncountable number of movement patterns and combinations of muscles (Bernstein,

1967). But what explains why a single action is performed from the many available?

Theoretically, redundancy can be solved by selection based on optimality principles

(Scott, 2004; Todorov, 2004). Optimality principles rely on an optimal control law based

on state estimation of the system. This computational approach can predict many

different types of behaviors and motor actions, for example: arm movement trajectories

(Todorov & Jordan, 2002), saccadic eye movements (Harris & Wolpert, 1998), muscle

activity following standing perturbations (Lockhart & Ting, 2007), kinematics, kinetics

and muscle activity for walking (Anderson & Pandy, 2001) and running (Miller et al.,

2012) and the transition between walking and running (Srinivasan & Ruina, 2006).

Within optimal control theory, it is not clear what is being optimized to select the

appropriate muscle activations. For human locomotion, there is evidence that people

exploit the redundancy of the locomotor system to minimize metabolic cost.

Characteristic locomotor behaviors such as preferred walking speed (Ralston, 1958), the

combination of stride length and time (Cavanagh & Williams, 1982; Zarrugh & Radcliffe,

1978) and the walk-run transition speed (Margaria et al., 1963) appear to coincide with

the energetically optimal solutions. It is, however, debatable whether minimizing
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metabolic cost is the primary goal, or whether energy optimization is a byproduct of other

processes which happen to be energetically optimal. Furthermore, it is not clear how

optimality is implemented for the flexibility required of the locomotor system as it

contends with everchanging environments, tasks and physiology.

1.1.2 Metabolic cost of human locomotion

Humans prefer to walk at slow speeds and transition to running at a speed around

2.0 m s−1 (Thorstensson & Roberthson, 1987). Although humans can use a range of

walking speeds (Bornstein & Bornstein, 1976) people often choose a preferred speed of

around 1.25 m s−1 (Ralston, 1958).

In a complete stride cycle, each leg is either in contact with the ground, during the

stance phase, or swings forward, in the swing phase. In walking, the stance phase is about

60% of the stride cycle, so that at least one foot is in contact with the ground at any time

(Perry & Burnfield, 2010). The stance phase begins and ends with a double support

period, in which both feet contact the ground, that each comprise about 10% of the stride

cycle.

Center of mass mechanics in walking can be described by pendular dynamics in

which kinetic and potential energy oscillate out-of-phase. Therefore, changes in

mechanical energy are minimized which reduces the need for mechanical work performed

on the center of mass (Cavagna et al., 1977). During level walking, the net mechanical

work performed on the center of mass across the stride cycle is zero. Even so, the center of

mass loses mechanical energy at the legs’ collisions with the ground (Ruina et al., 2005;

Donelan et al., 2002b). The collisional losses must be compensated by positive mechanical

work throughout the stride cycle, which, in turn, exacts a metabolic cost in walking

(Donelan et al., 2002a).

Basic kinematic parameters, such as speed, stride length and stride time, can

predict the metabolic cost of walking. Metabolic energy rate increases quadratically with

speed (Ralston, 1958), but if metabolic cost is expressed as the metabolic cost per

distance traveled, the relationship between cost and walking speed is u-shaped

(Fig. 1.1A). Furthermore, at a given speed, metabolic cost can be predicted from the

2
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Figure 1.1: Metabolic cost and basic kinematics of walking. Metabolic costs of transport
(cost per distance traveled) has a u-shaped relationship with walking speed (A) and stride
length when walking at a fixed speed (B).

combinations of stride length and stride time, so that the relationship is u-shaped

(Zarrugh & Radcliffe, 1978) (Fig. 1.1B).

What determines the metabolic cost of walking? The cost can be partitioned into

costs of the stance and swing phase (Umberger, 2010). Costs incurred during the stance

phase comprise the majority of the cost of the stride cycle (Marsh et al., 2004; Doke et al.,

2005; Gottschall & Kram, 2005; Umberger, 2010). During step-to-step transitions (periods

of the stride cycle that correspond to double support), the leading leg performs negative

work on the center of mass (Donelan et al., 2002b). This negative work is termed a

collisional loss of center of mass energy and has been proposed as the dominant loss of

center of mass energy throughout the stride cycle (Ruina et al., 2005). Consequently,

positive mechanical work must be performed to compensate for the losses, and,

furthermore, the positive work has been proposed as a major determinant of the metabolic

cost of walking (Donelan et al., 2002a). Even though positive center of mass work can be

performed throughout the entire stance phase, in normal walking it is primarily performed

by ankle plantarflexors of the trailing leg during step-to-step transitions (Kuo et al.,

2005). From a simple walking model (Fig. 1.2A), the collisional losses of center of mass

energy (W−CO) has been proposed to be proportional to the product of squared step length

(l) and squared pre-transition velocity (instantaneous center of mass velocity at the onset

of the step-to-step transition; vpre) (Adamczyk & Kuo, 2009):

W−CO ∝ l
2 ∗ v2

pre . (1.1)
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Figure 1.2: Relationship between collision loss and basic kinematics. A simple walking
model (A) predicts that collisional losses of center of mass energy (W−CO) is determined by
step length (l) and pre-transition velocity (vpre) (B).

For a complete stride the total collisional loss is the sum of both transitions:

ΣW−CO ∝ Σl2 ∗ v2
pre , (1.2)

where Σ denotes the sum of the 2 step-to-step transitions of a complete stride. Positive

mechanical work (W+) is performed during the stance phases (to make up for collisional

losses in center of mass energy) and in proportion to the losses:

ΣW+ ∝ ΣW−CO . (1.3)

The positive mechanical work performed on the center of mass during stance has been

shown to exact a metabolic cost (Donelan et al., 2002a). Using Equations 1.2 and 1.3, we

therefore express stance cost as:

stance cost ∝ Σl2 ∗ v2
pre . (1.4)

The cost of swinging the legs (Fig. 1.3A) makes up the costs of the swing phase and

has been estimated to account for about a third of the cost of the stride cycle (Marsh

et al., 2004; Doke et al., 2005; Umberger, 2010). Both the mechanical work performed on

the leg and production of muscle force have been suggested to account for the cost of leg

swing (Doke et al., 2005). However, the rate of force production by hip muscles has been
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Figure 1.3: Relationship between swing cost and step time. A simple walking model (A)
predicts that swing costs are derived from rate of force production of hip muscles and
depends on step time (t) (B).

proposed to dominate the cost of the swing phase, especially when swinging the legs

rapidly (Kuo, 2001; Doke & Kuo, 2007). Rate of force production captures the cost of

recruiting less economical fast-twitch muscle fibers for large forces at brief durations (Kuo,

2001). Since swing time is proportional to step time, swing cost can be expressed using

step times (Fig. 1.3B). From a rate of force production cost, the cost of swinging the legs

can be modeled as being proportional to t−3 (Doke & Kuo, 2007), where t is step time.

We therefore model total swing cost of a complete stride as:

swing cost ∝ Σt−3 , (1.5)

where Σ denotes the sum of the 2 swing phases of a complete stride.

Human treadmill walking is largely symmetrical between left and right legs

(Gundersen et al., 1989; Hamill et al., 1984; Hannah et al., 1984; Seeley et al., 2008;

Ankaralı et al., 2015). Indeed, most research on the energetics of locomotion has been

done in symmetrical gaits. It is not clear if basic kinematic parameters (such as step

lengths and step times) determine the metabolic cost of locomotor asymmetry. Based on

collisional losses of center of mass energy, it has been predicted, but not tested, that

asymmetrical step lengths increase metabolic cost of walking (Srinivasan, 2011). Ellis

et al. (2013) had people walk with increasing step time asymmetry while step length

asymmetry was free to vary. With increasing step time asymmetry, Ellis et al. (2013)

found increased collisional losses, increased positive work performed on the center of mass
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and increased metabolic cost. But since step lengths were free to vary, the effects of either

asymmetrical step lengths or step times on the added metabolic cost of asymmetry are

difficult to delineate.

Through which mechanisms could asymmetry affect metabolic cost of walking? Step

length and step time asymmetry could increase metabolic cost through their combined

effect on collisional losses (Equation 1.2): step length asymmetry directly influences the

predictor (l2 ∗ v2
pre) of collisional losses, whereas it is unknown how specific combinations

of asymmetrical step lengths and step times determine pre-transition velocity. Asymmetry

could increase collisional losses: for example, at constant vpre, the collisional loss increases

with step length squared (Equation 1.1; Fig. 1.4A). Since the extra cost of a long step

length (+∆l) exceeds the reduced cost of a short step length (−∆l), total collisional losses

increase with step length asymmetry when compared to 2 symmetrical step lengths (l∗)

(Fig. 1.4B). In this proposed mechanism, asymmetrical step lengths and step times exact

an added metabolic cost through increased collisional losses and, in turn, increased

positive mechanical work in the stance phase. An alternative mechanism depends on

swing costs. Because swing times are proportional to step times, swing cost increases

sharply with short step times (Fig. 1.5A). Step time asymmetry could lead to an added

metabolic cost because the increased cost of a brief step time (−∆t) exceeds the decreased

cost of a long step time (+∆t) which would increase swing costs compared to

2 symmetrical step times (t∗) (Fig. 1.5B). However, since swing costs account for only

about a third of the cost of the stride cycle, the added metabolic cost from the influence of

step time asymmetry on swing cost is likely negligible at small step time asymmetries.

Thus, we identify 2 potential mechanisms by which kinematic asymmetry could increase

metabolic cost of walking. One mechanism is associated with stance costs and is derived

from the influence of asymmetry in step lengths and step times on collisional losses and, in

turn, the positive mechanical work performed to make up for the losses. The other

mechanism is associated with swing costs and is derived from the observation that at a

large step time asymmetry, the increased cost of swinging one leg rapidly likely exceeds

the reduced cost of swinging the other leg slowly. We propose that kinematic asymmetry

primarily incurs an added metabolic cost from these mechanisms.
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Understanding what determines metabolic cost of asymmetry is useful for

understanding the energetic cost of gait asymmetry. Many gait pathologies result in

asymmetrical gait and an increased metabolic cost of walking (Waters & Mulroy, 1999).

The increased metabolic cost is commonly interpreted as a direct result of asymmetry, but

the mechanism is unclear. With a more detailed understanding of how kinematic

asymmetry influences metabolic cost, we should be able to characterize how we can

alleviate the (hypothesized) detrimental effects of asymmetry on metabolic cost. This

could also have implications for rehabilitation, in which the explicit goal often is to make

people walk more symmetrically (Bastian, 2008).

1.1.3 Do humans exploit asymmetry to minimize metabolic cost?

Adaptation of locomotor control has been studied by walking on a split-belt treadmill

(Choi & Bastian, 2007; Reisman et al., 2005). A split-belt treadmill consists of 2 treadmill

belts of which speed can be controlled independently. As such, walking on a split-belt

treadmill can introduce an asymmetrical environment in which one leg moves faster than

the other. Humans can adapt walking in the split-belt treadmill environment: at the start

of split-belt treadmill locomotion, the locomotor pattern is perturbed, but after a couple

of minutes the locomotor pattern adapts a new steady-state pattern (Reisman et al.,

2005). In steady-state split-belt treadmill walking, people prefer to use symmetrical step

lengths and asymmetrical step times (Finley et al., 2013). Even though it is not, a priori,

clear why symmetry should be preferred in an asymmetrical environment, convergence to

symmetrical step lengths has been proposed to drive the changes in the locomotor pattern

in split-belt treadmill walking (Malone et al., 2012).

Furthermore, convergence to symmetrical step lengths has been proposed to

minimize metabolic cost during the adaptation period to split-belt treadmill walking.

Finley et al. (2013) measured metabolic cost during the adaptation period to split-belt

treadmill walking and found that cost was reduced during the adaptation period. Based

on the correlation between the reduced cost and changes in step length asymmetry across

the adaptation period, Finley et al. (2013) concluded that convergence to symmetrical

step lengths was minimizing metabolic cost. To test this idea, Sánchez et al. (2017) had
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people walk on a split-belt treadmill with a range of different step length asymmetries, in

steady-state, while stride time and step time asymmetry were free to vary. Contrary to

their expectations, Sánchez et al. (2017) found that metabolic cost was not different across

the range of step length asymmetries that they tested. Even though this suggests that

step length symmetry is not minimizing metabolic cost during the adaptation period, the

effects of uncontrolled stride time and step time asymmetry could have confounded the

results.

Recent studies show that humans can adapt their locomotor pattern to optimize

metabolic cost when they are put into an unusual environment wearing resistive

knee-braces (Selinger et al., 2015). This suggests that humans can readily change the

locomotor pattern to find economical ways to walk. It is, however, not clear if humans

exploit locomotor asymmetry to minimize the metabolic cost of locomotion. Anatomical

and kinematic asymmetries in human runners have been found to have no effect on

measured running economy (Seminati et al., 2013). This suggests that the locomotor

system may have adapted to an asymmetrical constraint to optimize metabolic cost of

locomotion. This idea, however, remains to be tested.

1.2 Problem statement and purpose

The determinants of the metabolic cost of locomotor asymmetry are not well understood.

Asymmetry increases metabolic cost (Ellis et al., 2013), however, it is unknown if

asymmetrical step lengths and step times can explain the added metabolic cost of

asymmetry in walking. Recent studies suggest that humans can adapt their locomotor

pattern to optimize metabolic cost (Selinger et al., 2015). But it is unclear if humans

exploit locomotor asymmetry to optimize metabolic cost when adapting to an

asymmetrical constraint.

The purpose of the proposed work is to address 2 aims. First, what are the

kinematic determinants of the added cost of asymmetrical walking? Second, is locomotor

asymmetry in split-belt treadmill walking adapted to optimize metabolic cost? To address

the first aim, metabolic energy expenditure will be measured in healthy people walking on
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a treadmill with either asymmetrical step lengths, asymmetrical step times or concurrent

asymmetry in step lengths and step times. To address the second aim, metabolic energy

expenditure will be measured in healthy people walking on a split-belt treadmill with

experimentally controlled step length and step time asymmetry to determine if they adapt

and exploit asymmetry to optimize metabolic cost.

1.3 Specific aims

1.3.1 Aim 1: Determine the mechanisms for the added metabolic cost

of asymmetry in walking

Asymmetry increases metabolic cost (Ellis et al., 2013), but it is unknown if basic

kinematic parameters predict the added cost. We propose that the added cost of

asymmetry primarily is attributed to the effects of step length and time asymmetries on

collisional losses of center of mass energy.

We will assess the effects of asymmetrical step lengths and step times on metabolic

cost of walking on a normal treadmill. At a given speed and stride time, we will

systematically constrain increasing levels of asymmetry in 4 conditions: only step length

asymmetry, only step time asymmetry and 2 conditions with concurrent step length and

step time asymmetry (since asymmetry is directional, there are 2 permutations of

concurrent asymmetry). To constrain subjects’ asymmetry, we will use real-time

asymmetry feedback. We will measure metabolic cost using expired air analysis and

calculate work performed on the center of mass by individual legs from ground reaction

forces.

Hypothesis 1.1: Total collisional losses are proportional to the summed product of

squared step length and squared pre-transition velocity for all asymmetry conditions

(Fig. 1.6A).

Hypothesis 1.2: Total positive mechanical work performed on the center of mass

is proportional to total collisional losses for all asymmetry conditions (Fig. 1.6B).

Hypothesis 1.3: Net metabolic cost is proportional to total positive mechanical

work rate performed on the center of mass for all asymmetry conditions (Fig. 1.6C).
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Figure 1.6: Predictions for aim 1. Total collisional losses (ΣW−CO) will be proportional to
the product of squared step length (l) and squared pre-transition velocity (vpre) summed
across both transitions of a stride cycle (A). Total positive work (ΣW+) will be proportional
to total collisional losses (B). Metabolic cost (Pmet) will be proportional to total positive
work rate ( ˙ΣW+) (C).

1.3.2 Aim 2: Determine whether humans exploit asymmetry to

optimize metabolic cost

The locomotor pattern must constantly adapt to changes in the environment in which we

move. Adaptations of walking to speed-asymmetry between the legs on a split-belt

treadmill have suggested a general adaptation strategy: people choose a steady-state

locomotor pattern with asymmetrical step times and symmetrical step lengths, while they

reduce metabolic cost during the adaptation period (Finley et al., 2013). The proposed

experiment will test whether people exploit asymmetry to minimize metabolic cost in

walking.

In split-belt treadmill locomotion, at a given stride time, stride length (sum of

2 consecutive step lengths) linearly decreases with step time asymmetry according to the

constraint of the split-belt treadmill environment (see Appendix A for derivation and

interpretation):

lstride = (v − ∆v

2
asymt) ∗ tstride , (1.6)

where lstride is stride length, tstride is stride time, v is averaged belt speed, ∆v is belt

speed-difference and asymt is step time asymmetry. Since collisional losses must decrease

with a shorter stride length (Equation 1.2), step time asymmetry must, in turn, decrease

stance costs in split-belt treadmill walking. We model stance costs at increasing step time

asymmetry for 3 speed-difference conditions (speed-differences at 0.5 m s−1, 1.0 m s−1 and
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1.5 m s−1 at an average speed of 1.25 m s−1) using Equation 1.4. Modeled stance costs

decrease with step time asymmetry (Fig. 1.7A). The relationship between stride length

and step time asymmetry depends on speed-difference between the belts: as ∆v increases,

the same asymt will lead to a shorter lstride (Equation 1.6). Therefore, asymt decreases

stance costs faster at a greater ∆v (stance costs have steeper decreasing slopes for greater

speed-differences; Fig. 1.7A). However, a greater ∆v introduce more asymmetrical

pre-transition velocities, vpre, which increases collisional losses and, in turn, stance costs

(at asymt = 0, ∆v increases stance costs; Fig. 1.7A). At the same time, step time

asymmetry must increase swing costs (Equation 1.5) for all speed-difference conditions

(Fig. 1.7A).

Summing the modeled stance and swing costs to give total cost yields 3 distinct cost

curves for each speed-difference condition (Fig. 1.7B). The effects of step time asymmetry

on reduced stance costs and increased swing costs leads to 3 distinct step time

asymmetries that are energetically optimal trade-offs of the stance and swing costs for

each speed-difference condition. The energetically optimal step time asymmetries increase

with greater speed-differences. We predict that step time asymmetry in split-belt

treadmill walking is adapted to optimize metabolic cost. Furthermore, we predict that the

effects of step time asymmetry on reduced stance costs and increased swing costs explain

the existence of energetic optima. Last, we predict that the energetically optimal step

time asymmetry increases with speed-differences between the belts.

Hypothesis 2.1: Self-selected step time asymmetry will increase with belt

speed-difference during split-belt treadmill locomotion.

Hypothesis 2.2: The self-selected step time asymmetry will minimize metabolic

cost of split-belt treadmill locomotion across speed-difference conditions.
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Figure 1.7: Predictions for aim 2. (A) Modeled stance and swing costs as a function of step
time asymmetry (asymt) in split-belt treadmill walking at 3 different speed-differences,
0.5 m s−1, 1.0 m s−1, 1.5 m s−1, at an averaged speed of 1.25 m s−1. Within each speed-
difference condition, asymt decreases stance costs (Equation 1.4) because stride lengths
are shortened (Equation 1.6). Between speed-difference conditions, stance costs decrease
at different rates because asymt interacts with ∆v to shorten stride length (Equation 1.6).
At asymt = 0, stance costs increase with ∆v because of more asymmetrical pre-transition
velocities (Equation 1.4). Additionally, step time asymmetry increases swing costs (Equa-
tion 1.5). Based on experimental and modeling studies (Doke et al., 2005; Umberger, 2010;
Marsh et al., 2004), stance costs are weighted so that the stance cost of walking without a
speed-difference (∆0 m s−1) make up 74% of the total cost, while swing cost is weighted to
make up 26% of the total cost at asymt = 0. (B) Modeled total costs (sum of stance and
swing) of split-belt treadmill walking at increasing asymt. The energetically optimal step
time asymmetry increases with speed-differences between the belts.
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CHAPTER 2

LITERATURE REVIEW

2.1 Walking

2.1.1 The stride cycle

Walking is a cyclic movement of which the stride cycle is the unit of movement: after one

stride cycle another repeats. During the stride cycle each leg either contacts the ground in

the stance phase or is off the ground during the swing phase. In walking, the stance phase

is about 60% of the stride cycle (Perry & Burnfield, 2010). This means that each stance

phase is bookended by double support periods in which both legs contact the ground.

Each double support period is about 10% of the stride cycle so that the single support

phase, in which only a single leg contacts the ground, is about 40% of the stride cycle.

During double support phases, the leg that ends its stance phase is named the trailing leg,

whereas the leg that starts its stance phase is named the leading leg.

2.1.2 Center of mass mechanics

The pattern of mechanical energy fluctuations in walking prescribe a gait-specific strategy

to conserve mechanical energy. In walking, the center of mass moves in an up-and-down

sinusoidal pattern: during single support, the center of mass moves up in the early part,

attains its highest position about mid-stance and moves down in late stance; while during

a period that corresponds with double support, the center of mass is redirected from

down-to-up, and, therefore, reaches its lowest position (Saunders et al., 1953). By

stepping on force platforms, the potential and kinetic energy of the center of mass has
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been examined (Cavagna, 1975). Potential and kinetic energy were found to oscillate

out-of-phase in walking (Cavagna & Margaria, 1966). Out-of-phase oscillations of

potential and kinetic energy of the center of mass implies that changes in mechanical

energy over the stride cycle are minimized, and, in turn, that the mechanical work

performed on the center of mass is minimized. The exchange between potential and

kinetic energy of the center of mass, and, ultimately, conservation of mechanical energy,

has been proposed as a major defining feature of the mechanics of walking (Cavagna

et al., 1977). Furthermore, the exchange of potential and kinetic energy supports the idea

that the defining characteristic of walking mechanics can be captured by dynamic walking

models with inverted pendulum mechanics (Garcia et al., 1998; Kuo, 2002; McGeer, 1990).

An inverted pendulum captures the notion that during single support, the stance leg

behaves like an inverted pendulum: the center of mass vaults over a relatively straight

stance leg that pivots around the ankle. Dymamic walking models focus on collisional

losses of center of mass energy and have yielded predictions about the energetics of

walking which have stimulated the scientific discourse on walking energetics in recent

years (Kuo, 2001; Kuo et al., 2005; Ruina et al., 2005).

2.1.3 Symmetry

Bilateral symmetry is an important evolutionary trait and has been credited for the

success of many modern animals, including humans (Collins & Valentine, 2001; Finnerty

et al., 2004). Even so, locomotor asymmetry could arise from structural asymmetry

(Gurney, 2002), asymmetrical neural input (Arsenault et al., 1986) or complex

interactions of the motor system (Collins & Stewart, 1993; Gregg et al., 2012).

Walking is, as an idealized gait form, bilaterally symmetrical. This is contrary to

asymmetrical gaits such as skipping, in which the legs serve different roles (Minetti, 1998;

Whitall & Caldwell, 1992). But even though walking is bilaterally symmetrical, do

humans actually walk symmetrically?

Bilateral symmetry in locomotion is commonly quantified by comparing a single gait

variable across the legs (Sadeghi et al., 2000). There is, however, no consensus on which

gait variables capture asymmetry most appropriately. Asymmetry has been reported from
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basic kinematics (such as step lengths and step times, Kodesh et al. (2012)), joint angle

kinematics and kinetics (Forczek & Staszkiewicz, 2012; Seeley et al., 2010), ground

reaction forces (Hamill et al., 1984) and muscle activity (Arsenault et al., 1986).

Furthermore, asymmetry has also been assessed using more complex techniques such as

frequency analyses (Bellanca et al., 2013), coordination analyses (Haddad et al., 2006) and

composite scores (Exell et al., 2012). Not only is there no standard asymmetry measure,

but it is unclear how different asymmetry variables are related (Hsiao-Wecksler et al.,

2010).

Healthy human gait has often been assumed to be bilaterally symmetrical (Sadeghi

et al., 2000). Studies that have directly tested bilateral symmetry in healthy human

locomotion have reported that human gait is symmetrical while others have reported that

it is asymmetrical. Lower limb joint kinematics (Gundersen et al., 1989; Hannah et al.,

1984) and ground reaction forces in walking (Hamill et al., 1984; Seeley et al., 2008) have

been concluded to be bilaterally symmetrical. On the other hand, bilateral asymmetry in

walking has also been concluded from kinematics (Chodera, 1974; Du Chatinier &

Rozendal, 1970) and kinetics (Herzog et al., 1989). Persistent bilateral asymmetry has

been proposed to arise from functionally different roles of the legs (each for propulsion and

support) possibly explained by leg dominance (Sadeghi et al., 2000). However, this idea

has limited support from experimental studies (Brown et al., 2014; Polk et al., 2017;

Seeley et al., 2008; Strike & Taylor, 2009; Wang & Watanabe, 2012). This suggests that,

despite the reported statistically significant asymmetries, healthy human locomotion is

largely symmetrical (Ankaralı et al., 2015).

All studies that have assessed asymmetry has done so by having people walk on

smooth and even surfaces overground or on a treadmill. Less is known about walking in

environments that are rough or uneven. In theses environments people could be more

inclined to walk asymmetrically. Indeed, humans are fully capable of walking

asymmetrically or use asymmetrical gait forms. This suggests that, even though

symmetry appears to be preferred in normal settings, asymmetry could be preferred under

other circumstances.
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2.2 Energetics of walking

The metabolic energy expended during healthy human locomotion can amount to a

considerable portion of the energy budget (Passmore & Durnin, 1955; Waters & Mulroy,

1999). Metabolic energy expenditure is usually measured by indirect calorimetry using

expired air analysis. To assess the net metabolic cost of locomotion, that is, the cost of

locomotion per se, basal metabolic rate is subtracted from gross metabolic energy

expenditure. Although easy to implement, indirect calorimetry cannot account for

anaerobic contributions to metabolism.

Energy is used by muscle tissue during locomotion. Metabolic energy is expended

when a muscle produces mechanical work (Hill, 1938); both positive (shortening

contractions) and negative (lengthening contractions) mechanical work. Muscle work is

performed at different efficiencies (about 25% for positive work and −120% for negative

work) so that the metabolic cost of performing positive work is much greater than

negative work (Abbott et al., 1952; Margaria et al., 1963). But even if a muscle does not

produce mechanical work, metabolic energy is expended when the muscle produces force

in a static contraction (Hill, 1958). Consequently, the division of metabolic energy

expenditure from muscle work or force, provides the framework in which locomotor

energetics is commonly analyzed.

2.2.1 Energetics of stance

The energetic cost of locomotion can be divided into costs incurred during stance and

during swing (Umberger, 2010). During the stance phase in walking, the center of mass

vaults over a relatively straight stance leg. Inverted pendulum models predict that no

mechanical work is needed during the stance phase: potential and kinetic energy are

perfectly exchanged so that there are no changes in mechanical energy, and, in turn, no

mechanical work. In contrast to pendular dynamics, dynamic walking models include

collisions with the ground in which center of mass energy decreases (Ruina et al., 2005;

Bertram & Hasaneini, 2013). The collisional loss is incurred by the leading leg during

double support periods as the leg performs negative work on the center of mass (Donelan
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et al., 2002b). This interval, in which the center of mass velocity is redirected, is referred

to as a step-to-step transition. In human walking, the step-to-step transition corresponds

to the double support phase (Adamczyk & Kuo, 2009). Losses in center of mass energy

must be compensated by positve work as the net work on the center of mass is zero in

overground or treadmill walking on the level. While the negative work performed on the

center of mass can be performed by both muscle tissue (at a high efficiency) and by

passive soft-tissue (Zelik & Kuo, 2010), positive work must primarily be performed by

muscle tissue and, therefore, exacts a substantial metabolic cost. Since collisional losses in

center of mass energy imposes metabolic costs, coordination strategies that reduce losses

are energetically favourable as they reduce the need to counteract the loss with positive

muscle work. Strategies that reduce collisional losses include: to perform positive work

during the step-to-step transition rather than during single support (Kuo, 2002; Soo &

Donelan, 2012), to perform equal amounts of negative collision work and positive push-off

work during step-to-step transitions (Kuo et al., 2005), and to perform push-off work

before collision work (Ruina et al., 2005; Adamczyk & Kuo, 2009). Dynamic walking

models and collisional losses have yielded predictions about the energetic cost of walking

that have implications for walking energetics in a broader framework (Kuo, 2007; Kuo &

Donelan, 2010). Furthermore, collisional losses have provided insights into the energetics

of hemiparetic walking (Farris et al., 2015), push-off deficiency following trans-tibial

amputation (Adamczyk & Kuo, 2015; Huang et al., 2015) and locomotor adaptation

(Selgrade et al., 2017a,b).

2.2.2 Energetics of swing

During the swing phase, the leg swings forward to advance progression and prepare for

another stance phase (Perry & Burnfield, 2010). The movement of the leg during swing

has previously been suggested to be governed by pendular dynamics (Mochon &

McMahon, 1980). Pendular leg swing implies that the leg is swung at no metabolic cost,

which, however, is not the case (Doke et al., 2005; Gottschall & Kram, 2005; Marsh et al.,

2004; Umberger, 2010). The cost of swinging the leg during walking has been estimated to

be about a third of the total metabolic cost of the stride cycle, which is a non-trivial
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contribution (Doke et al., 2005; Marsh et al., 2004; Umberger, 2010). Not only is pendular

leg swing not supported by the energetic demands, pendular leg swing is not supported

from several considerations of normal walking such as muscle activity, joint moments and

stride time (Whittlesey et al., 2000). However, it has been suggested that bursts of muscle

activity from hip muscles at the beginning and end of the swing phase control swing

duration (Doke et al., 2005; Doke & Kuo, 2007; Kuo, 2001), which allows the possibility

that much of the intervening swing period is dictated by pendular dynamics at a low

metabolic cost.

At the leg’s natural swing period, the metabolic cost of leg swing is minimal (Doke

et al., 2005; Holt et al., 1991). For short swing periods, the cost of swinging the leg

appears to increase sharply; for swing periods longer than the natural period, the cost

only increases moderately (Doke et al., 2005; Doke & Kuo, 2007). Both mechanical work

performed on the swing leg and muscle force production have been proposed to contribute

to the metabolic cost of leg swing (Doke et al., 2005; Doke & Kuo, 2007). Each term

(mechanical work or force) has been proposed to dominate at different swing periods

relative to the leg’s natural swing period. For swinging the leg at periods longer than

natural, mechanical work has been proposed to dominate (Doke et al., 2005); while the

high metabolic cost of short swing periods is dominated by the cost of producing muscle

force (Doke & Kuo, 2007).

2.2.3 Energetics of locomotor asymmetry

Generally, asymmetry increases metabolic cost of locomotion. Enforcing asymmetrical

step times in walking in healthy humans increases metabolic cost (Ellis et al., 2013).

Furthermore, imposing an inertial asymmetry between the legs, by applying an added

mass to a single leg, increases metabolic cost of healthy walking (Martin et al., 1997). It is

also true that asymmetrical, pathological gait is metabolically costlier than healthy gait

(Finley & Bastian, 2017; Waters & Mulroy, 1999). In pathological gait, however, it is

inconclusive if asymmetry is an economical compensation or if asymmetry contributes to a

costlier gait (Lai et al., 2001; Mattes et al., 2000; Sánchez & Finley, 2018).

Moreover, it is not clear what determines the metabolic cost of asymmetry in
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healthy human locomotion. Based on collisional losses, it has been hypothesized that step

length asymmetry incurs an added metabolic cost (Srinivasan, 2011). This, however,

remains to be tested in normal walking. Ellis et al. (2013) had people walk with increasing

step time asymmetry while step length asymmetry was free to vary. With increasing step

time asymmetry, Ellis et al. (2013) found increased collisional losses, increased positive

work performed on the center of mass and increased metabolic cost. But since step

lengths were free to vary, that makes it difficult to delineate the effects of either

asymmetrical step lengths or step times on the added metabolic cost of asymmetry.

2.3 Optimal control of locomotion

A fundamental question in the study of locomotion is how movement is controlled and

organized. Because the locomotor system is redundant, we can perform the same action

using multiple strategies (Bernstein, 1967). Redundancy could, theoretically, be solved by

optimality principles (Nubar & Contini, 1961; Scott, 2004; Todorov, 2004). It has been

hypothesized that movement patterns adapt in a manner that minimizes metabolic cost

(Sparrow & Newell, 1998). This suggests that metabolic energy expenditure is a likely

optimality objective. Indeed, many hallmarks of normal locomotion can be explained by

energetic optima.

The transition between walking and running occurs at a speed around 2.0 m s−1

(Hreljac, 1993; Thorstensson & Roberthson, 1987). Walking at speeds slower than the

transition speed or running at speeds faster than the transition speed minimizes metabolic

cost of transport (the metabolic cost to travel a given distance) (Margaria et al., 1963;

Minetti et al., 1994). An optimal effort strategy from the legs’ muscle activity even

generalizes to adapted gaits on a split-belt treadmill (Stenum & Choi, 2016). This

suggests that gaits may be selected to minimize metabolic cost of transport.

In walking, a speed of around 1.25 m s−1 minimizes metabolic cost of transport

(Farris & Sawicki, 2012; Ralston, 1958). When people are free to self-select their walking

speed, it tends to coincide with the speed that minimizes metabolic cost of transport

(Ralston, 1958). Classically, metabolic cost of transport in running has been described
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without an energetically optimal speed (Margaria et al., 1963). But newer studies contend

that an optimal running speed does exist (Cher et al., 2015; Steudel-Numbers &

Wall-Scheffler, 2009), and, furthermore, that people choose to run at their energetically

optimal running speed (Rathkey & Wall-Scheffler, 2017). This suggests that people choose

a walking speed, and possibly a running speed, to minimize metabolic cost of transport.

During walking or running at a given speed, there is a combination of stride length

and stride time that minimizes metabolic cost. This has been observed for treadmill

walking at intermediate speeds (Cotes & Meade, 1960; Umberger & Martin, 2007; Zarrugh

& Radcliffe, 1978) and treadmill running at moderate speeds (Cavanagh & Williams,

1982; Högberg, 1952; Snyder & Farley, 2011). The combination of stride length and stride

time that people naturally choose when walking or running at a given speed coincides

with their energetically optimal combination (Cavanagh & Williams, 1982; Snyder &

Farley, 2011; Umberger & Martin, 2007; Zarrugh & Radcliffe, 1978). This suggests that

people choose combinations of stride length and stride time to minimize metabolic cost.

Further evidence that humans tend to use energetically optimal locomotor patterns

comes from a line of studies that constrain either walking speed, step length or step time

separately, and independently, over a range of values (Bertram, 2005; Bertram & Ruina,

2001). Constraining either speed, step length or step time yielded distinctly different

combinations of step length and step time. The constraint-dependent combinations were

predicted from optimizing metabolic cost of transport within the possible combinations of

each constraint. Furthermore, optimal metabolic cost of transport also predicted the

constraint-dependent combinations of step length and step time in running (Gutmann

et al., 2006). This suggests that people flexibly change the locomotor pattern to different

task demands by minimizing metabolic cost of transport.

Inherent to optimality theory is state estimation of the system. Even though

evidence suggests that locomotor behaviors are selected to optimize metabolic cost, that

does not necessarily imply that people are energetically optimal from state estimation.

For example, energetically optimal locomotion could be predisposed from evolutionary

adaptations (Alexander, 2001) or from the propensity of self-organizing systems to

minimize energy cost (Diedrich & Warren, 1995) without the need to estimate energetic
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cost. A recent study, however, suggests that humans adapt locomotion from a direct

optimization of metabolic cost. When people walk on a treadmill wearing resistive knee

braces, that impose an added metabolic penalty at either higher or lower step rates than

preferred, they learn to adapt their step rate to optimize metabolic cost (Selinger et al.,

2015). This has been interpreted to indicate that humans can adapt their locomotor

pattern from a direct optimization of metabolic cost.

Two processes have been proposed to account for the selection of energetically

optimal locomotor patterns (Snaterse et al., 2011). The first process is an iterative, slowly

converging (>30 seconds), direct optimization of energy use that could drive locomotor

patterns to optima. Direct optimization requires that the nervous system estimates

energetic demand, from various sensations related to metabolism, and dynamically adapt

locomotion to minimize energy use. Because sensations of expended energy are slowly

conducted and because of its iterative nature, direct optimization is a relatively slow

process. Physiological sensors of metabolic cost include blood gas receptors and local

muscle afferents that are sensitive to muscle exertion. To test if blood gas receptors were

responsible for driving movement patterns to energetic optima, Wong et al. (2017)

manipulated the carbon dioxide content of inspired air as a function of step rate during

treadmill walking to create simulated energtically optimal step rates. Wong et al. (2017)

found that people did not adjust their step rate to the simulated energetically optimal

step rates which suggests that blood gas receptors are not responsible for driving an

energy optimization process. The second process is a quickly converging (∼2 seconds),

energetically optimal, pre-programmed, locomotor pattern that could set locomotor

patterns to optima. An optimal, pre-programmed pattern requires explicit, prior

experience with the task and the constraints. Thus, pre-programmed patterns depend on

prior direct optimization of energy use. Following perturbations, fast and slow

convergences have been shown in selection of preferred walking speed (Pagliara et al.,

2014) and preferred step rate in walking and running (Pagliara et al., 2014; Snyder et al.,

2012). Thus, the time course in which locomotor patterns adjust to optimality have been

suggested to reveal the processes that underlie energetic optimization.

Even though humans can adapt to minimize metabolic cost, that does not imply
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that humans only, always and instantly seek to optimize metabolic cost. Indeed, recent

studies show that people can be instructed to walk downhill with a more relaxed gait that

reduces metabolic cost compared to the preferred downhill walking pattern (Hunter et al.,

2010; Monsch et al., 2012). This suggests that humans do not always and only optimize

metabolic cost. Instead, metabolic cost is likely one of several task-dependent objectives

of normal gait. Other locomotor objectives that are broadly acknowledged include

stability (Bauby & Kuo, 2000; Holt et al., 1995; Kang & Dingwell, 2008), stepping

accuracy (Matthis et al., 2017), movement time (Bornstein & Bornstein, 1976; Shadmehr

et al., 2016), performance (Mero et al., 1992) and pain aversion (Hodges & Tucker, 2011).

This suggests that locomotion has multiple task-dependent objectives, one of which is

minimization of metabolic cost.

Stability has been proposed as an optimality objective (Holt et al., 1995). Stability

of leg joint coordination has been proposed to be optimal at the preferred stride rate (Holt

et al., 1995; Russell & Haworth, 2014). It is not clear how trunk stability, assessed using

local divergence measures, changes with walking speed. At increasing speeds, both

decreases in stability (Dingwell & Marin, 2006; England & Granata, 2007), increases in

stability (Bruijn et al., 2009), and no changes have been reported (Hak et al., 2013), which

is partly explained by the calculation methods used in each study (Stenum et al., 2014). A

limitation to our understanding of stability is that several stability measures have been

defined that capture different properties related to stability (Bruijn et al., 2013).

Furthermore, the stability measures are not related in a straightforward manner which

makes interpretation across different studies difficult (Bruijn et al., 2013). Based on

analysis of a dynamic walking model (Kuo, 1999), human walking has been shown to

require active lateral stabilization through control of foot placements and step widths

(Bauby & Kuo, 2000). Active lateral stabilization exacts a (small) metabolic cost based

on work performed on the center of mass (Donelan et al., 2004, 2001) or by controlling

foot placement during swing (Rankin et al., 2014). While the relationship between

stability and metabolic cost has been proposed as a trade-off, this idea has not been

confirmed experimentally (Monsch et al., 2012).
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2.4 Neural control of locomotion

Inputs from 3 major neural systems regulate locomotion by, directly or indirectly,

controlling motor neurons to activate muscle: spinal interneurons coordinate movements

within and across legs; sensory feedback continuously contributes to motor neuron activity

and provide sensory information for motor adaptation; and, supraspinal centers exert

direct volitional control of motor neuron activity and adapts locomotion from sensory

information. Even though the neural systems contribute differently to locomotor control,

the net effect of all input in healthy people is smooth, coordinated and rhythmic

locomotion.

2.4.1 Spinal interneurons

Spinal interneurons coordinate agonist and antagonist muscles by reciprocal inhibition.

Reciprocal inhibition involves inhibitory spinal interneurons that are activated by

stretch-sensitive afferents from agonist muscles (Eccles et al., 1956). During human

walking, reciprocal inhibition changes across the stride cycle: for example, reciprocal

inhibition from dorsiflexors to plantarflexors is large in swing, but small in stance

(Petersen et al., 1999); while reciprocal inhibition is silenced during static contractions

(Crone et al., 1987). This suggests that reciprocal inhibition acts to prevent a stretch

reflex in the antagonist muscle, when the agonist muscle is shortening during locomotion.

While reciprocal inhibition coordinates agonist and antagonist muscles around a

joint, central pattern generators coordinate rhythmic stepping. In animal studies, direct

evidence has provided insight into the organization of patterned control from central

pattern generators (Kiehn, 2016; McLean et al., 2008). For example, 2 types of

interneurons, that span the midline in the spinal cord of mice, mediates out-of-phase

coordination at slow-to-fast, non-overlapping, locomotor frequencies (Talpalar et al.,

2013). In humans, however, central pattern generators have only been demonstrated

indirectly (Bussel et al., 1996; Calancie et al., 1994; Dimitrijevic et al., 1998). For

example, involuntary stepping movements have been documented by tonic electrical

stimulation of the lumbar spinal cord in people with complete spinal cord injury
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(Dimitrijevic et al., 1998). Even though this suggests that central pattern generators exist

in humans, it is unclear if, and, if so how, they contribute to locomotor coordination

during movement (Nielsen, 2003).

In humans, pattern generation of stepping has been studied in split-belt treadmill

walking. Pattern generation appears to be separately controlled within each leg in humans

(Choi & Bastian, 2007; Prokop et al., 1995; Yang et al., 2005). For example, pattern

generation before the maturation of direct control of supraspinal input has been studied in

infants. Infants can complete 2–3 stride cycles on one leg during a single stride cycle on

the other leg when they are stepping (and supported) on a split-belt treadmill (Yang

et al., 2005). Furthermore, adaptable pattern generation has been shown to be separate

for each leg (Choi & Bastian, 2007).

2.4.2 Sensory feedback

Sensory feedback contributes to locomotor control in 2 roles: to actively drive motor

neuron activity (including via reflex pathways, Pearson (2004)) and to provide information

for motor learning (Prokop et al., 1995). Sensory feedback has been shown to drive

changes in muscle activity in the soleus muscle during walking. When plantarflexors were

suddenly unloaded by an ankle orthosis during stance, soleus muscle activity decreased

with a short latency (Sinkjær et al., 2000). The short latency suggests that sensory

feedback contributes to muscle activity during locomotion. Sensory feedback also

contributes to locomotor control in learning. When cutaneous sensory feedback was

disrupted by repetitive electrical stimulation during locomotor adaptation to an ankle

orthosis, adaptation was impeded (Choi et al., 2016). This suggests that sensory feedback

contributes to locomotor control by continuously modulating motor neuron activity, and,

furthermore, by changing motor neuron activity through motor learning.

2.4.3 Supraspinal centers

Possibly because of evolutionary adaptations to human bipedalism, the motor cortex

exerts direct control of motor neurons to leg muscles through the corticospinal tract

(Nielsen, 2003). Imaging and electrophysiological studies show that the motor cortex is
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actively involved in controlling locomotion. During cycling, cerebral blood flow increased

to the motor cortex (Christensen et al., 2000), which suggests that the motor cortex is

involved in controlling rhythmic movements. Changes in transmission in the corticospinal

tract have been tested with transcranial magnetic stimulation of the motor cortex while

the resulting leg muscle activity was detected concurrently as motor evoked potentials.

Motor evoked potentials of the tibialis anterior, gastrocnemius and soleus muscles have

been shown to be modulated during the stride cycle (Capaday et al., 1999; Petersen et al.,

1998, 2001). This suggests that the motor cortex is directly contributing to muscle

activity during locomotion.

The cerebellum, contrary to the motor cortex, does not exert direct control over

motor neurons. However, the cerebellum is critically important for coordinating smooth

movements and for the ability to adapt and retain sensory-driven motor adaptations

(Lisberger & Thach, 2013; Martin et al., 1996; Morton & Bastian, 2006; Yanagihara &

Kondo, 1996). For example, people with cerebellar damage are unable to adapt locomotion

when they walk on a split-belt treadmill (Morton & Bastian, 2006). While sensory

information is conveyed through several cells in the cerebellum, a critical part of motor

adaptation is suggested to arise from sensory information through climbing fibers onto

Purkinje cells. It is has been suggested that the cerebellum compares an expected sensory

consequence of the intended motor action to the actual sensory information in order to

calibrate the transformation between the intended and actual movement (Lisberger &

Thach, 2013). The cerebellum therefore plays an integral part in locomotor adaptation.

2.5 Locomotor adaptation

Motor adaptation can be defined as the adjustment of a well-learned movement over

trial-and-error practice when in a novel, perturbing environment (Reisman et al., 2010).

Motor adaptation therefore refers to motor adjustment that occurs over a relatively short

time-scale in a single training session. A hallmark of motor adaptation is that it requires

active de-adaptation: when the perturbation is removed, the adapted movement shows an

aftereffect that actively needs de-adaptation to return to a baseline level. This implies
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that the neural control of movement has adapted, and, importantly, retained the

adaptation during the adaptation period.

Kinematic parameters that are related to coordination of the legs, such as step

length asymmetry, step time asymmetry and foot placement difference, adapt predictively

(that is, gradually across many strides) to split-belt treadmill walking (Malone et al.,

2012; Reisman et al., 2005). On the other hand, kinematic parameters that are more

closely related to coordination within a single leg, such as stance time asymmetry and

timing of peak joint angles, adapt reactively (that is, immediately following a few strides)

(Reisman et al., 2005). This likely reflects that split-belt treadmill locomotion primarily

perturbs the control of coordination across the legs.

Locomotor adaptation has been proposed to be a sensory-driven process that relies

on updating an internal model (Bastian, 2008; Malone et al., 2012). Internal models

(inspired by engineering and computational motor control) predict the sensory

consequences of muscle activations and, in turn, compare predicted sensory information to

the actual sensory feedback (Franklin & Wolpert, 2011; Wolpert et al., 2013). The

cerebellum has been proposed to perform this comparison. Most importantly, motor

adaptation has been shown to depend critically on the cerebellum (Martin et al., 1996;

Morton & Bastian, 2006; Yanagihara & Kondo, 1996).

Proprioceptive feedback about disrupted kinematic symmetry has been proposed as

the sensory information that drives locomotor adaptation (Malone et al., 2012; Roemmich

et al., 2016). It is often assumed, implicitly or explicitly, that humans adapt their

locomotor pattern to symmetry when walking on a split-belt treadmill. This is based on

the empirical finding that step lengths tend to be symmetrical following split-belt

treadmill adaptation (Finley et al., 2013; Malone et al., 2012; Reisman et al., 2005). But,

a priori, it is not clear why symmetry should be the preferred locomotor pattern in an

asymmetrical environment.

Recently, minimization of metabolic cost has been proposed as a complementary

mechanism that drives adaptation during split-belt treadmill locomotion (Finley et al.,

2013). Convergence to step length symmetry during split-belt treadmill adaptation has

been proposed to drive the observed reduction in metabolic cost. But when healthy people
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were instructed to walk at a range of step length asymmetries during steady-state

split-belt treadmill locomotion, there was no change in metabolic cost with asymmetry

(Sánchez et al., 2017). Even though this suggests that step length symmetry is not

minimizing metabolic cost during the adaptation period, Sánchez et al. (2017) did not

control subjects’ stride time and step time asymmetry which could have confounded the

results.
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CHAPTER 3

METHODS

3.1 Definitions and constraints

3.1.1 The stride cycle

We define the stride cycle as the events occurring between successive ipsilateral foot

contacts. The stride cycle consists of 2 steps: a step from left-to-right foot contacts

(l→r) and a step from right-to-left foot contacts (r→l). Even though stride cycles can

be defined on either left or right legs, we consider them to be identical because they

comprise the same 2 steps.

3.1.2 Step and stride time

We define a step time as the duration between successive bilateral foot contacts with the

ground. Because the stride cycle consists of 2 steps, we further define step times between

left-to-right foot contacts (tl→r) and right-to-left foot contacts (tr→l). A stride time

(tstride) is defined as the sum of a pair of successive step times:

tstride = tl→r + tr→l . (3.1)

3.1.3 Step and stride length

We define a step length as the anterior-posterior distance between the same anatomical

marker on either foot between successive bilateral foot contacts (Zatsiorky et al., 1994).

We define 2 step lengths: a step length from left-to-right foot contacts (ll→r) and a step
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length from right-to-left foot contacts (lr→l). A stride length (lstride) is defined as the sum

of a pair of successive step lengths:

lstride = ll→r + lr→l . (3.2)

3.1.4 Locomotor pattern

We define the locomotor pattern as a specific combination of stride length and time

(Zatsiorky et al., 1994).

3.1.5 Asymmetry

Even though humans are largely bilaterally symmetrical when they walk and run

(Gundersen et al., 1989; Hamill et al., 1983; Hannah et al., 1984; Seeley et al., 2008), step

lengths and step times could, independently, be asymmetrical. We use a standard

definition of asymmetry to capture locomotor pattern asymmetry in either spatial (step

lengths) or temporal (step times) domains (Ellis et al., 2013; Herzog et al., 1989). We

define step length asymmetry (asyml) as:

asyml =
ll→r − lr→l

ll→r + lr→l
∗ 100% , (3.3)

and define step time asymmetry (asymt) as:

asymt =
tl→r − tr→l

tl→r + tr→l
∗ 100% . (3.4)

An asymmetry of zero means equal step lengths or step times. Our asymmetry measure is

directional: positive asymmetry is step lengths or step times that are greater from

left-to-right foot contacts than right-to-left foot contacts, and vice versa for negative

asymmetry.
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3.1.6 A note on stride length definition

Stride length is usually defined as the anterior-posterior distance between an anatomical

marker on the same foot between successive foot contacts on the same leg (Zatsiorky

et al., 1994). Here, we instead define stride length as the sum of a pair of successive step

lengths. In the following paragraphs we show that the 2 definitions agree in overground

and normal treadmill locomotion, but that they conflict in split-belt treadmill locomotion.

In overground locomotion or on a normal treadmill the 2 definitions agree. The

usual definition, but not ours, subdivides stride lengths into left and right legs. But in

forward locomotion (overground or on normal treadmill) left and right stride lengths must

be the same; if they were unequal, that implies circular, turning locomotion (Hoogkamer

et al., 2014). Consequently, in overground and normal treadmill locomotion, both

definitions of stride length agree.

In split-belt treadmill locomotion, however, the 2 definitions conflict. During

split-belt treadmill locomotion, with treadmill belts moving at different speeds, stride

times of the left and right legs remain the same. If stride times were not the same, each

leg would accumulate a different number of strides. Even though this phenomenon has

been reported in human infants walking on a split-belt treadmill (Yang et al., 2005),

human adults retain identical stride times even with large speed-differences between the

treadmill belts (Reisman et al., 2005; Stenum & Choi, 2016). Because the legs have the

same stride time, but move in separate local inertial reference frames (van Ingen Schenau,

1980) with different speeds, left and right stride lengths must be asymmetrical according

to the usual definition of stride length, in which stride length must be defined in each

belt’s local reference frame. However, using our definition of stride length, as the sum of a

pair of successive step lengths, only a single stride length is defined. Thus, in split-belt

treadmill locomotion, the usual definition yields 2 unequal stride lengths, whereas we

define only a single stride length.
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3.1.7 Locomotor pattern constraint of normal treadmill locomotion

In normal treadmill locomotion, the treadmill belt runs at a given speed (v). In treadmill

locomotion (when the center of mass remains stationary) the locomotor pattern must

therefore, on average, satisfy the following constraint:

lstride ∗ t−1
stride = v . (3.5)

3.1.8 Locomotor pattern constraint of split-belt treadmill locomotion

A split-belt treadmill has 2 belts of which speed can be controlled independently. If the

left belt speed (vl) and the right belt speed (vr) are different, that creates a

speed-difference (∆v = vr − vl) between the belts. When humans locomote on a split-belt

treadmill with a speed-difference, each leg is in contact with separate belts so that, during

stance, each leg is moving at a different speed compared to stance on the other leg. In this

way, each leg is moving in separate local inertial reference frames (van Ingen Schenau,

1980). It is not clear, a priori, how the locomotor pattern is constrained during split-belt

treadmill locomotion with a speed-difference.

In Appendix A we derive the following equality constraint on the locomotor pattern

during split-belt treadmill locomotion:

lstride ∗ t−1
stride = v − ∆v

2
∗ asymt , (3.6)

where v is averaged belt speed and ∆v is belt speed-difference.

From Equation 3.6, there is an inverse relationship between stride length and step

time asymmetry: at a given stride time and averaged belt speeds, stride length decreases

linearly with increasing step time asymmetry. The relationship depends on the belt

speed-difference: at greater speed-differences there is a larger reduction in stride length for

the same step time asymmetry (Fig. 3.1).
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Figure 3.1: Example of relationship between stride length and step time asymmetry
(asymt) on a split-belt treadmill. Split-belt treadmill locomotion without a speed-difference
(∆0 m s−1) and at 3 different speed-differences (∆0.5 m s−1, ∆1.0 m s−1 and ∆1.5 m s−1,
in which right belt speed is faster than left belt speed), with the same averaged belt speeds
(1.25 m s−1) and at the same stride time (1.07 s). There is a linear decrease in stride
length with increasing self-selected asymt (i.e. step time is longer from left-to-right than
from right-to-left). The rate of decrease in stride length with asymt depends on the speed-
difference between the treadmill belts: at larger speed-differences, the same asymt leads to
a shorter stride length.

3.2 Proposed studies

We will leverage the locomotor constraints of either a normal treadmill or a split-belt

treadmill to address our aims. We will perform experiment 1 to address aim 1 and perform

experiment 2 to address aim 2. In experiment 1 we will test whether kinematic parameters

determine the metabolic cost of asymmetry in walking by having subjects walk on a

normal treadmill. In experiment 2 we will test whether people exploit asymmetry in order

to optimize metabolic cost by having subjects walk on a split-belt treadmill.

3.2.1 Subjects

For each experiment, we will recruit 10 healthy subjects between 18 and 30 years without

orthopedic or neurological damage that adversely affects locomotion. Subjects can, but

are not required to, participate in more than a single experiment. We will screen for leg

length difference and baseline walking asymmetries during a familiarization visit to the

laboratory. We justify our sample sizes based on the 10 subjects included in a study that

tested the effect of step time asymmetry on metabolic cost (Ellis et al., 2013) and the
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11 subjects included in a study that reported the changes in metabolic cost during the

adaptation period in split-belt treadmill walking (Finley et al., 2013).

3.2.2 Experimental setup

For both experiments, subjects will come to the laboratory before data collection for a

familiarization visit. During the visit, subjects will be screened for baseline asymmetries.

To participate in the experiment, leg length difference must be less than 2 cm. Leg length

differences less than 2 cm are estimated to have no effect on metabolic cost (Gurney,

2002). Leg lengths will be measured in the supine position as the distance between the

anterior superior iliac spine and the lateral malleolus using a tape measure and averaged

across 2 measurements (Gurney, 2002). Furthermore, subjects must walk with less than

5% step length and step time asymmetry. We consider kinematic asymmetries less than

5% acceptable because it is within a previously reported range of step length and step

time asymmetries of healthy humans during treadmill walking (Kodesh et al., 2012).

Subjects will familiarize to walking on the treadmill with real-time asymmetry

feedback. We will use visual feedback to enforce step length and step time asymmetry. To

this end, we will use 2 simultaneous feedback systems: one feedback system concerns step

time asymmetry and the other system concerns foot placement difference (αl→r), both of

which will be projected onto a screen in front of the treadmill. By simultaneously

controlling step time asymmetry and foot placement difference, we are effectively

controlling both step length and step time asymmetry according to the relationship

(Finley et al., 2015):

ll→r − lr→l = 2αl→r + vl ∗ tl→r − vr ∗ tr→l . (3.7)

The feedback for step time asymmetry will be a bar graph. The height of the bar depends

on the actual step time asymmetry (calculated in real-time according to Equation 3.4)

that the subject performs. A horizontal line will represent the target step time asymmetry

and the subject will be asked to keep the height of the bar graph at the target value. To

enforce the target value, the color of the bar graph will turn from blue into green when
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the bar is within ±2% of the target value. The feedback for foot placement difference

consists of 2 boxes that each represent the target positions for left and right foot contacts.

The anterior-posterior distance between the boxes is αl→r. αl→r will be calculated, from

the desired step length and step time asymmetry for the trial, according to Equation 3.7.

To guide foot contacts to the target boxes, reflective markers put on the fifth metatarsal

on each foot will be represented as blue dots. At either foot contact, the dot will remain

fixed at the contact position until the other foot’s contact. To enforce successful foot

placements, the dot will change color to green within ±1 cm of the target box’s center or

change to gray outside of the interval.

For the data collection visit, subjects must have fasted 4 hours before they come to

the laboratory to ensure that foodstuffs have been absorbed. Furthermore, subjects will

be asked not to drink coffee or energy drinks before data collection. Subjects will sit in a

chair for 10 minutes and then stand quietly for 5 minutes to measure standing metabolism.

Next, subjects will walk on the treadmill for 10 minutes to warm up. During the visit,

subjects will walk at 1.25 m s−1. Stride time will be determined after minute 7 of the

warm-up period from the time to complete 50 strides (left foot contact to left foot contact)

and averaged across 3 trials to get preferred stride time (Umberger & Martin, 2007). For

all subsequent trials, stride time will be constrained to the individual subject’s preferred

stride time by timing either their left or right foot contact to the beat of a metronome.

We choose to have subjects walk at a fixed speed of 1.25 m s−1 instead of a self-selected,

preferred walking speed determined for each individual subject. We choose 1.25 m s−1

because it is an intermediate walking speed that is close to people’s preferred walking

speed and because we do not expect small deviations in this speed range to affect our

conclusions regarding the relationship between kinematic asymmetry and metabolic cost.

3.2.3 Experimental design

Experiment 1: Subjects will walk at 1.25 m s−1 in 4 experimental conditions where

asymmetry will be enforced in either the spatial domain (step lengths), the temporal

domain (step times) or concurrently in both domains (Fig. 3.2). Each condition will

consist of 4 trials with asymmetry constrained to 5%, 10%, 15% and 20%. In the
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Figure 3.2: Experimental conditions for aim 1. There are 4 experimental conditions where
asymmetry will be enforced in either the spatial domain (step lengths, asyml), the temporal
domain (step times, asymt) or concurrently in both domains. Each condition will consist
of 4 trials with asymmetry constrained to 5%, 10%, 15% and 20%. In the conditions
where asymmetry is enforced in only a single domain, asymmetry in the other domain
will be constrained to 0% (symmetry) in all 4 trials. In the conditions where asymmetry is
enforced concurrently in both domains, asymmetry will be constrained to the same absolute
value for both spatial and temporal domains simultaneously, however, since asymmetry is
directional, one condition will constrain the domains in the same direction, whereas the
other condition will constrain the domain in opposite directions. Additionally, subjects will
walk in a symmetrical control condition in which both domains are constrained to 0%.

conditions where asymmetry is enforced in only a single domain, asymmetry in the other

domain will be constrained to 0% (symmetry) in all 4 trials. In the conditions where

asymmetry is enforced concurrently in both domains, asymmetry will be constrained to

the same absolute value for both spatial and temporal domains simultaneously, however,

since asymmetry is directional, one condition will constrain the domains in the same

direction, whereas the other condition will constrain the domains in opposite directions.

Additionally, subjects will walk in a symmetrical control condition in which both domains

are constrained to 0%. The order of the 17 trials will be randomized between subjects.

Each trial will last 5 minutes. Between trials, subjects will rest for 2 minutes, or longer as

necessary, to minimize fatigue.

Experiment 2: Initially, subjects will adapt their locomotor pattern while walking on

the split-belt treadmill with a speed-difference between the belts. Even though stride time

is constrained, subjects are free to self-select step time asymmetry during the adaptation

period. After the adaptation period, subjects will walk in 2 experimental conditions in
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Figure 3.3: Experimental conditions for aim 2. For each speed-difference condition, subjects
will walk in 2 experimental conditions in which asymmetry will be enforced in either step
lengths (asyml) or times (asymt). In the condition where asymt is constrained, asymt will
be constrained at the preferred (∗), preferred ±25% and preferred ±50% (% refers here to
percentage of the preferred step time asymmetry) while asyml will be constrained to zero.
In the condition where asyml will be constrained, asyml will be constrained to 0, ±5% and
±10% (% refers here to absolute percentage of asyml) while asymt will be constrained at
the preferred value.

which asymmetry will be enforced in either step lengths or step times (Fig. 3.3). In the

condition where step time asymmetry is constrained, step time asymmetry will be

constrained at preferred, preferred ±25% and preferred ±50% (% refers here to percentage

of the preferred step time asymmetry) while step length asymmetry will be constrained to

0%. In the condition where step length asymmetry will be constrained, step length

asymmetry will be constrained to 0, ±5% and ±10% (% refers here to absolute percentage

of step length asymmetry) while step time asymmetry will be constrained at the preferred

value. On separate days, subjects will perform 3 speed-difference conditions with different

belt speed-differences on the split-belt treadmill: 0.5 m s−1, 1.0 m s−1 and 1.5 m s−1

(right belt speed will be faster than left belt speed). All conditions will have the same

averaged belt speeds at 1.25 m s−1. The order of the 3 conditions (∆0.5 m s−1,

∆1.0 m s−1 and ∆1.5 m s−1) will be randomized between subjects. Within each condition,

the order of the 9 trials will be randomized between subjects. Trials will last 5 minutes,

except the adaptation periods which will last 10 minutes (Reisman et al., 2005). Between

trials, subjects will rest for 2 minutes, or longer as necessary, to minimize fatigue.
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3.2.4 Data collection

Subjects will walk on a split-belt treadmill (Bertec, Columbia, Ohio). Ground reaction

forces exerted on each belt will be measured by force plates that are imbedded underneath

the belts. Breath-by-breath rates of oxygen consumption and carbon dioxide production

will be measured (Parvo Medics, Sandy, Utah). Ten reflective markers will be put

bilaterally on the fifth metatarsal, lateral malleolus, fibular head, greater trochanter and

anterior superior iliac spine. Reflective markers will be recorded by 4 high-speed cameras

(Oqus, Gothenburg, Sweden).

3.2.5 Data analysis

We define foot contact as the instant where the vertical ground reaction force (on separate

belts) exceeds 10 N. Foot placements will be measured as the anterior-posterior position

(in the global reference frame) of the lateral malleolus marker at the time of foot contact.

Step time will be measured as the duration between successive bilateral foot contacts.

Step lengths will be calculated analytically from foot placement differences (α), step times

and individual belt speeds (Finley et al., 2015). The left-to-right step length will be

calculated as:

ll→r = αl→r + vl ∗ tl→r , (3.8)

while the right-to-left step length will be calculated as:

lr→l = αr→l + vr ∗ tr→l . (3.9)

For the left-to-right step length, foot placement difference (αl→r) is calculated as the right

foot’s anterior-posterior position at right foot contact subtracted the left foot’s

anterior-posterior position at the preceding left foot contact, and vice versa for the

right-to-left step length’s foot placement difference (αr→l). Our calculation of step length

is in accordance with standard definitions of step length (Zatsiorky et al., 1994), including

our own definition, but is different from the modified step length calculation implemented

in many studies using a split-belt treadmill (Finley et al., 2013; Reisman et al., 2005). See
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Appendix B for a discussion of the implications of either method on step lengths and step

length symmetry.

Gross metabolic power will be calculated from rates of oxygen consumption and

carbon dioxide production (Brockway, 1987) as:

gross metabolic power = 16.58
W ∗ s
ml O2

∗ V̇O2 + 4.51
W ∗ s
ml CO2

∗ V̇CO2 , (3.10)

where V̇O2 and V̇CO2 are rates of oxygen consumption and carbon dioxide production in

milliliters per second and gross metabolic power is in watts. Rates of oxygen consumption

and carbon dioxide production will be averaged over the last 2 minutes of each trial in

which the subject must have reached steady-state metabolism. Net metabolic power will

be calculated from gross metabolic power by subtracting the metabolic power during quiet

standing. To account for the effect of body mass on metabolism, net metabolic power will

be normalized to body mass and expressed as watts per kilogram.
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CHAPTER 4

AMENDMENTS TO PROPOSED METHODS

The following chapter summarizes changes in or additions to the dissertation that were

made following its proposal.

In experiment 1, the proposed methods do not include a description of how the

metabolic cost of the 4 asymmetry conditions is tested. We have amended the methods by

using linear fits to measure the metabolic cost of walking with step length asymmetry and

step time asymmetry. From the metabolic cost of step length asymmetry and step time

asymmetry, we tested if the costs were additive. To this end, we compared the actual

metabolic cost of walking with concurrent asymmetry in step lengths and step times to

3 cost models: the cost of step length asymmetry alone, the cost of step time asymmetry

alone and the added cost of asymmetry in step lengths and step times.

In experiment 1, we had hypothesized that total positive mechanical work rate is

proportional to metabolic cost which would suggest that total work explains the metabolic

cost of asymmetrical walking. We have amended the methods by adding the

complementary hypothesis that positive work performed in pendular (single support)

phases may explain the metabolic cost. This hypothesis is based on previous reports on

able-bodied subjects walking asymmetrically (Ellis et al., 2013) and hemiparetic and

amputee walking (Adamczyk & Kuo, 2015; Farris et al., 2015) that show an increase in

pendular work. The metabolic cost derived from pendular positive work may be regarded

as distinct from total positive work over the entire stride since it is possible that

asymmetry redistributes work without a concomitant increase in the total amount, and

vice versa.

In experiment 1, the proposed methods did not include making a comparison
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between the mechanical adaptations that our able-bodied subjects undertook to walk

asymmetrically and the mechanics of hemiparetic and amputee walking which is often

asymmetrical as a result of neurological damage or biomechanical impairment. This

comparison may indicate how our results generalize to other types of asymmetry. We

quantified how asymmetry influenced production of positive work at the leg-level: how

was positive work distributed across the legs and how was the work temporally

redistributed across the stride? In order to compare the joint-level mechanical

adaptations, we performed a 2D inverse dynamics analysis to obtain mechanical power at

the ankle, knee and hip in the sagittal plane. We used the joint power curves to find out if

our subjects used a joint-level strategy to increase work that was different to hemiparetic

or amputee walking.

In experiment 2, we had proposed to change step time asymmetry to ±50% and

±25% around each subject’s preferred value. However, in pilot tests conducted after the

submission of the proposal we found that this approach yielded a range of values that was

too narrow to provide a meaningful cost landscape in the ∆0.5 m s−1 condition and that

the range of values was too wide for subjects to perform in the ∆1.5 m s−1 condition.

Instead, we choose to enforce step time asymmetry to ±10% and ±5% (percentage points)

around each subject’s preferred value which yielded a range that was equal between

speed-difference conditions, large enough to outline a meaningful cost landscape and

remained narrow enough so that our subjects could walk according to the feedback that

we presented.

In experiment 2, we had not planned to report the values of foot placement

difference as part of the manuscript for the study. We enforced foot placement difference

and step time asymmetry in order to indirectly constrain step length asymmetry; since the

relationship between the 3 variables is redundant, it is not necessary to report foot

placement difference when characterizing the gait parameters. However, we have chosen to

report foot placement differences which is partly motivated from recent literature on

split-belt treadmill walking in which the effect of foot placement difference on metabolic

cost is tested (Sánchez et al., 2019). Furthermore, other recent studies have sought to

influence metabolic cost by changing foot placement difference (Roemmich et al., 2019;
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Sánchez & Finley, 2018) which makes it meaningful to explicitly present the metabolic

data according to foot placement difference.
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CHAPTER 5

METABOLIC COST AND MECHANICS OF ASYMMETRICAL STEP

LENGTHS AND STEP TIMES IN WALKING

5.1 Introduction

Hemiparetic and unilateral amputee walking is often asymmetrical so that gait parameters

pertaining to the 2 steps of the stride cycle—such as step lengths and step times—are

unequal (Isakov et al., 2000; Patterson et al., 2008; Roerdink et al., 2007; Sanderson &

Martin, 1997). These kinematic asymmetries derive from neurological damage or

biomechanical impairment: people that have suffered a stroke often have an unaffected leg

and a weaker paretic leg, whereas unilateral amputees have an intact leg and a leg fitted

with a prosthesis. Hemiparetic and amputee gait is also metabolically costlier than

able-bodied gait (Waters & Mulroy, 1999), and, consequently, asymmetry is often

attributed to account for the greater energy expenditure. Despite this contention, the

energetic cost associated with having asymmetrical gait parameters is not well understood.

Asymmetry in step lengths and step times have been linked to increases in metabolic

energy expenditure of walking. Step length asymmetry has been hypothesized to incur an

added metabolic cost based on analysis of simple bipedal walking models (Srinivasan,

2011); yet no experimental evidence has directly shown that asymmetrical step lengths

incur an added metabolic cost. A single experiment of able-bodied people walking with

step time asymmetry showed an added cost compared to walking symmetrically (Ellis

et al., 2013). However, step lengths were free to vary in this study which makes it difficult

to ascribe the added cost of asymmetry to the separate effects of either the cost of

asymmetry in step lengths or step times or, alternatively, their additive cost.
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What is the biomechanical origin that makes muscles consume more metabolic

energy in asymmetrical walking? Analysis of an inverted pendulum walking model

suggests that collisional losses of center of mass energy—incurred during double support

periods when the leading leg performs negative work on the center of mass—may increase

with gait asymmetry (Adamczyk & Kuo, 2009, 2015; Srinivasan, 2011). Collisional losses

may be predicted from step length and the center of mass velocity at heel-strike

(Adamczyk & Kuo, 2009). Asymmetry in step lengths and step times may thus influence

collisional losses from their combined effect on step lengths and center of mass velocity.

Collisional losses are regarded as the dominant loss of center of mass energy over the

stride cycle and net mechanical work performed on the center of mass must equal zero

over the stride cycle to maintain a fixed walking speed; therefore, increases in collisional

losses may increase total positive work performed on the center of mass over the stride,

which, in turn, should exact a metabolic cost (Donelan et al., 2002a). Indeed, studies on

amputee (Adamczyk & Kuo, 2015; Houdijk et al., 2009) and hemiparetic walking (Farris

et al., 2015), and asymmetrical walking in able-bodied subjects (Ellis et al., 2013), have

noted increases in collisional losses and positive work which suggest that the increased

demand of total mechanical work may explain the metabolic cost of asymmetry.

A complementary explanation of why asymmetrical walking increases metabolic cost

derives from a temporal shift in the generation of positive mechanical work during the

stride cycle. In symmetrical, able-bodied walking, the stance leg performs positive work

on the center of mass during 2 periods of stance: about a third of the total positive work

is supplied during the beginning half of the pendular phase (the single support period)

and about two-thirds are supplied as push-off (by the trailing leg during double support,

Kuo et al. (2005)). Both amputee and hemiparetic walking are often characterized by the

inability to supply ample push-off work by the prosthetic or paretic leg (Adamczyk &

Kuo, 2015; Farris et al., 2015; Houdijk et al., 2009). Consequently, positive work must be

generated elsewhere in the stride cycle. A temporal shift of positive work—from push-off

to pendular work—has been noted in amputee (Adamczyk & Kuo, 2015; Houdijk et al.,

2009) and hemiparetic walking (Farris et al., 2015), and asymmetrical walking in

able-bodied subjects (Ellis et al., 2013). The metabolic cost derived from pendular
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positive work may be regarded as distinct from total positive work over the entire stride:

it is possible that asymmetry redistributes work without a concomitant increase in the

total amount, and vice versa.

Analyzing the mechanical work by each leg and their joints may provide insights

into the adaptations that a person’s gait undertakes when walking asymmetrically. The

added positive work (over either the stride or in pendular phases) in amputee and

hemiparetic walking primarily derives from greater work performed by the intact or

unaffected leg (Adamczyk & Kuo, 2015; Farris et al., 2015). Likewise, in asymmetrical

walking by able-bodied subjects (Ellis et al., 2013), postive work increased on the leg that

had a long stance time which is equivalent to the intact and unaffected legs in amputee

and hemiparetic walking. At the joint level, positive work is predominantly (but not

exclusively) generated at the knee in the pendular phases and by the ankle in push-off

during symmetrical, able-bodied walking (Kuo et al., 2005). In both amputee (Beyaert

et al., 2008) and hemiparetic walking (Farris et al., 2015), the knee on the intact or

unaffected leg performs additional positive work compared to the affected leg or to the leg

of able-bodied control subjects. It is unknown whether the previously reported leg- and

joint-level mechanics reflect inevitable mechanics of asymmetrical walking or specific

adaptations undertaken in amputee or hemiparetic walking (Adamczyk & Kuo, 2009;

Houdijk et al., 2009; Farris et al., 2015), or when able-bodied subjects are instructed to

walk asymmetrically (Ellis et al., 2013).

Here, we first asked if the metabolic cost of asymmetry in step lengths and step

times are additive: when people walk with concurrent asymmetry in both step lengths and

step times is the metabolic cost explained by the cost of step length asymmetry, step time

asymmetry or the additive cost? We devised an experimental setup which allowed us to

enforce asymmetrical step lengths and step times during treadmill walking and we had

able-bodied subjects complete our experimental protocol. Second, we tested the

hypotheses that asymmetry would increase both collisional losses of center of mass energy

and total positive work performed on the center of mass, and that asymmetry would

redistribute positive work to pendular phases. To explain the mechanical origin of the

metabolic cost of asymmetry, we hypothesized that the increases in positive work would
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explain the metabolic cost with increased asymmetry. Last, we characterized how our

able-bodied subjects redistributed the positive work across the legs and which joints

accounted for this redistribution in order to describe how our results, of able-bodied

subjects instructed to walk asymmetrically, may generalize to other cases of gait

asymmetry.

5.2 Methods

5.2.1 Subjects

Ten healthy young subjects (5 males and 5 females; age 24±3 years (mean±sd); body

mass 71.7±13.7 kg; leg length 0.85±0.04 m) without orthopedic or neurological disorders

completed the study. We measured the length of subjects’ legs as the distance between the

greater trochanter and the lateral malleolus in the supine position before enrollment in the

study. Our inclusion criteria included that subjects’ leg length difference was less than

2 cm which we estimate to have a negligible effect on energy consumption during walking

(Gurney, 2002). All subjects gave informed written consent before the study in accordance

with the protocol approved by the local Institutional Review Board (protocol 2018-4813).

5.2.2 Experimental design

Our goal was to enforce a range of different combinations of asymmetry in step lengths

and step times during normal treadmill walking. In order to do so we devised an

experimental setup in which we directly enforced stride time, step time asymmetry and

foot placement difference and indirectly enforced step length asymmetry (Fig. 5.1A). We

introduce our measures of asymmetry and foot placement difference here. We defined step

time asymmetry (asymt) as:

asymt =
tl→r − tr→l

tl→r + tr→l
∗ 100% , (5.1)
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and step length asymmetry (asyml) as:

asyml =
ll→r − lr→l

ll→r + lr→l
∗ 100% , (5.2)

where t is step time, l is step length and the subscript l→r refers to the step from the

left leg’s heel-strike to right leg’s heel-strike and r→l refer to the step from the right leg’s

heel-strike to the left leg’s heel-strike. An asymmetry of zero means equal step times or

lengths. Our asymmetry measure is directional: positive asymmetry is step times or

lengths that are greater from left-to-right heel-strikes than right-to-left heel-strikes, and

vice versa for negative asymmetry. Foot placement difference (α) is the anterior-posterior

distance between the position of an anatomical landmark on either foot at successive

bilateral heel-strikes. Foot placement differences are defined for both steps; during

steady-state walking, foot placement differences are equal but opposite between the

2 steps (see Fig. 5.1B for graphical overview of gait parameters). We indirectly enforced a

specific step length asymmetry by setting the foot placement difference according to (see

Appendix C for derivation):

α =
1

2
∗ tstride ∗ v ∗ (asyml − asymt) , (5.3)

where tstride is stride time and v is treadmill belt speed.

5.2.3 Experimental protocol

In order for subjects to perform our experiment they had to be able to control stride time,

step time asymmetry and foot placement difference. We devised an experimental setup in

which stride time was enforced by the beat of a metronome while step time asymmetry

and foot placement difference were enforced by real-time visual feedback projected onto a

screen in front of the treadmill (Bertec, Columbus, OH, USA). Visual feedback of step

time asymmetry was indicated by the height of a bar graph that continually changed

depending on the subject’s performance (Labview, National Instruments, Austin, TX,

USA). We instructed subjects to keep the height of the bar graph near a horizontal line
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Figure 5.1: Overview of gait parameters and experimental setup. (A) Experimental setup:
stride time was enforced by the beat of a metronome while step time asymmetry (asymt)
and foot placement difference (α) were enforced by real-time visual feedback projected
onto a screen in front of the treadmill. We indirectly enforced step length asymmetry by
calculating foot placement difference according to Eq. 5.3. (B) Overview of and relationship
between gait parameters: step time (t), stride time (tstride), step length (l), stride length
(lstride), left-to-right step (l→ r), right-to-left step (r→ l) and foot placement difference
(α).

that represented the target value. Once the bar graph was within ±2% of the target value

the color of the bar changed from blue to green to indicate satisfactory performance.

Visual feedback of foot placement difference consisted of 2 stationary boxes that each

represented target positions for left and right feet at heel-strikes (Microsoft Visual Studio,

Redmond, VA, USA). We indirectly controlled subjects’ step length asymmetry from

stride time, step time asymmetry and foot placement difference by calculating the

anterior-posterior distance between the boxes using Eq. 5.3. To guide foot placements to

the target boxes, real-time feedback of the anterior-posterior position of reflective markers

put on each ankle were represented by blue dots. At either foot’s heel-strike, the dot

remained fixed at the contact position until the other foot’s heel-strike. To enforce foot

placements, the dot changed color to green within ±1 cm of the target box’s center or

changed to gray outside the interval.

It was challenging for subjects to simultaneously control stride time, step time

asymmetry and foot placement difference. Therefore, on a prior day to data collection,

subjects came in for a training visit to learn how to control stride time, step time

asymmetry and foot placement difference according to the feedback that we presented to
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them. The training visit lasted about 1.5 hour and subjects only continued with the study

if they were able to successfully walk according to the feedback presented to them.

Subjects fasted and refrained from coffee or energy drinks 4 hours before the data

collection visit. At the beginning of the data collection visit, subjects sat for 10 minutes

after which they stood for 5 minutes while we measured their standing metabolism. Next,

subjects walked on the treadmill for 10 minutes at 1.25 m s−1 to warm up. We presented

no feedback to the subjects during the warm-up period. After minute 7 of the warm-up

period we timed the duration to complete 50 strides, and repeated this twice, in order to

obtain each subject’s preferred stride time. In all subsequent trials, subjects’ stride time

was enforced to their preferred value by the beat of a metronome. We chose to keep stride

time constant since it is well-documented that there is a u-shaped relationship between

stride time and metabolic cost when walking at a fixed speed (Umberger & Martin, 2007);

by keeping stride time constant we avoided the confounding effect of stride time on energy

cost.

Following the warm-up period, subjects completed 17 experimental trials, each

lasting 5 minutes, in which different combinations of step time asymmetry and step length

asymmetry were enforced while subjects walked on the treadmill at 1.25 m s−1. The

17 trials comprised 4 asymmetry conditions of each 4 trials and one symmetrical condition

in which step lengths and step times were enforced to symmetry (see Table 5.1 for

overview of gait parameters in asymmetry conditions). The 4 asymmetry conditions were

made up of one condition with only step length asymmetry while step times were equal

(asyml), one condition with only step time asymmetry while step lengths were equal

(asymt) and 2 conditions with concurrent asymmetry in which step lengths and step

times were enforced to either equal values of asymmetry in the same direction

(same dir.), or to equal values of asymmetry in opposite directions (opp.dir.). In the

condition with concurrent asymmetry in the same direction, one step (left-to-right) had a

long length and a long time while the other step (right-to-left) had a short length and a

brief time. In the condition with concurrent asymmetry in opposite directions, one step

(left-to-right) had a short length and a long time while the other step (right-to-left) had a

long length and a brief time. For all asymmetry conditions, the target asymmetry values
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Table 5.1: Overview of asymmetry conditions’ gait parameters. The symbols +, − and 0
denote positive, negative and zero asymmetry.

Condition Step l t asyml asymt

asyml
l→r long sym.

+ 0
r→l short sym.

asymt
l→r sym. long

0 +
r→l sym. brief

same dir.
l→r long long

+ +
r→l short brief

opp. dir.
l→r short long − +
r→l long brief

in either step lengths or step times were set at 5%, 10%, 15% and 20%. In the

symmetrical condition (sym.), asymmetry in both step lengths and step times were set at

0%. Subjects rested 2 minutes, or longer if necessary, between trials. The order of the

17 experimental trials were randomized between subjects.

5.2.4 Data collection

Four high-speed cameras (Qualisys Oqus, Gothenburg, Sweden) recorded 8 reflective

markers at 100 Hz that we put bilaterally on the fifth metatarsal, lateral malleoli, fibular

head and greater trochanter. Force plates embedded in each treadmill belt recorded

ground reaction forces at 1000 Hz. We recorded breath-by-breath rates of oxygen

consumption and carbon dioxide production (Parvo Medics Trueone 2400, Sandy, UT,

USA).

5.2.5 Data processing

We low-pass filtered kinematic data at 7 Hz and kinetic data at 10 Hz. After filtering

ground reaction forces, we removed offset and drift. We defined heel-strikes and toe-offs as

the instant that the vertical ground reaction force crossed 10 N. We visually inspected

vertical ground reaction forces and corrected any spurious heel-strikes or toe-offs. Step

times were calculated as the period between consecutive bilateral heel-strikes. We

calculated foot placement differences for left-to-right and right-to-left steps as the
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anterior-posterior difference between the ankle markers’ position at subsequent bilateral

heel-strikes. Step lengths were calculated from foot placement difference and the product

of step time and belt speed. In order to express the value of asymmetry according to a

single dimension, we converted asymmetry in step lengths and times into an aggregate

asymmetry (asymagg.) which was calculated differently between conditions: for the

conditions with only step length asymmetry (asyml) and only step time asymmetry

(asymt), aggregate asymmetry was set at the value of either step length asymmetry or

step time asymmetry, respectively; for the symmetrical condition (sym.) and the

conditions with concurrent asymmetry in the same direction (same dir.) and opposite

directions (opp. dir.), aggregate asymmetry was calculated as the average of the absolute

values of step length asymmetry and step time asymmetry. We clustered data according

to the actual asymmetry values that our subjects performed in order to graphically

present data. We clustered data post-hoc and determined ranges based on cut-off points

that yielded an approximately equal number of data points within each cluster (4 clusters

with each 7, 8, 9 and 12 data points, 9 clusters with 10 data points and 4 clusters with

11 data points). For the symmetrical condition, aggregate asymmetry varied between 0%

and 2%; for all asymmetrical conditions, data were clustered based on aggregate

asymmetry values of 2–7%, 7–10%, 10–15% and 15–25%.

We obtained center of mass velocity by integrating the net ground reaction forces of

both legs and adding the treadmill belt speed to the anterior-posterior direction

(Adamczyk & Kuo, 2009). We used the nomenclature proposed by Adamczyk & Kuo

(2009) in which phases of the stride cycle refer to pendular motion of the center of mass or

transitions between pendular periods; as such, we labeled double support periods as

transition periods and single support periods as pendular periods. We calculated

pre-transition center of mass velocity as the instantaneous center of mass velocity at the

heel-strike of each leg. Predicted collisional losses of center of mass energy were calculated

as the product of squared step length (l) and pre-transition center of mass velocity (vpre):

l2 ∗ v2
pre (Adamczyk & Kuo, 2009). We calculated the instantaneous power that each leg

produced on the center of mass from the dot product of center of mass velocity and each

legs’ ground reaction forces (Donelan et al., 2002a). By integrating either the positive or
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negative portions of each legs’ instantaneous power curve over intervals of the stride, we

calculated the following terms: collisional losses of center of mass energy from negative

power production in double support by the leading leg; and pendular, push-off and total

positive work from positive power production during single support, double support by

the trailing leg and across the entire stride (note that the mechanical work that the leg

performs on the center of mass during swing is zero when using this method). We used 2D

inverse dynamics to obtain ankle, knee and hip instantaneous power in the sagittal plane

across the stride cycle (Winter, 1990). For both measures of instantaneous mechanical

power (on the center of mass or at joints), we discarded the stance phases in which we

detected that the stance leg produced vertical force on the opposite force plate. We

divided mechanical work by stride time to get average rate of mechanical work. We

calculated gross metabolic power from the rates of oxygen consumption and carbon

dioxide production (Brockway, 1987) and subtracted standing metabolism to obtain net

metabolic power which we refer to as metabolic cost.

We used the average of the last 2 minutes of each trial to obtain the values of all our

parameters. Mechanical and kinematic data are always presented as the sum across both

legs or steps; and, for joint work, as the sum across legs and joints, unless otherwise noted.

In order to normalize data between subjects, we used dimensionless data using as base

units body mass (M), gravitational acceleration (g) and leg length (L). Mean

non-dimensionalization factors were: 0.85 for step length (L), 2.89 for center of mass

velocity ((gL)0.5), 600.80 for work (MgL) and 2035.57 for power (Mg1.5L0.5). When

variables are presented at increasing levels of asymmetry, we express the effect of

asymmetry by expressing the variable as its percentage relative to the symmetrical

condition.

5.2.6 Statistics

To test if the metabolic cost of step length asymmetry and step time asymmetry were

additive, we, first, created 3 alternative cost models based on the cost of step length

asymmetry alone, the cost of step time asymmetry alone or the added cost of step length

asymmetry and step time asymmetry, and, second, tested which cost model best explained
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the metabolic cost of concurrent asymmetry. For each individual subject, we used linear

regressions to fit the metabolic cost of the asyml condition and the asymt condition

versus asymagg.. From each subject’s 2 regressions, we used the slope and intercept of the

asyml condition’s data for the cost model of step length asymmetry, the slope and

intercept of the asymt condition’s data for the cost model of step time asymmetry, and

the sum of slopes and the averaged intercept for the cost model of the additive cost of

asymmetry in step lengths and times. For each subject’s metabolic cost of concurrent

asymmetry (same dir. and opp. dir.), we calculated the residuals between the

3 models’ predicted cost and the actual metabolic cost of concurrent asymmetry. We

evaluated which model best explained the metabolic cost of concurrent asymmetry as the

model that yielded the minimum sum of the absolute value of residuals. We used

one-sample t-tests of each models’ residuals to test if the models tended to under- or

over-estimate the cost of concurrent asymmetry. To test if the models predicted the actual

metabolic cost differently between same dir. and opp. dir. conditions, we compared

their residuals using two-sample t-tests.

We performed linear regressions to evaluate directional trends and strength of

relationships between asymmetry, mechanical and metabolic data. Information on linear

fits (slope, intercept, r2 and P) are presented in Appendix D. All linear regressions were

performed using all individual data points, not clustered data points. We set the level of

significance at 0.05. All statistical tests were performed in Matlab (Mathworks, Natick,

MA, USA).

5.3 Results

Subjects successfully walked on the treadmill according to the feedback so that

asymmetrical step lengths and step times were enforced according to the different

conditions (Fig. 5.2A). In the condition with asymmetrical step lengths and equal step

times (asyml), step time asymmetry was kept constant around zero (ensemble

mean 0.4%); and in the condition with asymmetrical step times and equal step lengths

(asymt), step length asymmetry was kept constant around zero (ensemble mean 0.0%).
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Figure 5.2: Asymmetrical gait parameters. (A) Subjects successfully walked with step
length asymmetry (asyml) and step time asymmetry (asymt) according to the conditions
that we enforced through visual real-time feedback. (B) Step length asymmetry was enforced
by systematically changing foot placement difference (α). Dots are clustered data and error
bars are standard deviations.

We did, however, note that conditions with concurrent asymmetry (same dir. and

opp. dir.) were, on average, slightly biased toward greater asymmetry in step times than

in step lengths: step time asymmetry was on average 1.4% and 1.2% greater than step

length asymmetry for same dir. and opp. dir., respectively. Desired step length

asymmetry was indirectly enforced by foot placement differences (Fig. 5.2B): at an

asymmetry of 10%, foot placement difference increased (right leg steps anteriorly to the

left leg’s step) by about 7.0 cm for asyml, and decreased (left leg steps anteriorly to the

right leg’s step) by about 7.0 cm and 14.0 cm for asymt and opp. dir., respectively; while

for same dir., foot placement difference remained constant around 0 cm. For all trials,

stride time was enforced to subjects’ preferred value (ensemble mean±sd 1.08±0.06 s) and

was kept constant throughout the experiment (coefficient of variation 0.4%).

5.3.1 The metabolic cost of step time asymmetry best explains the cost

of concurrent asymmetry

Walking with either step length asymmetry and equal step times (asyml) or step time

asymmetry and equal step lengths (asymt) incurred a metabolic cost (Fig. 5.3A).

However, the cost of asymt (slope=3.65) was more than twice the cost of asyml
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Figure 5.3: Metabolic cost of asymmetry. Cost in (A) only step lengths (asyml) and
only step times (asymt) and (B) concurrent asymmtry in the same direction (same dir.)
or opposite directions (opp. dir.). Dots are clustered data and error bars are standard
deviations. See Table D.1 on page 116 for information on linear fits.

(slope=1.41). Walking with concurrent asymmetry in step lengths and step times also

incurred a metabolic cost (Fig. 5.3B; same dir.: slope=3.81; opp. dir.: slope=4.03).

Walking with an asymmetry of 10% incurred an added metabolic cost of about 12% when

walking with step length asymmetry and equal step times (asyml); when walking with

step time asymmetry (asymt, same dir. and opp. dir.), the added cost covered the

range of 29–37% and agreed well with previously reported data on the metabolic cost of

step time asymmetry (Ellis et al., 2013).

The cost model of the separate metabolic cost of step time asymmetry alone (asymt;

slope 3.52±0.79 (ensemble mean±sd) and intercept 94.6±4.4) best explained the cost of

concurrent asymmetry (Fig. 5.4C,D; sum of absolute value of residuals=817). The cost

model of step time asymmetry did, however, slightly underestimate the cost of concurrent

asymmetry (average residual=−6.3; P<0.001), but the underestimation was not affected

by magnitude of asymmetry (Fig. 5.4D; slope=−0.50, P=0.070). Furthermore, residuals

were not statistically different between the conditions with concurrent asymmetry

(P=0.380). This suggests that the metabolic cost of step time asymmetry predicts the

cost of walking with concurrent asymmetry well, regardless of the asymmetries’ direction.

The cost model of the separate cost of step length asymmetry alone and of the

additive cost yielded opposing trends. The model of the separate cost of step length

asymmetry (Fig. 5.4A,B; asyml; slope 1.45±0.55 (ensemble mean±sd) and intercept
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98.1±4.2; sum of absolute residuals=2073) underestimated the cost of concurrent

asymmetry (average residual =−25.5; P<0.001) and the underestimation increased with

greater magnitude of asymmetry (Fig. 5.4B; slope=−2.40, P<0.001). On the other hand,

the cost model of the additive cost of asymmetry in step lengths and step times

(Fig. 5.4E,F; slope 4.97±1.26 (ensemble mean±sd) and intercept 96.3±3.8; sum of

absolute residuals=1121) overestimated the cost of concurrent asymmetry (average

residual=11.3; P<0.001) and the overestimation increased with greater asymmetry

(Fig. 5.4F; slope=0.99, P=0.001).

Overall, our metabolic data show that the metabolic cost of step time asymmetry is

more than twice the cost of step length asymmetry, that the cost of asymmetrical step

lengths and step times are not additive and that the cost of walking with concurrent

asymmetry is best explained by the cost of step time asymmetry alone.
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5.3.2 Asymmetry increases collisional losses and positive work, and

redistributes work to pendular phases

The combination of asymmetrical step lengths and step times yielded differences in the

2 steps’ pre-transition center of mass velocity and the effect was different between the

asymmetry conditions (see Fig. D.1A–E on page 113 in Appendix D). The pre-transition

velocity for the left-to-right step was greater than for the right-to-left step in the asyml

condition. When walking with step time asymmetry, the pre-transition velocity went from

being about equal (same dir.) to being greater (asymt) and much greater (opp. dir.)

for the right-to-left than the left-to-right step. Overall, asymmetry influenced step lengths

and pre-transition velocities such that the predicted collisional losses of center of mass

energy increased with asymmetry (Fig. 5.5A, slopes between 0.57 and 1.50). Actual

collisional losses were well-correlated with predicted collisional losses (Fig. 5.5B, r2=0.57)

which suggests that simple gait parameters can predict collisional losses during walking as

proposed by Adamczyk & Kuo (2009).

Next, we tested correlations between collisional losses and positive mechanical work

performed on the center of mass over the entire stride or only during the pendular phases.

Positive work increased with collisional losses: a 10 J increase in collisional losses

increased total positive work by about 8.0 J (Fig. 5.5C, r2=0.77) while pendular work

increased by about 10.2 J (Fig. 5.5D, r2=0.85). These correlations reflect strong

relationships between collisional losses and positive mechanical work that is consistent

with the assumptions of collisional walking models (Donelan et al., 2002a); however, they

do not necessarily reflect an effect of asymmetry.

To express the effect of asymmetry on the magnitude of mechanical work, we

compared collisional losses and positive work with asymmetry. Collisional losses

(Fig. 5.6A; slopes between 1.85 and 3.89) and total positive work (Fig. 5.6B; slopes

between 0.71 and 0.98) increased with asymmetry which is consistent with our

predictions. Total positive work increased modestly compared to collisional losses: an

asymmetry of 10% increased losses within the range of 4.7–9.8 J (from 25.3 J during

symmetrical walking), and total positive work within the range of 3.2–4.4 J (from 45.4 J
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Figure 5.5: Relationships between measures of center of mass mechanics. (A) The effect of
asymmetry (asymagg.) on predicted collisional losses of center of mass energy (calculated as
l2 ∗ v2

pre). Dots are clustered data and error bars are standard deviations. (B) Relationship
between predicted and actual collisional losses. (C) Relationship between collisional losses
and total positive work performed on the center of mass over the entire stride. (D) Rela-
tionship between collisional losses and pendular positive work. Top x-axes and right-hand
y-axes display dimensionalized predicted collisional losses in m4 s−2 (A,B) and work in J
(B–D). See Table D.2 on page 116 for information on linear fits.
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Figure 5.6: Relationships between asymmetry and mechanical work performed on the center
of mass. (A) Relationship between asymmetry (asymagg.) and collisional losses of center
of mass energy. (B) Relationship between asymmetry and total positive work performed
on the center of mass over the entire stride. (C) Relationship between asymmetry and the
percentage of pendular positive work relative to total positive work. Dots are clustered
data and error bars are standard deviations. Right hand y-axes display work quantities
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during symmetrical walking). We note that even though asymmetry increases collisional

losses, asymmetry also decreases negative work in the last half of single support (see

Fig. D.1F-J on page 113 in Appendix D) and, therefore, total negative (and thereby

positive) work increase at a lower rate than collisional losses. We also note that the effect

of asymmetry on collisional losses (r2 between 0.27 and 0.54) and total positive work

(r2 between 0.15 and 0.17) yielded rather weak relationships which partly reflect a large

inter-subject variability of the effect of asymmetry.

As asymmetry increased, there was a temporal redistribution in positive work

(Fig. 5.6C): while 30.6% of the positive work was performed during the pendular phase in

symmetrical walking, an asymmetry of 10% increased the proportion to about 36.5% when

walking with asymmetrical step lengths and equal step times (asyml), and when walking

with asymmetrical step times the proportion increased to 47.1%, 50.6% and 47.6% for

asymt, same dir. and opp. dir., respectively. This temporal shift in positive work is

consistent with our predictions and previous studies on asymmetry in able-bodied subjects

(Ellis et al., 2013), and amputee (Adamczyk & Kuo, 2015) and hemiparetic walking

(Farris et al., 2015).
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5.3.3 Does mechanical work explain the metabolic cost of asymmetry?

We had hypothesized that increases in positive mechanical work explained the metabolic

cost associated with walking asymmetrically. Therefore, we tested the relationship

between metabolic cost and rate of positive work performed over either the entire stride or

only during pendular phases. The rate of total positive work across the stride poorly

explained metabolic cost when expressed as the rate of work that the legs performed on

the center of mass (Fig. 5.7A, r2=0.26) or even when expressed as the summed work

across joints (Fig. 5.7B, r2=0.13). On the other hand, the relationship between rate of

positive pendular work and metabolic cost yielded stronger correlations for both rate of

work performed on the center of mass (Fig. 5.7C, r2=0.51) and summed joint work

(Fig. 5.7C, r2=0.63). This suggests that the increase in pendular work with asymmetry

may exact a metabolic cost that explains a significant portion of the metabolic cost of

asymmetrical walking.

5.3.4 Leg- and joint-level adaptations to asymmetrical walking

The temporal shift in positive work from push-off to pendular phases with increasing

asymmetry was performed differently between the conditions with step time asymmetry

(asymt, same dir. and opp. dir.) and the condition with asymmetrical step lengths

and equal step times (asyml). For the conditions with step time asymmetry, push-off

work tended to decrease in both legs (Fig. 5.8A,B; slopes between −0.0002 and −0.0009)

and the increase in pendular work was mainly driven by the left leg (Fig. 5.8C,D; slopes

for left and right legs from 0.0013 to 0.0015 and from 0.0002 to 0.0007, respectively). For

the condition with asymmetrical step lengths and equal step times, push-off work

increased on the left leg (Fig. 5.8A; slope=0.0004), but decreased on the right leg

(Fig. 5.8A; slope=−0.0005), while pendular work tended to increase on both legs

(Fig. 5.8C,D). Amputee and hemiparetic gaits often have step time asymmetry (Isakov

et al., 2000; Roerdink et al., 2007) and the leg-level mechanics of our conditions with step

time asymmetry (in which work performed by the left leg—which has a long stance

time—increased) agree with amputee and hemiparetic gait mechanics in which more work
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Figure 5.7: Relationships between the rate of positive mechanical work, performed over
entire stride or in pendular phases, and metabolic cost. Rate of work is calculated using
both work performed on the center of mass (A,C) and summed joint work (B,D); and,
furthermore, over the entire stride (A,B) and in pendular phases (C,D). Top x-axes and
right-hand y-axes display work rates and metabolic cost dimensionalized to W. See Ta-
ble D.3 on page 117 for information on linear fits.
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Figure 5.8: Positive work performed on the center of mass by left and right legs during
push-off and pendular phases. Positive work during push-off (A,B) and pendular phases
(C,D). Dots are clustered data and error bars are standard deviations. Right-hand y-axes
display work dimensionalized to J. See Table D.4 on page 117 for information on linear fits.

is performed by the intact or unaffected leg—which have a long stance duration compared

to the prosthetic or affected legs—particularly in the pendular phase (Adamczyk & Kuo,

2015; Farris et al., 2015). Averaged across legs, at an asymmetry of 10%, push-off work

decreased by about 0.9 J for asyml and within the range of 6.6–7.1 J for the conditions

with step time asymmetry, relative to 30.4 J performed in the symmetrical condition. In

the pendular phases, an asymmetry of 10% increased positive work by about 5.6 J for

asyml and within the range of 10.5–12.3 J for the conditions with step time asymmetry,

relative to 14.3 J in symmetrical walking.

Next, we tested if the increase in pendular positive work with asymmetry was driven

by work performed around the ankle, knee or hip in order to characterize our subjects’

joint-level adaptation to asymmetrical walking. We found that work at the ankle

primarily drove the increase in pendular positive work across all conditions (Fig. 5.9A,

r2=0.71 for ankle work; Fig. 5.9B, r2=0.12 for knee work; Fig. 5.9C, r2=0.21 for hip

work). An increase in pendular ankle work has, to our knowledge, not been observed in
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Figure 5.9: Relationships between pendular positive work summed across joints and pendu-
lar work of individual joints. Relationships are presented between summed pendular joint
work and joint work at the ankle (A), knee (B) and hip (C). Top x-axes and right-hand
y-axes display work dimensionalized to J. See Table D.4 on page 117 for information on
linear fits.

amputee or hemiparetic gait which suggest that our able-bodied subjects performed an

adaptation to asymmetrical walking that is distinct from other types of gait asymmetry.

See Appendix D (pages 113–115) for mechanical power at the ankle, knee and hip

(Fig. D.1K–Z) and overview of total push-off and pendular work together with each joint’s

relative contribution (Figs. D.2 and D.3).

5.4 Discussion

We instructed able-bodied people to walk with a range of different combinations of

asymmetry in step lengths and step times and found that metabolic cost of step time

asymmetry was more than twice the cost of step length asymmetry, but that the costs

were not additive. Rather, the metabolic cost of walking with concurrent asymmetry in

step lengths and step times is best explained by the separate cost of step time asymmetry

alone. Across all combinations of asymmetry, our data suggest that a significant portion

of the metabolic cost of asymmetry derives from an increase in positive work performed

during the pendular phases of walking. The leg-level mechanical similarities between our

able-bodied subjects and hemiparetic or amputee walkers suggest that our findings may

generalize to people who habitually walk asymmetrically. Still, joint-level mechanics

suggest differences and we discuss the implications below.

Our data show that step time asymmetry better captures the metabolic cost of
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asymmetry than step length asymmetry or foot placement difference which we

systematically enforced. Recent studies have tried to influence the metabolic cost of

hemiparetic gait through changes in step length asymmetry or foot placements (Sánchez

& Finley, 2018; Roemmich et al., 2019). However, both studies found that metabolic cost

remained invariant to changes in these gait parameters. Our results may explain these

surprising findings. Since hemiparetic gait already has asymmetrical step times (Roerdink

et al., 2007), metabolic cost is largely invariant to changes in step length asymmetry or

foot placement difference and is instead determined by the cost of step time asymmetry.

Other studies have found correlations between metabolic cost and step length asymmetry

or foot placement differences in hemiparetic walking (Awad et al., 2015; Finley & Bastian,

2017). However, this may not indicate a causal relationship and the correlations may be

explained from concomitant changes to step time asymmetry (or equivalent temporal

asymmetries in stance or swing time) or changes in other confounding gait parameters.

We acknowledge that our data also show that step length asymmetry, when walking with

equal step times, increases metabolic cost so we cannot discount that contribution

completely even though the of cost step length asymmetry was less than half of the cost of

step time asymmetry. Overall, we conclude that changing step time asymmetry is more

effective than changing step length asymmetry or foot placement differences for inducing

changes in metabolic cost.

We found that positive work increases when quantified across the entire stride or

only in pendular phases which is consistent with our predictions. Positive work has been

proposed to drive the increases in metabolic cost of asymmetrical walking (Srinivasan,

2011; Ellis et al., 2013). We found that rate of work across the stride poorly explained the

metabolic cost—which was true even when work rate was quantified by summed joint

work to address the short-comings of center of mass measures of work in estimating

musculotendon work (Sasaki et al., 2009). On the other hand, rate of pendular work

correlated better with metabolic cost which suggest that the increase in positive work

during the pendular phases explained a significant portion of the metabolic cost of

asymmetry. This finding agrees with studies of hemiparetic gait that suggest that the

increased metabolic cost is mainly derived from work by the unaffected leg in pendular
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phases (Stoquart et al., 2012; Chen et al., 2005). We propose that this cost is not specific

to hemiparetic walking, but reflects a metabolic cost of asymmetry that may generalize to

asymmetrical walking in other populations.

We do not rule out other sources of the metabolic cost of asymmetry. Importantly,

the swing phases may incur a metabolic cost in asymmetrical walking. This may

especially be important for conditions with asymmetrical step times in which the 2 legs

have either a long or a brief swing period. Based on the non-linear changes in estimated

metabolic cost of leg swing, the cost of swinging one leg quickly may not offset the

reduced cost of swinging the other leg slowly (Doke et al., 2005; Doke & Kuo, 2007). We

do not present data on swing cost for the present study, but we note that hip power of the

leg with a short swing period (left leg) in the conditions with step time asymmetry

(asymt, same dir. and opp. dir.; see Fig. D.1X–Z on page 113 in Appendix D)

appeared to increase around the onset of the swing phase which may exact a high

metabolic cost. Mechanical power at the hip does, however, not quantify rate of force

production of hip muscles which has been suggested to dominate the metabolic cost of leg

swing for brief swing periods (Doke & Kuo, 2007). In addition, subjects may also have

increased muscle co-contraction which will increase metabolic cost, but we did not record

muscle activity and cannot quantify this contribution. Subjects did, however, come to the

laboratory for a training visit which means that the co-contraction normally associated

with initial motor learning was likely minimized in the present study. While we suggest

that pendular work explained a significant portion of the metabolic cost of asymmetry and

propose additional costs, it is important to note that the metabolic cost of asymmetry in

amputee or hemiparetic walking is likely subjected to additional interacting costs that

may be specific to each person’s particular impairment.

In our conditions with step time asymmetry (asymt, same dir. and opp. dir.),

mechanical work increased on the leg with a long stance time (left leg). This is equivalent

to amputee and hemiparetic walking which has step time asymmetry and in which the

intact or unaffected leg has a long stance time and performs more work than the other leg.

It is difficult to compare our condition with asymmetrical step lengths and equal step

times (asyml) to asymmetry in amputee or hemiparetic gaits which show step time
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asymmetry (Roerdink et al., 2007; Isakov et al., 2000). Overall, our conditions with step

time asymmetry show important leg-level mechanical similarities to amputee and

hemiparetic walking which suggest that our results may generalize to other types of gait

asymmetry. We did, however, note a major difference between joint work in our

able-bodied subjects and amputee or hemiparetic walking: a large portion of the increase

in pendular positive work by our subjects was accomplished by work at the ankle.

Naturally, pendular ankle work is not increased on an amputated leg or a paretic leg with

weak plantarflexor muscles, but ankle work may still be increased on the intact or

unaffected leg. However, increased ankle work has not been observed in amputee or

hemiparetic walking. Rather, an increase in positive knee work appears to drive much of

the increase in pendular work (Beyaert et al., 2008; Farris et al., 2015). There are several

possibilities to why our subjects increased pendular ankle work: first, work performed at

the ankle may be a task-specific control strategy that our subjects chose in order to match

the real-time feedback that we presented to them; second, ankle work may be

metabolically cheaper than performing the same work at other joints because of ankle

plantarflexors’ high capacity for elastic energy storage and release (Sawicki et al., 2009). If

the pendular ankle work is indeed performed at a lower metabolic cost than work at other

joints, that suggest that the metabolic cost of asymmetry in amputee or hemiparetic gait

may exact an even higher cost than we present here.

We found that pendular positive work (rather than total positive work as we had

hypothesized) explained a significant portion of the metabolic cost of asymmetrical

walking. The metabolic cost of pendular work contrasts the idea that positive work

performed in step-to-step transitions is a major determinant of the metabolic cost of

walking (Donelan et al., 2002a). Even though step-to-step transitions require substantial

mechanical work, several studies have suggested that the work is performed at a relatively

low metabolic cost (Sawicki & Ferris, 2009; Umberger, 2010). It is important to note that

pendular and step-to-step transition work may be causally linked: if transition work is

decreased, which we noted in our study, pendular work may be the only feasible period in

which this work can be made up in order to maintain a fixed walking speed (Huang et al.,

2015). Regardless, our data suggest that it is the metabolic cost of performing pendular
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work that is driving the metabolic cost of asymmetry. The cost of performing positive

work in pendular phases agree with the cost of raising the body’s center of mass in normal

(Neptune et al., 2004) or hemiparetic walking (Chen et al., 2005; Stoquart et al., 2012).

However, we do not necessarily contend that the function of the positive pendular work in

asymmetrical walking is to raise the center of mass. We note that positive ankle power in

the pendular phases (see Fig. D.1F–J on page 113 in Appendix D) is not exclusively

performed in the first half of the pendular phase (single support) which is the period in

which gravitational potential energy increases, but extend to the later part in which

kinetic energy increases—it is therefore possible that a function of the increased pendular

work is to increase the body’s kinetic energy.

Step time asymmetry in both hemiparetic and amputee walking is generally

consistent between people: the step time from the unaffected leg’s heel-strike to the

affected leg’s heel-strike spans a longer duration than the other step (Isakov et al., 2000;

Roerdink et al., 2007); as such, the unaffected leg has the longest stance time and the

briefest swing time (Patterson et al., 2008; Sanderson & Martin, 1997). The direction of

step length asymmetry, on the other hand, does not show a clear directionality between

people (Roerdink & Beek, 2011; Roerdink et al., 2012). Our result may partly explain

why the direction of step length asymmetry is so variable between people with amputation

or stroke survivors. When walking with step time asymmetry, step length asymmetry does

not change metabolic cost. It is therefore possible that step length asymmetry is not

controlled based on people’s propensity to walk with energetically optimal gait parameters

(Selinger et al., 2015). Instead other factors such as joint loading, capacity for leg-swing

propulsion or stability may influence the preferred direction of step length asymmetry. We

note that the leading leg’s knee absorbs energy during transition periods that is likely

accompanied by a large extensor moment at the knee which may increase loading (see

Fig D.1P–T on page 113 in Appendix D). Step length asymmetry systematically changed

the magnitude of negative knee work in the 2 steps’ transitions. The systematic

differences in the legs’ energy absorption at the knee may suggest that the direction of

step length asymmetry could be controlled by individual strategies to distribute knee

loading optimally across the legs.
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Even though we have shown that asymmetrical walking exacts a metabolic cost,

that does not necessarily imply that asymmetry is energetically sub-optimal in amputee or

hemiparetic gait. Recent studies indicate that the preferred asymmetry in amputee gait is

energetically optimal (Handford & Srinivasan, 2018; Wedge, 2019). Wedge (2019) had

people with a unilateral trans-tibial amputation walk on a treadmill while stance time

asymmetry was enforced to a range of values around each person’s preferred value and

found that amputee walkers preferred asymmetry in stance times and that the preferred

asymmetry was energetically optimal. It is unknown how this may generalize to other

types of asymmetry or hemiparetic gait. Furthermore, there have been recent attempts to

use gait training of hemiparetic walking to test how people’s propensity to use

energetically optimal gait parameters may be leveraged in order to enforce more

symmetrical gait patterns (Roemmich et al., 2019; Sánchez & Finley, 2018). So far,

conclusive evidence for the efficacy of this approach is lacking which may be explained

from our finding that metabolic cost remains invariant to changes in step length

asymmetry and foot placement differences when walking with concurrent step time

asymmetry. Understanding how gait asymmetry can be manipulated in order to create

more economical gait remains an important question with implications for rehabilitation.

But further studies are required to understand the costs associated with and the control of

asymmetry in step lengths and step times in clinical populations.
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CHAPTER 6

HUMANS EXPLOIT GAIT ASYMMETRY TO MINIMIZE ENERGY

COST OF WALKING: ENERGETIC OPTIMIZATION DURING

SPLIT-BELT TREADMILL WALKING IS DEPENDENT ON STEP

TIME ASYMMETRY

6.1 Introduction

Human walking is normally symmetrical with gait parameters like step times and step

lengths being about equal across left and right legs (Ankaralı et al., 2015; Kodesh et al.,

2012). It is possible that symmetrical walking is preferred because symmetry is

energetically optimal (Ellis et al., 2013; Srinivasan, 2011). Even though symmetry is

preferred in healthy human walking, people that have suffered a stroke or amputees that

use a prosthetic leg often walk asymmetrically as a result of neurological damage or

biomechanical impairment. Furthermore, they often expend more energy to walk than

healthy humans do (Waters & Mulroy, 1999), and, consequently, their asymmetry has been

proposed to account for the added energy cost. An alternative explanation is that—even

though symmetry is energetically optimal under normal circumstances—asymmetrical gait

parameters may be adopted because asymmetry is energetically optimal under the

imposed constraints, whether neurological or biomechanical.

Symmetry may be one among other gait parameters, such as walking speed and the

combination of stride time and stride length, that may be selected because they are

energetically optimal (Bertram, 2005; Sparrow & Newell, 1998). The idea that preferred

gait parameters are selected from optimization of energy cost is illustrated from cost

landscapes that outline how different values of given gait parameters affect energy use
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(Croft et al., 2019). For example, if people walk on a normal treadmill which constrains

the combination of stride time and stride length to match the treadmill’s speed, the range

of combinations of stride time and stride length that satisfies the treadmill’s constraint

outlines a u-shaped cost landscape from which people prefer to use the energetically

optimal combination of stride time and stride length (Umberger & Martin, 2007).

Adaptability of walking symmetry has been demonstrated using a split-belt

treadmill in which the treadmill’s 2 belts run at different speeds (Reisman et al., 2005).

We and others have shown that step lengths are initially asymmetrical during split-belt

treadmill walking, but return to symmetry following a short adaptation period on the

treadmill of about 10 minutes (Choi et al., 2009; Reisman et al., 2005). Distinct temporal

and spatial motor outputs (identified as step time asymmetry and foot placement

difference) contribute to the adaptation of symmetry in step lengths during split-belt

treadmill walking (Malone et al., 2012). Neurophysiological studies have suggested that

different neural structures control temporal and spatial motor outputs (McCrea & Rybak,

2008; Darmohray et al., 2019) which may also imply that temporal and spatial outputs

are controlled separately.

While symmetry is preferred during normal conditions, it is not obvious that

symmetry is preferred during split-belt treadmill walking. Indeed, symmetry in some gait

parameters, such as step lengths, can only be achieved from asymmetry in other gait

parameters, such as step time asymmetry or foot placement difference. During split-belt

treadmill walking, healthy humans adopt a combination of steady-state gait parameters

with asymmetrical step times and different foot placements (such that the leg on the fast

belt steps anteriorly to the leg on the slow belt), while step lengths are about symmetrical

(Finley et al., 2015). Error-based learning prescribes that symmetrical gait parameters are

desirable during split-belt treadmill walking (Roemmich & Bastian, 2018), but the

underlying reason why people adopt their combination of preferred, steady-state gait

parameters, some of which are symmetrical while others are asymmetrical, remains

unclear.

A complementary idea to error-based learning is that split-belt treadmill adaptation

may be driven by energy optimization (Finley et al., 2013). But since the energetic cost
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landscape during split-belt treadmill walking is poorly understood, the idea that energy

optimization controls split-belt treadmill adaptation remains unresolved. Adaptation of

step lengths towards symmetry has been proposed to drive reductions in energy cost

during the adaptation period (Finley et al., 2013). However, experimental data that map

the cost landscape by changing foot placement differences in order to change step length

asymmetry have not shown conclusive trends: one study did not report a clear

relationship (Sánchez et al., 2017) while another study (Sánchez et al., 2019) suggested

that energy cost decreased, plateaued and thereafter increased moderately as foot

placement differences increased in order to enforce step length asymmetry within a range

of values from asymmetry, in which the step length from fast-to-slow belts was longest,

over symmetry and, finally, to asymmetry, in which the step length from slow-to-fast belts

was longest. Both studies reported that symmetrical step lengths did not optimize energy

cost and estimated that a value of step length asymmetry, where the step length from

slow-to-fast belts was longest, was energetically optimal. A major drawback of the

reported cost landscapes of split-belt treadmill walking is that they do not capture a range

of combinations of step time asymmetry, foot placement difference and step length

asymmetry to thoroughly describe the cost landscapes. Furthermore, stride time was

allowed to vary which may have affected energy cost (Stenum & Choi, 2017). Moreover, it

is unknown how the magnitude of speed-differences between the treadmill’s 2 belts

influence the cost landscapes.

Here, we tested if adapted, steady-state step time asymmetry, foot placement

difference and step length asymmetry are energetically optimal across 3 different split-belt

treadmill conditions in which speed-differences between the treadmill’s belts were set at

0.5 m s−1, 1.0 m s−1 and 1.5 m s−1 around an average belt speed of 1.25 m s−1. Our

results show that people choose step time asymmetry to optimize cost, but that foot

placement differences and step length asymmetry are not energetically optimal. From

analyzing a simple cost model of walking, we show that the existence of an energetically

optimal step time asymmetry may arise from the split-belt treadmill’s constraint on stride

length and stride time. Overall, our results suggest that asymmetrical gait parameters

may be selected to optimize energy cost when human gait adapts to an asymmetrical
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constraint.

6.2 Methods

6.2.1 Definitions

Because the definition of gait parameters can be equivocal on a split-belt treadmill

(Hoogkamer et al., 2014), we start by defining our gait parameters of interest. During

split-belt treadmill walking, the experimenter can set one treadmill belt to run at a slow

speed (vs) and the other treadmill belt to run at a fast speed (vf). The treadmill’s

environment can be described using the average belt speed (v = 1
2(vf + vs)) and belt

speed-difference (∆v = vf − vs). One leg, therefore, contacts the slow treadmill belt while

the other leg contacts the fast treadmill belt. The stride cycle consists of 2 steps: a step

from the slow leg’s heel-strike to the fast leg’s heel-strike (s→f) and a step from the fast

leg’s heel-strike to the slow leg’s heel-strike (f→s). We define step time (t) as the

duration between successive bilateral heel-strikes and stride time (tstride) as the sum of a

pair of successive step times. We define step length (l) as the anterior-posterior distance

between the same anatomical landmark on either foot between successive bilateral foot

contacts and stride length (lstride) as the sum of a pair of successive step lengths

(Hoogkamer et al., 2014; Zatsiorky et al., 1994). We use a standard method to define

asymmetry and calculate step time asymmetry (asymt) as:

asymt =
ts→f − tf→s

ts→f + tf→s
∗ 100% , (6.1)

and step length asymmetry (asyml) as:

asyml =
ls→f − lf→s

ls→f + lf→s
∗ 100% . (6.2)

An asymmetry of zero means equal step times or lengths. Our asymmetry measure is

directional: positive asymmetry is step times or lengths that are greater from slow-to-fast

heel-strikes than fast-to-slow heel-strikes, and vice versa for negative asymmetry.
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Foot placement difference (α) is the anterior-posterior distance between the position

of an anatomical landmark on either foot at successive bilateral heel-strikes. Foot

placement differences are defined from heel-strikes on slow-to-fast belts and from

fast-to-slow belts; however, with steady-state gait parameters, foot placement differences

are equal but opposite between the 2 steps. In our analysis of split-belt treadmill walking,

we assume steady-state gait parameters in which foot placement difference indicates the

slow-to-fast parameter. A positive foot placement difference indicates that the leg on the

fast belt steps anteriorly to the leg on the slow belt (see Fig. 6.1A for overview of gait

parameters).

During split-belt treadmill walking with steady-state gait parameters, step time

asymmetry, step length asymmetry and foot placement difference are related according to

(see derivation in Appendix C):

α =
1

2
∗ tstride ∗ (v ∗ (asyml − asymt) +

∆v

2
∗ (1− asyml ∗ asymt)) . (6.3)

This means that steady-state gait parameters are produced by a unique combination of

step time asymmetry, foot placement difference and step length asymmetry. For example,

one, and only one, foot placement difference satisfies a given combination of step time

asymmetry and step length asymmetry. If step time asymmetry is constant, foot

placement difference and step length asymmetry vary proportionally. Likewise, foot

placement difference and step time asymmetry vary proportionally if step length

asymmetry is constant.

6.2.2 Split-belt treadmill’s constraint on the combination of stride

length and stride time

In normal walking the combination of stride time and stride length yields a walking speed

(v) according to:

lstride ∗ t−1
stride = v . (6.4)
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When walking on a normal treadmill, the belt’s speed constrains the combination of stride

time and stride length so that they must match the treadmill’s speed. How does the

split-belt treadmill’s 2 different speeds constrain the combination of stride time and stride

length? We show (see derivation in Appendix A) that the combination of stride time and

stride length is constrained by the average belt speed, the belt speed-difference and

people’s self-selected step time asymmetry:

lstride ∗ t−1
stride = v − ∆v

2
∗ asymt . (6.5)

During split-belt treadmill walking, stride time and stride length remain proportional like

on a normal treadmill, but on a split-belt treadmill they are proportional to average belt

speed, belt speed-differences and step time asymmetry. Average belt speed and belt

speed-difference is set by the experimenter and cannot be changed by the person walking

on the treadmill. Step time asymmetry, on the other hand, can be changed volitionally by

the person on the treadmill. Step time asymmetry interacts linearly with the belt

speed-difference to change the proportionality of stride time and stride length. At

constant stride time, step time asymmetry linearly decreases stride length and the rate

depends on belt speed-difference.

6.2.3 Cost model and prediction of optimal step time asymmetry

We use a cost model of walking that includes a stance cost and a swing cost (Kuo, 2001).

The cost of stance is based on the positive muscle work that must be performed to make

up for collisional losses of center of mass energy incurred by the leading leg during

step-to-step transitions (Donelan et al., 2002b). Collisional losses of center of mass energy

can be derived from the step-to-step transition’s step length (l) and the instantaneous

center of mass velocity at the onset of the transition (vpre) such that collisional energy

losses are proportional to the product of squared step length and center of mass velocity

(Adamczyk & Kuo, 2009). Therefore, stance cost is proportional to:

stance cost ∝ Σl2 ∗ v2
pre , (6.6)
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where Σ denotes the sum of the 2 steps of the stride cycle. Our swing cost is based on hip

muscles’ rate of force production during the swing phase (Doke & Kuo, 2007). Swing cost

can be derived from step time (t), which we assume to be proportional to swing time, such

that swing cost is proportional to the inverse of step time raised to the third power (Doke

& Kuo, 2007; Kuo, 2001):

swing cost ∝ Σt−3 , (6.7)

where Σ denotes the sum of the 2 steps of the stride cycle. To convert our mechanical

stance and swing costs to metabolic cost, we weigh the stance cost to account for 74% of

the cost of the stride cycle and the swing cost to account for the remaining 26% when

walking on a normal treadmill at 1.25 m s−1 (Doke et al., 2005; Gottschall & Kram, 2005;

Marsh et al., 2004; Umberger, 2010). Our cost model therefore expresses metabolic cost as

the percentage of the cost of normal, symmetrical walking at 1.25 m s−1.

We use the split-belt treadmill’s constraint on stride time and stride length (Eq. 6.5)

together with our cost model (Eqs. 6.6 and 6.7) to predict how step time asymmetry

changes metabolic cost of split-belt treadmill walking. We do this for 3 speed-difference

conditions in which the average speed of the treadmill’s belts is always at 1.25 m s−1 and

the speed-differences are set at 0.5 m s−1, 1.0 m s−1 and 1.5 m s−1. We denote the

conditions ∆0.5 m s−1, ∆1.0 m s−1 and ∆1.5 m s−1. The belt speeds are set at 1.00 m s−1

and 1.50 m s−1 for the ∆0.5 m s−1 condition, at 0.75 m s−1 and 1.75 m s−1 for the

∆1.0 m s−1 condition and 0.50 m s−1 and 2.00 m s−1 for the ∆1.5 m s−1 condition. In all

scenarios, we keep stride time constant and constrain step lengths to be symmetrical while

step time asymmetry changes. As step time asymmetry changes, it interacts with the belt

speed-difference to shorten stride length (Eq. 6.5) which, in turn, decreases stance cost

(Eq. 6.6). The belt speeds of each speed-difference condition also influence stance cost

through the pre-transition center of mass velocity term (Eq. 6.6); we set pre-transition

center of mass velocity to the belt speed that the leading leg steps onto at each step

(Adamczyk & Kuo, 2009). As belt speed-differences increase, stance cost also increases.

Step time asymmetry influences swing cost because one leg has a brief step time while the

other leg has a long step time; this, in turn, increases swing cost (Eq. 6.7).
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6.2.4 Subjects

Ten healthy young subjects (5 males and 5 females; age 20±1 years (mean±sd); body

mass 66.1±12.7 kg; leg length 0.82±0.06 m) without orthopedic or neurological disorders

completed the study. Another 6 subjects only performed a training visit and did not

perform the data collection visits either because they did not learn to use our real-time

visual feedback to guide walking or because they did not wish to participate in the study.

All subjects gave informed written consent before the study in accordance with the

protocol approved by the local Institutional Review Board (protocol 2018-4813).

6.2.5 Experimental design

Our experiment consisted of 2 parts. First, we assessed the preferred, steady-state step

time asymmetry, foot placement difference and step length asymmetry that people adopt

in split-belt treadmill walking. Second, we tested if the preferred gait parameters are

energetically optimal in a series of cost mapping trials.

During 3 laboratory visits on separate days, subjects walked on a split-belt treadmill

(Bertec, Columbus, OH, USA) in 3 different conditions in which the average belt speed

was always 1.25 m s−1 and the speed-difference between the belts was 0.5 m s−1,

1.0 m s−1 and 1.5 m s−1 (Fig. 6.1B). The left belt was always set at the slow belt speed in

all conditions. The order of the 3 speed-difference conditions was randomized between

subjects.

During each visit, subjects performed an adaptation period to split-belt treadmill

walking to assess the preferred, steady-state step time asymmetry, foot placement

difference and step length asymmetry that subjects adopted. Following the adaptation

period, subjects performed a series of 9 cost mapping trials to assess how metabolic energy

expenditure changed with step time asymmetry, foot placement difference and step length

asymmetry. We partitioned the cost mapping trials into 2 sets: one set in which step time

asymmetry varied around the subject’s preferred value while foot placement difference

varied in order to keep step lengths symmetrical (trials where step time asymmetry and

foot placement difference varied); and another set in which foot placement difference
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varied in order to enforce different values of step length asymmetry within a range around

symmetry while step time asymmetry was kept constant at the subject’s preferred value

(trials where step length asymmetry and foot placement difference varied). In 4 trials, that

were used for cost mapping in which step time asymmetry and foot placement difference

varied, step time asymmetry was enforced to −10%, −5%, +5% and +10% (percentage

points) of the subject’s preferred step time asymmetry while step length asymmetry was

enforced to symmetry. In another 4 trials, that were used for cost mapping in which step

length asymmetry and foot placement difference varied, step time asymmetry was

enforced to the subject’s preferred value while step length asymmetry was enforced to

−10%, −5%, 5% and 10%. Subjects’ also performed one trial, that was included in both

cost mapping sets, in which step time asymmetry was enforced to the subject’s preferred

value while step lengths were enforced to symmetry. The order of the 9 cost mapping

trials was randomized between subjects and between speed difference conditions.

6.2.6 Experimental setup

In order for subjects to perform our experiment they had to be able to control stride time,

step time asymmetry and foot placement difference. We devised an experimental setup in

which stride time was enforced by the beat of a metronome while step time asymmetry

and foot placement difference were enforced by real-time visual feedback projected onto a

screen in front of the treadmill (Fig. 6.1C). Visual feedback of step time asymmetry was

indicated by the height of a bar graph that continually changed depending on the

subject’s performance (Labview, National Instruments, Austin, TX, USA). We instructed

subjects to keep the height of the bar graph near a horizontal line that represented the

target value. Once the bar graph was within ±2% of the target value the color of the bar

changed from blue to green to indicate satisfactory performance. Visual feedback of foot

placement difference consisted of 2 stationary boxes that each represented target positions

for left and right feet at heel-strikes (Microsoft Visual Studio, Redmond, WA, USA). We

indirectly controlled subjects’ step length asymmetry from stride time, step time

asymmetry and foot placement difference by calculating the anterior-posterior distance

between the boxes using Eq. 6.3. To guide foot placements to the target boxes, real-time
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Experimental protocol: on 3 separate data collection visits subjects walked on a split-belt
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speed was at 1.25 m s−1. (C) Experimental setup during split-belt treadmill walking: stride
time was enforced by the beat of a metronome while step time asymmetry (asymt) and foot
placement difference (α) were enforced by real-time visual feedback projected onto a screen
in front of the treadmill. We indirectly enforced step length asymmetry by calculating foot
placement difference according to Eq. 6.3

.
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feedback of the anterior-posterior position of reflective markers put on each ankle were

represented by blue dots. At either foot’s heel-strike, the dot remained fixed at the

contact position until the other foot’s heel-strike. To enforce foot placements, the dot

changed color to green within ±1 cm of the target box’s center or changed to gray outside

the interval.

It was challenging for subjects to walk on the split-belt treadmill while

simultaneously controlling their stride time, step time asymmetry and foot placement

difference. Controlling step times—simultaneously matching stride time to the beat of the

metronome and controlling step time asymmetry from visual feedback—was especially

challenging as noted previously (Malone et al., 2012). Therefore, subjects came in for a

training visit to learn how to control stride time, step time asymmetry and foot placement

difference. The training visits lasted between 1.5 and 2 hours and subjects only continued

with the study if they were able to successfully walk according to the feedback presented

to them.

Subjects fasted and refrained from coffee or energy drinks 4 hours before each data

collection visit. At the beginning of each data collection visit, subjects sat for 10 minutes

after which they stood for 5 minutes while we measured their standing metabolism. Next,

subjects warmed up by walking on the treadmill for 10 minutes while both belts ran at

1.25 m s−1. No feedback was presented during the warm-up period. During the first data

collection visit, we calculated the subjects’ preferred stride time while walking with tied

treadmill belts at 1.25 m s−1 during the warm-up period (Umberger & Martin, 2007). In

all subsequent trials, subjects’ preferred stride time was enforced by the beat of a

metronome. We chose to keep stride time constant for several reasons. First, our

preliminary data showed a u-shaped relationship between stride time and energy cost

during split-belt treadmill walking (Stenum & Choi, 2017). By keeping stride time

constant, we avoided the confounding effect of stride time on energy cost. Second, we

analyzed previously published data (Stenum & Choi, 2016) and noted that self-selected

stride time and step time asymmetry co-varied during walking across a range of belt speed

combinations. We also noted this co-variation between stride time and step time

asymmetry during pilot tests for this study. By enforcing subjects’ stride time during the
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adaptation period in which subjects’ preferred step time asymmetry was assessed, we

avoided the confounding effect of stride time on preferred step time asymmetry. Our

approach is inspired from constrained optimization studies of human gait (Bertram &

Ruina, 2001) in which self-selected, unconstrained gait parameters (i.e., step time

asymmetry, foot placement difference and step length asymmetry) are observed in a

constrained task (i.e., walking on the split-belt treadmill with constant stride time).

Following the warm-up period, subjects walked for 5 minutes at 1.25 m s−1 while

both step lengths and step times were enforced to symmetry. We used the metabolic cost

of this trial to normalize the metabolic cost of split-belt treadmill walking from that day’s

data collection visit.

Then, subjects performed an adaptation period in which they walked on the

split-belt treadmill with the belts set at different speeds for 10 minutes. During the

adaptation period, stride time was enforced to the subjects’ preferred stride time, but no

feedback about step time asymmetry and foot placement was presented so that subjects

were free to choose a preferred combination of step time asymmetry, foot placement

difference and step length asymmetry. Before the adaptation period we instructed the

subjects to walk in a way that felt comfortable or natural to them and we told them that

the only requirement was to match their stride time to the beat of the metronome.

Following the adaptation period, subjects performed 9 cost mapping trials, of each

5 minutes, that were divided into one trial in which step time asymmetry was enforced to

the preferred value while step length asymmetry was enforced to symmetry; 4 trials in

which step time asymmetry was enforced to −10%, −5%, +5% and +10% (percentage

points) of the preferred value while step length asymmetry was enforced to symmetry; and

4 trials in which step time asymmetry was enforced to the subject’s preferred value while

step length asymmetry was enforced to −10%, −5%, 5% and 10%. Subjects rested for

2 minutes, or longer when necessary, between trials. The order of the 9 trials was

randomized between subjects.
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6.2.7 Data collection

Four high-speed cameras (Qualisys Oqus, Gothenburg, Sweden) recorded 2 reflective

markers at 100 Hz that we put bilaterally on the lateral malleoli. Force plates embedded

in each treadmill belt recorded ground reaction forces at 1000 Hz. We recorded

breath-by-breath rates of oxygen consumption and carbon dioxide production (Parvo

Medics TrueOne 2400, Sandy, UT, USA).

6.2.8 Data processing

We low-pass filtered kinematic data at 7 Hz and kinetic data at 10 Hz. We defined

heel-strikes as the instant that the vertical ground reaction force exceeded 10 N. Step

times were calculated as the period between consecutive bilateral heel-strikes. We

calculated foot placement differences for slow-to-fast and fast-to-slow steps as the

anterior-posterior difference between the ankle markers’ position at subsequent bilateral

heel-strikes. Step lengths were calculated from foot placement difference and the product

of step time and belt speed (Finley et al., 2015). All gait parameters were calculated as

the average across the last 2 minutes of each trial.

We calculated gross metabolic power from the average rates of oxygen consumption

and carbon dioxide production of the last 2 minutes of each trial (Brockway, 1987). We

subtracted standing metabolism to obtain net metabolic power. We express metabolic

cost of split-belt treadmill walking as the percentage of the net metabolic power relative

to normal treadmill walking in which both belts ran at 1.25 m s−1 while stride time was

enforced to preferred and step times and lengths were enforced to symmetry. Average net

metabolic power of normal treadmill walking at 1.25 m s−1 was (mean±sd)

2.84±0.36 W kg−1 during the ∆0.5 m s−1 data collection visit, 2.77±0.39 W kg−1 during

the ∆1.0 m s−1 data collection visit and 2.84±0.36 W kg−1 during the ∆1.5 m s−1 data

collection visit.
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6.2.9 Statistics

We performed one-way repeated measures anova to test if speed-difference affected

preferred step time asymmetry, step length asymmetry and foot placement difference. In

the event of a statistical significance, we performed post-hoc comparisons with Bonferroni

corrections. To test if there was an effect on energy cost during cost mapping trials, we

performed one-way repeated measures anova for each speed-difference condition. We

obtained individual subjects’ energetically optimal value of step time asymmetry, foot

placement difference and step length asymmetry as the gait parameter’s value of the cost

mapping trial that had the minimal metabolic cost. For each gait parameter, we used the

cost mapping trials in which the gait parameter was systematically changed: we tested if

preferred step time asymmetries and foot placement differences were energetically optimal

in the cost mapping trials in which step time asymmetry and foot placement difference

varied; we tested if preferred step length asymmetries and foot placement differences were

energetically optimal in the cost mapping trials in which step length asymmetry and foot

placement difference varied. We used one-sample t-tests to test if the values of the

preferred gait parameters were different from the optimal values. We set the level of

significance at 0.05. We performed statistical tests using spss (ibm Corp., Armonk, NY,

USA).

6.3 Results

6.3.1 Greater belt speed-differences increase preferred step time

asymmetry and foot placement difference while step lengths

remain nearly symmetrical

With greater speed-differences between the treadmill belts at 0.5 m s−1, 1.0 m s−1 and

1.5 m s−1, subjects preferred greater step time asymmetry at 8.0%, 17.8% and 28.2%

(Fig. 6.2A; F 2,18=288.1, P<0.001; post-hoc tests P<0.001) and greater foot placement

differences at 6.4 cm, 12.8 cm and 18.8 cm (Fig. 6.2B; F 2,18=381.3, P<0.001; post-hoc

tests P<0.001), while their preferred step length asymmetry remained constant, and
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Figure 6.2: Gait parameters during preferred and cost mapping trials. (A–C) Preferred
step time asymmetry (asymt), foot placement difference (α) and step length asymmetry
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show ensemble means. Error bars are standard deviations. (D,E) Cost mapping trials where
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asymmetry and foot placement difference varied (E). Vertical and horizontal error bars are
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nearly symmetrical, at −2.4%, −3.4% and −4.7% (Fig. 6.2C; F 2,18=4.0, P=0.037;

post-hoc tests P≥0.168). To test if subjects’ preferred gait parameters coincided with

their energetically optimal gait parameters, we conducted a series of cost mapping trials

to describe the cost landscape across different values of the gait parameters.

6.3.2 Cost mapping: effects of step time asymmetry, foot placement

difference and step length asymmetry

Subjects successfully walked according to our cost mapping trials which consisted of one

set of trials in which step time asymmetry varied around the preferred values while foot

placement difference varied in order to keep step lengths symmetrical (Fig. 6.2D), and
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another set of trials in which foot placement differences varied in order to enforce step

length asymmetry to different values within a range around symmetry while step time

asymmetry remained constant at the preferred value (Fig. 6.2E). Foot placement

difference changed systematically in both sets of cost mapping trials: foot placement

difference shortened to keep step lengths symmetrical in cost mapping trials where step

time asymmetry increased (Fig. 6.2D), while foot placement difference increased to reach

the desired step length asymmetry in cost mapping trials where step length asymmetry

went from negative to positive values (Fig. 6.2E). Subjects’ stride time was enforced to

their preferred stride time in normal treadmill walking at 1.25 m s−1 which was

1.08±0.06 s (ensemble mean±sd). Subjects kept their stride time constant throughout all

split-belt treadmill adaptation and cost mapping trials: the ensemble average coefficient of

variation was 0.3%.

Next we describe qualitative features of the energetic cost landscapes that the cost

mapping trials produced. For the trials in which step time asymmetry and foot placement

difference varied (Fig. 6.3A,B), there was a significant effect on energy cost (∆0.5 m s−1,

F 4,36=12.8, P<0.001; ∆1.0 m s−1, F 4,36=11.0, P<0.001; ∆1.5 m s−1, F 4,36=15.3,

P<0.001). The outlines of the cost landscapes were qualitatively similar between

speed-difference conditions: all the curves exhibited j-shaped curves in which optima were

evident (Fig. 6.3A,B). The cost curves’ slopes were, however, steepest in the portion with

decreasing step time asymmetry (Fig. 6.3A) and increasing foot placement differences

(Fig. 6.3B). For the trials in which step length asymmetry and foot placement difference

varied (Fig. 6.3C,D), there was a significant effect on metabolic cost (∆0.5 m s−1,

F 4,36=4.0, P=0.009; ∆1.0 m s−1, F 4,36=10.0, P<0.001; ∆1.5 m s−1, F 4,36=9.7,

P<0.001). The outlines of the cost landscapes were qualitatively similar in the portion of

the curves with negative step length asymmetry (Fig. 6.3C) and short foot placement

differences (Fig. 6.3D): energy cost decreased in this portion. However, the portion of the

cost curves with positive step length asymmetry (Fig. 6.3C) and greater foot placement

differences (Fig. 6.3D) differed between speed-difference conditions: cost increased to form

a u-shaped curve for ∆0.5 m s−1, cost increased moderately for ∆1.0 m s−1, and cost

plateaued for ∆1.5 m s−1.
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6.3.3 People adopt asymmetrical step times to optimize energy cost

In the trials where step time asymmetry and foot placement difference varied, subjects

selected a preferred step time asymmetry that was energetically optimal across all

speed-difference conditions: preferred step time asymmetries were 8.0%, 17.8% and 28.2%

and optimal step time asymmetries were 8.8%, 18.3% and 30.2% for ∆0.5 m s−1,

∆1.0 m s−1 and ∆1.5 m s−1, respectively (Fig. 6.3A, compare colored tick marks to open

circles: ∆0.5 m s−1, P=0.407; ∆1.0 m s−1, P=0.545; ∆1.5 m s−1, P=0.096).

6.3.4 Neither foot placement difference nor step length asymmetry

optimize energy cost

In the trials where step time asymmetry and foot placement difference varied, foot

placement differences changed systematically in order to keep step lengths symmetrical;

however, the preferred foot placement differences were not energetically optimal: preferred

foot placement differences were 6.4 cm, 12.8 cm and 18.8 cm while optimal foot placement

differences were 8.2 cm, 15.4 cm and 22.9 cm (Fig. 6.3B, compare colored tick marks to

open circles: ∆0.5 m s−1, P=0.004; ∆1.0 m s−1, P<0.001; ∆1.5 m s−1, P<0.000). By

adopting optimal foot placement differences, subjects would have experienced cost savings

of 4%, 14% and 14% of the metabolic cost of the preferred foot placement differences

(estimated from ensemble data curve fits).

In the trials where step length asymmetry and foot placement difference varied,

neither preferred step length asymmetry (Fig. 6.3C, compare colored tick marks to open

squares: ∆0.5 m s−1, P=0.001; ∆1.0 m s−1, P<0.000; ∆1.5 m s−1, P<0.000) nor foot

placement differences were energetically optimal (Fig. 6.3D, compare colored tick marks to

open squares: ∆0.5 m s−1, P=0.001; ∆1.0 m s−1, P<0.000; ∆1.5 m s−1, P<0.000). The

preferred step length asymmetries were −2.4%, −3.4% and −4.7% while the optimal step

length asymmetries were 3.6%, 6.1% and 8.6% (Fig. 6.3C, open squares). The preferred

foot placement differences were 6.4 cm, 12.8 cm and 18.8 cm while the optimal foot

placement differences were 10.2 cm, 18.9 cm and 25.8 cm (Fig. 6.3D, open squares). By

adopting optimal step length asymmetries and foot placement differences, subjects would
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treadmill’s constraint on the combination of stride length and stride time (Eq. 6.5) to predict
the metabolic cost of split-belt treadmill walking with a range of step time asymmetries
(asymt) for speed-differences at 0.5 m s−1, 1.0 m s−1 and 1.5 m s−1. Average speed was
1.25 m s−1. Stride time was constant and step length asymmetry was set to symmetry. Our
cost model predicts the existence of an energetically optimal step time asymmetry. The
optimal step time asymmetry increases with speed-difference. Open circles show optima.
Metabolic cost is expressed relative to normal, symmetrical walking at 1.25 m s−1.

have experienced cost savings of 3%, 12% and 10% of the metabolic cost of the preferred

gait parameters (estimated from ensemble data curve fits).

6.3.5 Optimal step time asymmetry is predicted from split-belt

treadmill’s constraint on locomotor pattern

Our cost model predicts the existence of an energetically optimal step time asymmetry in

split-belt treadmill walking (Fig. 6.4). The optimum arises from the split-belt treadmill’s

constraint on the combination of stride length and stride time which creates a trade-off in

mechanical stance and swing costs: stance cost decreases and swing cost increases with

greater step time asymmetry (not shown). The speed-difference between the treadmill’s

belts increases the value of the energetically optimal step time asymmetry (9% for

∆0.5 m s−1; 18% for ∆1.0 m s−1; 25% for ∆1.5 m s−1) which predicts the trend of our

experimental data (8.0%, 17.8% and 28.2%).
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6.4 Discussion

We tested if people’s preferred, steady-state gait parameters during split-belt treadmill

walking were energetically optimal. Our experimental results showed that only preferred

step time asymmetry was energetically optimal and that neither foot placement difference

nor step length asymmetry were selected to optimize energy cost. Our results support the

idea that people may select asymmetrical gait parameters to optimize energetic cost.

In order to test if people adopted preferred gait parameters to optimize metabolic

cost, we mapped the energetic cost landscape of split-belt treadmill walking. We chose to

map 2 cost landscapes. We mapped a cost landscape in which step time asymmetry varied

around the preferred value and a cost landscape in which step length asymmetry varied

around symmetry. In both cost landscapes, foot placement difference varied systematically

which allowed us to test if the preferred foot placement differences were energetically

optimal. The cost landscapes in which step time asymmetry and foot placement difference

varied were j-shaped with evident optima for all speed-difference conditions. The cost

landscapes in which step length asymmetry and foot placement difference varied were

similar between speed-difference conditions in the portions with negative step length

asymmetry (the step length from slow-to-fast belts is shortest): energy cost decreased as

step lengths went from negative asymmetry toward symmetry. However, the cost

landscapes differed between the 3 speed-difference conditions in the portions with positive

step length asymmetry (the step length from slow-to-fast belts is longest): cost increased

for ∆0.5 m s−1, cost increased moderately for ∆1.0 m s−1 and cost plateaued for

∆1.5 m s−1. While our cost landscapes that show the effects of step time asymmetry are

novel and cannot be compared to existing data, two previous studies have reported cost

landscapes in which step length asymmetry and foot placement difference varied (Sánchez

et al., 2017, 2019). Importantly, the outlines of the previously reported cost landscapes

may not generalize across studies because they used different speed combinations to ours

and they allowed stride time and step time asymmetry to vary while we constrained these

gait parameters. Despite these differences, both studies estimated that step length

asymmetry is energetically optimal at a positive asymmetry (step lengths from
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slow-to-fast belts are longest) which is consistent with our estimate of optimal step length

asymmetry. It is important to note that we only mapped a portion of the cost landscape

within each speed-difference condition and that many other combinations of step time

asymmetry, foot placement difference and step length asymmetry are possible. Therefore,

we do not know how the cost landscapes change across the entire range of combinations of

gait parameters. Consequently, even though we report optimal values of step time

asymmetry, foot placement difference and step length asymmetry, they may not be global

optima. Rather, we interpret the optimal values of our gait parameters as local minima

within a constrained parameter space. With this caveat in mind, we did, however,

carefully choose appropriate combinations of gait parameters for our cost mapping trials

that allowed us to test whether people’s preferred gait parameters were energetically

optimal. Taken together, our cost landscapes present novel insight into the energetics of

split-belt treadmill walking that allow us to determine whether people adopt steady-state

gait parameters in order to optimize metabolic energy cost.

We found that people adopted a preferred combination of steady-state gait

parameters with asymmetrical step times, different foot placements and nearly

symmetrical step lengths; and, furthermore, that greater speed-differences between the

treadmill’s belts increased preferred step time asymmetry and foot placement differences,

but that step length asymmetry remained constant. Error-based learning prescribes that

gait parameters are driven to symmetry (Roemmich & Bastian, 2018). However,

symmetry in some gait parameters, such as step lengths, can only be accomplished by

asymmetry in other gait parameters, such as step times or foot placements. Therefore, it

is not clear why some gait parameters are adapted to symmetry while others are adapted

to asymmetry. We found that preferred step time asymmetry were energetically optimal

across all speed-difference conditions and, so, we contend that part of the adaptation to

split-belt treadmill walking is driven towards asymmetrical gait parameters because

asymmetry is energetically optimal.

We found that foot placement difference and step length asymmetry were not

energetically optimal. Preferred gait parameters are typically assessed after a short

adaptation period of about 10 minutes. Recent work has suggested that people adopt an
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energetically optimal step length asymmetry when preferred gait parameters are assessed

after an extended period of split-belt treadmill walking that allows people to explore the

energetic cost landscape (Sánchez et al., 2019). Our results do not support the idea that

preferred step length asymmetry is energetically optimal with extended split-belt

treadmill walking: at the start of the first, second and third data collection visits our

subjects had accumulated about 1, 2 and 3 hours of split-belt treadmill walking,

respectively. Furthermore, the energetic cost our subjects could have saved by adopting

the optimal values of step length asymmetry or foot placement difference was up to 14%

which is greater than previously reported energetic savings for which people have been

shown to adopt optimal gait parameters (Selinger et al., 2015). This suggests that our

subjects had the sensitivity to detect the energetic savings that the optimal gait

parameters offered, but that they, nonetheless, did not choose optimal values of foot

placement difference and step length asymmetry. We, therefore, conclude that our

participants used neither foot placement difference nor step length asymmetry to optimize

cost. Even though our results do not support that foot placement difference or step length

asymmetry are tuned to energetic optima, we cannot rule out that these gait parameters

may be changed during the adaptation period to reduce cost: foot placement difference

increases and step length asymmetry changes from negative values to nearly symmetrical

over the course of adaptation, thereby descending an energetic gradient during the

adaptation period. It would be interesting to test other explanations than energy

optimization to predict people’s preferred values of foot placement difference and step

length asymmetry; for example, stability has been suggested to be directly influenced by

foot placements (Park & Finley, 2017).

Temporal—identified as step time asymmetry—and spatial—captured by foot

placement difference—motor outputs have been suggested to control split-belt treadmill

adaptation (Malone et al., 2012). Step length asymmetry depends on the combination of

step time asymmetry and foot placement difference (Finley et al., 2015), and, therefore,

we interpret step length asymmetry as a spatiotemporal gait parameter that may not be

directly controlled by the nervous system. Temporal and spatial gait parameters have

been suggested to be independently controlled by different neural structures (Darmohray
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et al., 2019; Malone et al., 2012; McCrea & Rybak, 2008). We find that step time

asymmetry, a temporal gait parameter, is energetically optimal while the spatial and

spatiotemporal gait parameters (foot placement difference and step length asymmetry) are

not energetically optimal. It is possible that energy optimization may reflect a functional

distinction between temporal and spatial adaptable control of locomotion. Furthermore,

temporal gait parameters have been suggested to be controlled more tightly than spatial

gait parameters which may reflect that temporal control is tuned to energy optima while

spatial control is not (Malone et al., 2012). The idea that temporal control is tuned to

energy optima while spatial control is not may also partly explain recent work showing

that constraining foot placement difference during adaptation does not influence step time

asymmetry, while constraining step time asymmetry influences foot placement difference

(Gonzalez-Rubio et al., 2019). Alternatively, it is also possible that our finding that step

time asymmetry is tuned to energetic optima may not reflect a distinct role of temporal

control. Our own recent work shows that the metabolic cost of asymmetrical gait

parameters during normal treadmill walking is best explained by the cost of step time

asymmetry alone (see chapter 5). Similarly, step time asymmetry may influence the timing

of ankle work in stance which has been proposed as an adaptation mechanism during

split-belt treadmill walking that may have implications for metabolic cost (Selgrade et al.,

2017a,b). Therefore, temporal control may be tuned to energetic optima because the main

determinant of the metabolic cost of walking with asymmetrical gait parameters is step

time asymmetry. In future work it would be interesting to pursue whether our results,

that step time asymmetry is energetically optimal while foot placement difference and

step length asymmetry is not tuned to optima, is explained from distinctions in temporal

and spatial control or from the mechanical consequences of asymmetrical gait parameters.

This study focused on steady-state gait parameters during split-belt treadmill

walking and we did not study how gait parameters transiently changed during the

adaptation period. We did not study the adaptation periods because our subjects had

accumulated extensive experience with split-belt treadmill walking prior to adaptation

which influences the adaptation rate of split-belt treadmill walking (Day et al., 2018).

Previous work has suggested different time-scales for temporal and spatial gait parameters
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in which temporal parameters reach steady-state quicker than spatial parameters (Malone

et al., 2012). Our data suggest that adaptation of steady-state gait parameters may be

driven by energy optimization. The time-scale for an energy optimization process has

been suggested to be at least 30 seconds, but could require longer periods with exploration

in order to learn a novel cost landscape and to offset convergence towards an optimal gait

parameter (Selinger et al., 2015; Snaterse et al., 2011). Our subjects accumulated

extensive experience with split-belt treadmill walking from their training visit and their

previous data collection visits. The training visit was necessary for subjects to sustain

reliable steady-state gait parameters within our feedback-constrained experimental setup.

In future work it may be interesting to study the time-course of temporal and spatial gait

parameters in order to infer different control mechanisms. For example, it is possible that

step time asymmetry adapts quickly because temporal gait parameters are sensitive to

energy optimization.

Our main focus has been showing that changes in the values of gait parameters

induce changes to energy cost without considering the mechanics of split-belt treadmill

walking. However, from a simple cost model we propose that the split-belt treadmill’s

constraint on the combination of stride length and stride time (Eq. 6.5) influenced the

cost landscape in which step time asymmetry and foot placement difference varied

(Fig. 6.3A,B): at a constant stride time, there is a linear decrease in stride length with

step time asymmetry. This may create a trade-off in stance cost (Eq. 6.6, decreasing with

a shorter stride length) and swing cost (Eq. 6.7, increasing with step time asymmetry)

that explains the existence of an energetically optimal step time asymmetry (Fig. 6.4).

The special mechanics of split-belt treadmill walking provide other opportunities from

which walkers can benefit: humans adapt to steady-state walking in which they increase

their backwards displacement during single support on the leg on the fast belt and

decrease their backwards displacement during single support on the leg on the slow belt

(Selgrade et al., 2017b). This is energetically less costly since it is less demanding to

generate forward propulsion on the slow leg relative to the fast leg. Another proposed

mechanism of split-belt treadmill walking that allows people to decrease their own

mechanical work output and take advantage of work provided by the treadmill (Sánchez
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et al., 2019) may partly explain the cost landscape in which step length asymmetry and

foot placement difference varied: the descending portions of the cost landscapes

(Fig. 6.3C,D) may be explained by lower metabolic demand as foot placement differences

increases. While we limited our analysis to metabolic energy consumption in this study,

understanding the mechanical demands and strategies during split-belt treadmill walking

may be a fruitful area for understanding neuromechanical control of human walking and

the energetics of asymmetrical walking (Selgrade et al., 2017a,b; Sánchez et al., 2019).

We found that subjects adopt asymmetrical step times that are energetically

optimal during split-belt treadmill walking. People that have suffered a stroke or

amputees that walk with a prosthetic leg often walk asymmetrically. Our data support

the idea that asymmetrical gait may be a functional adaptation in order to walk

economically. This supports new evidence that suggests that unilateral amputees may

walk asymmetrically to optimize energy cost (Handford & Srinivasan, 2018; Wedge, 2019).

However, we suspect that whether asymmetry may be beneficial or detrimental depends

on many factors, such as joint loading or stability, and may vary from person to person

(Sánchez & Finley, 2018). Nonetheless, it is an intriguing idea that people exploit

asymmetry to optimize energy cost which warrants further research.
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CHAPTER 7

CONCLUSION

Hemiparetic and amputee walking often has asymmetrical step lengths and step times

(Roerdink et al., 2007; Isakov et al., 2000), and the gait is metabolically costlier than

symmetrical, able-bodied walking (Waters & Mulroy, 1999). Consequently, asymmetry is

often attributed to account for the increased energy expenditure. However, the metabolic

cost of walking with asymmetrical step lengths or step times is not well understood.

Asymmetrical step lengths have been proposed to incur a metabolic cost (Srinivasan,

2011), yet no experimental evidence has shown the cost of step length asymmetry. An

experiment of able-bodied people walking with step time asymmetry showed an added

cost compared to walking symmetrically (Ellis et al., 2013). However, step lengths were

free to vary in this study which makes it difficult to ascribe the added cost of asymmetry

to the separate effects of either the cost of asymmetry in step lengths or step times or,

alternatively, their additive cost.

We performed experiment 1 in which we devised an experimental setup that allowed

us to enforce asymmetry in step lengths and step times during normal treadmill walking

and we recruited 10 able-bodied subjects that walked with a range of combinations of

asymmetry in step lengths and step times. This allowed us to measure the metabolic cost

of walking with asymmetry in either step lengths or step times and to test whether the

costs are additive when people walk with concurrent asymmetry in step lengths and step

times. We found that the metabolic cost of walking with step time asymmetry was more

than twice the cost of step length asymmetry and that the costs were not additive.

Rather, the metabolic cost of walking with concurrent asymmetry in step lengths and step

times is best explained by the cost of step time asymmetry alone.
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Previous studies of hemiparetic and amputee walking (Adamczyk & Kuo, 2015;

Farris et al., 2015) and able-bodied people walking asymmetrically (Ellis et al., 2013) have

found that total mechanical work performed on the center of mass increased and that the

positive work was redistributed from push-off to pendular phases of the stride cycle. In

experiment 1 we hypothesized that positive mechanical work would explain the metabolic

cost of asymmetrical walking. We found that asymmetry increased total positive work

moderately and redistributed positive work so that the percentage of work performed in

pendular phases increased. Even though total positive work over the entire stride

increased with asymmetry, the rate of total work poorly explained the metabolic cost of

asymmetry. Instead, rate of work performed in pendular phases correlated better with

metabolic cost which suggests that pendular work may exact a metabolic cost that

explains a significant portion of the metabolic cost of asymmetrical walking.

Overall, the results from our experiment 1 show the metabolic cost of walking with

asymmetry in step lengths and step times and how the costs interact when walking with

concurrent asymmetry in step lengths and step times. Furthermore, our data suggest that

a significant portion of the metabolic cost of asymmetrical walking is derived from

increased production of positive mechanical work during the pendular phases of the stride

cycle. These results have implications for rehabilitation of hemiparetic and amputee

walking which often has asymmetrical gait parameters (Patterson et al., 2008; Sanderson

& Martin, 1997). For example, our data suggest that changing step time asymmetry is

more effective than changing step length asymmetry or foot placement difference in

inducing changes to metabolic cost (Sánchez & Finley, 2018; Roemmich et al., 2019).

As stated previously, hemiparetic and amputee walking often has asymmetrical gait

parameters (Roerdink et al., 2007; Isakov et al., 2000), and the gait is metabolically

costlier than symmetrical, able-bodied walking (Waters & Mulroy, 1999). But even

though symmetrical gait parameters are energetically optimal in able-bodied walking

(Ellis et al., 2013), asymmetrical gait parameters may be adopted if asymmetry is optimal

under imposed constraints on the locomotor system. Adaptability of asymmetry has been

demonstrated on a split-belt treadmill: following a short adaptation period in which gait

parameters are transiently perturbed, people choose steady-state gait parameters with
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asymmetrical step times, different foot placements and nearly symmetrical step lengths

(Reisman et al., 2005). Energy optimization has been proposed to explain how

steady-state gait parameters are adopted following the adaptation period (Finley et al.,

2013). However, the effect of changes to step time asymmetry, foot placement difference

and step length asymmetry on energetic cost during split-belt treadmill walking has only

partly been tested (Sánchez et al., 2017, 2019) and it is therefore unclear if asymmetry is

controlled in order to optimize metabolic cost.

We performed experiment 2 to test if able-bodied people adopt steady-state gait

parameters to optimize energy cost during split-belt treadmill walking. We recruited

10 subjects that walked with a range of combinations of step time asymmetry, foot

placement difference and step length asymmetry around their preferred values during

3 conditions with speed-differences of 0.5 m s−1, 1.0 m s−1 and 1.5 m s−1. We found that

our subjects preferred asymmetrical step times, different foot placements and nearly

symmetrical step lengths; as speed-differences increased, step time asymmetry and foot

placement differences increased while step lengths remained nearly symmetrical. We

compared the preferred gait parameters to the optimal values of the gait parameters and

found that only step time asymmetry optimized metabolic cost, but that neither foot

placement difference nor step length asymmetry optimized cost.

Our results of experiment 2 suggest that asymmetry in gait parameters may be

preferred if asymmetry is energetically optimal. The finding that step time asymmetry is

energetically optimal may reflect that temporal control is tuned to energy optimization;

alternatively, this finding may also reflect that the mechanical consequence of changing

step time asymmetry has a greater effect on metabolic cost than changing step length

asymmetry which does not necessarily imply a distinction between temporal and spatial

control of gait parameters.

Our results taken together with recent studies on the mechanics of split-belt

treadmill walking (Selgrade et al., 2017a,b) suggest that the metabolic cost of

asymmetrical walking on both a normal treadmill and during split-belt treadmill walking

may be derived from a redistribution of positive work within the stride cycle. We show

that the metabolic cost of asymmetry in normal treadmill walking may be derived from
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increased positive work during pendular phases of the stride cycle. During the adaptation

period to split-belt treadmill walking there is a gradual decrease in pendular positive work

(Selgrade et al., 2017a) that tracks the concurrent decrease in metabolic cost (Finley

et al., 2013). Following the adaptation period to split-belt treadmill walking, pendular

positive work remains elevated compared to normal treadmill walking at the same average

speed (Selgrade et al., 2017a) which may explain the added metabolic cost of split-belt

treadmill walking compared to normal treadmill walking at the same average speed

(Stenum & Choi, 2017). We therefore propose that pendular positive work may explain

the metabolic cost of asymmetrical walking that is general for both normal and split-belt

treadmill environments.

In our study the increase in pendular positive work with asymmetrical walking

appeared to be predominantly driven by an increase in ankle work. This ankle strategy to

increase pendular work in asymmetrical walking on a normal treadmill is similar to results

of split-belt treadmill walking: during the adaptation period there is a redistribution of

work from pendular phases to push-off (Selgrade et al., 2017a) concurrent with a shift in

the timing of ankle work from pendular phases to push-off (Selgrade et al., 2017b). This

suggests a common mechanism where people may use an ankle strategy to increase

pendular positive work in asymmetrical walking on a normal treadmill or during split-belt

treadmill. Our study and those reporting an ankle strategy (Selgrade et al., 2017b)

included able-bodied participants. Importantly, this ankle strategy may not generalize to

other types of asymmetry such as unilateral amputee gait with a prosthesis or hemiparetic

gait with weak plantarflexors. Instead, these types of gaits may utilize other joint-level

mechanical adaptations when walking asymmetrically.

Overall, the results from experiments 1 and 2 show that preferred step time

asymmetry was always energetically optimal: in normal treadmill walking people preferred

symmetrical step times which were optimal while in split-belt treadmill walking people

preferred asymmetrical step times that were nonetheless optimal. This supports the idea

that preferred asymmetry in gait parameters may not necessarily be more costly and that

asymmetrical gait may be a functional adaptation in order to walk economically. This is in

support of recent studies that suggest that unilateral amputees may walk asymmetrically
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to optimize metabolic cost (Handford & Srinivasan, 2018; Wedge, 2019). Whether

asymmetry is beneficial or detrimental likely depends on many factors and may vary from

person to person (Sánchez & Finley, 2018). Nonetheless, it is an intriguing idea that

people exploit gait asymmetry to optimize energy cost which warrants further research.
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APPENDIX A

DERIVATION OF SPLIT-BELT TREADMILL’S CONSTRAINT ON

THE LOCOMOTOR PATTERN

We will show that the locomotor pattern during split-belt treadmill locomotion depends on

the averaged belt speeds, the belt speed-difference and self-selected step time asymmetry.

First, we define foot placement differences between left and right feet (in the global

reference frame) at successive bilateral foot contacts. We have 2 differences: first, the

difference between the right foot’s anterior-posterior position at right foot contact and the

left foot’s anterior-posterior position at the preceding left foot contact (αl→r); and,

second, the difference between the left foot’s anterior-posterior position at left foot contact

and the right foot’s anterior-posterior position at the preceding right foot contact (αr→l).

The foot placement differences are equal and opposite:

αl→r = −αr→l . (A.1)

Next, we express step lengths as combinations of foot placement differences, belt

speeds and step times (Finley et al., 2015). Left-to-right step length is:

ll→r = αl→r + vl ∗ tl→r , (A.2)

while right-to-left step length is:

lr→l = αr→l + vr ∗ tr→l . (A.3)
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Consequently, stride length is equal to:

lstride = vl ∗ tl→r + vr ∗ tr→l . (A.4)

Next, we can express step times as combinations of stride time and step time

asymmetry by using Equations 3.1 and 3.4. Left-to-right step time is:

tl→r =
1

2
tstride +

1

2
tstride ∗ asymt

= tstride ∗ (
1

2
+

1

2
asymt) , (A.5)

while right-to-left step time is:

tr→l =
1

2
tstride −

1

2
tstride ∗ asymt

= tstride ∗ (
1

2
− 1

2
asymt) . (A.6)

Finally, from Equations A.4 to A.6 we can express stride length using belt speeds,

stride time and step time asymmetry:

lstride = vl ∗ tstride ∗ (
1

2
+

1

2
asymt) + vr ∗ tstride ∗ (

1

2
− 1

2
asymt)

= (
1

2
(vr + vl)−

1

2
(vr − vl) ∗ asymt) ∗ tstride . (A.7)

From Equation A.7 we get that the locomotor pattern is constrained by the

averaged belt speeds (v = 1
2(vr + vl)), the belt speed-difference (∆v = vr − vl) and step

time asymmetry:

lstride ∗ t−1
stride = v − ∆v

2
∗ asymt . (A.8)

Equation A.8 can be validated by a data set in which 5 subjects walked on a

treadmill at 1.31 m s−1 at 5 different stride times (80%, 90%, 100%, 110% and 120% of

their preferred stride rate) and walked on a split-belt treadmill with the left belt speed at

0.79 m s−1 and the right belt speed at 1.84 m s−1 (∆v = 1.05 m s−1) at the same 5 stride

times. Furthermore, 2 of 5 subjects also walked on the split-belt treadmill with the left
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belt speed at 0.53 m s−1 and the right belt speed at 2.10 m s−1 (∆v = 1.57 m s−1) at the

same stride times. Stride length and stride time were constrained by treadmill speed

during normal treadmill walking, but in split-belt treadmill walking there was

considerable variability in the locomotor pattern (Fig. A.1A). However, in split-belt

treadmill walking, the locomotor pattern variability is explained by the averaged belt

speeds, the belt speed difference and the self-selected step time asymmetry according to

Equation A.8 (Fig. A.1B). We contend that Equation A.8 has been verified by the data

set and claim that the locomotor pattern during split-belt treadmill locomotion is

constrained by the averaged belt speeds, the speed-difference between the belts and the

self-selected step time asymmetry.

To interpret Equation A.8, we note that, in split-belt treadmill locomotion like on a

normal treadmill, stride length and stride time remain proportional. But in split-belt

treadmill locomotion, stride length and stride time are proportional to the averaged belt

speeds, the speed-difference between the belts and the self-selected step time asymmetry.

Averaged belt speeds and belt speed-difference is set by the experimenter and cannot be

changed by the person walking or running on the split-belt treadmill. However, step time

asymmetry can be volitionally changed and interacts linearly with the belt

speed-difference to change the proportionality of stride length and stride time. At a

constant stride time, the effect of volitionally changing step time asymmetry is to change

stride length: if step time asymmetry is greater than 0, then stride length decreases; and,

if step time asymmetry is less than 0, stride length increases.
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Figure A.1: Validation of split-belt treadmill’s constraint on the locomotor pattern. A: In
normal treadmill walking (1.31 m s−1), the locomotor pattern is constrained by treadmill
speed (combinations of stride length and stride time must be equal to treadmill speed),
but in split-belt treadmill walking (∆1.05 m s−1 and ∆1.57 m s−1), there is considerable
variability in the locomotor pattern. B: The locomotor pattern variability in split-belt
treadmill walking (∆1.05 m s−1 and ∆1.57 m s−1) is explained by the averaged belt speeds,
the speed-difference and self-selected step time asymmetry. We performed a linear regression
analysis to test if our analytically derived constraint of split-belt treadmill locomotion could
explain the variability in measured stride length and stride time during split-belt treadmill
walking.
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APPENDIX B

TWO METHODS FOR CALCULATING STEP LENGTH

We define step lengths, in accordance with usual definitions (Zatsiorky et al., 1994), as the

anterior-posterior distance between the same anatomical marker on either foot between

successive bilateral foot contacts with the ground. We calculate step lengths (l) using foot

placement differences (α), step times (t) and individual treadmill belt speeds (v) (Donelan

et al., 2004; Finley et al., 2015). The left-to-right step length is calculated as:

ll→r = αl→r + vl ∗ tl→r , (B.1)

and the right-to-left step length is calculated as:

lr→l = αr→l + vr ∗ tr→l . (B.2)

A modified method to calculate step length is often used in studies on split-belt

treadmill locomotion (Finley et al., 2013; Reisman et al., 2005) in which step lengths are

calculated as the anterior-posterior distance between the same anatomical marker of each

foot at the instant of either foot contact. Using the modified method, step lengths are

then calculated at an instant in time. The position of an anatomical marker on the foot,

however, changes during the stance phase. For example, as the lateral malleolus marker

moves forward when the trailing stance foot plantarflexes, this will lead to a systematic

underestimation of the actual step length when calculated at an instant in time using

malleolus markers. In our calculation of step lengths, the position of an anatomical

marker on the foot is analytically projected, using the duration of the step and the belt
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speed (that is, the distance that the anatomical position traveled during the step, had it

remained in the same place on the treadmill belt), and corrected for differences in foot

placements. We thus capture the actual step length according to our definition.

We assessed the effect of implementing either calculation method (our analytical

step lengths or the modified, instantaneous step lengths) on step lengths and step length

asymmetry by using a pilot data set in which 5 subjects walked on a treadmill at

1.31 m s−1 at 5 different stride times (80%, 90%, 100%, 110% and 120% of their preferred

stride rate) and walked on a split-belt treadmill with the left belt speed at 0.79 m s−1 and

the right belt speed at 1.84 m s−1 (∆v = 1.05 m s−1) at the same 5 stride times.

Furthermore, 2 of 5 subjects also walked on the split-belt treadmill with the left belt

speed at 0.53 m s−1 and the right belt speed at 2.10 m s−1 (∆v = 1.57 m s−1) at the same

stride times.

Step lengths were highly correlated between methods (Fig. B.1A). However, the

instantaneous method underestimated step lengths for longer steps (regression slope is

greater than 1). Step length asymmetry calculated from either instantaneous or analytical

step lengths agreed well with each other (Fig. B.1B). We conclude that using either

method will sufficiently explore step length asymmetry when it is experimentally

constrained and will sufficiently capture actual step length asymmetry when used as a

variable in further analyses.

Even though the methods for calculating step lengths are highly correlated, we

cannot accept the modified, instantaneous method for the treadmill constraint analyses

(see sections 3.1.7 and 3.1.8). First, since the instantaneous method underestimates step

length, the locomotor pattern, using instantaneous step lengths, fails to satisfy the

constraint of normal treadmill walking (instantaneous locomotor pattern does not equal

1.31 m s−1, Fig. B.2A). On the other hand, the locomotor pattern, using analytical step

lengths, satisfies the constraint of normal treadmill walking. Second, even though we

cannot, a priori, compare the locomotor patterns (using either method) in split-belt

treadmill walking to conclude how well the methods perform (Fig. B.2B,C), the locomotor

pattern must satisfy the constraint of the split-belt treadmill environment (Equation A.8).

Again, the locomotor pattern, using instantaneous step lengths, fails to satisfy the
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Figure B.1: Comparison of 2 methods for calculating step lengths. Comparison of step
lengths calculated using either a modified method at the instant of foot contact (instan-
taneous step length) or our analytical method (analytical step length) which uses the foot
placement difference, step times and individual treadmill belt speeds (A). Comparison of
step length asymmetry using the modified instantaneous method and our analytical method
(B). For each comparison we performed a linear regression analysis.

constraint of split-belt treadmill locomotion, while the locomotor pattern, using analytical

step lengths, satisfies the constraint (Fig. B.2D). We conclude that only analytical step

lengths satisfy the locomotor pattern constraints of normal treadmill locomotion and

split-belt treadmill locomotion, and, furthermore, that only analytical step lengths are in

accordance with our definition of step length. However, since both step lengths and step

length asymmetry agree well between methods, we are justified in making comparisons

with studies that implement the modified, instantaneous step length method.
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Figure B.2: Comparison of whether 2 methods for calculating step lengths satisfy normal
treadmill and split-belt treadmill constraints on the locomotor pattern. Subject-specific
comparison of locomotor patterns (combination of stride length and stride time) using step
lengths calculated from the analytical and instantaneous methods for normal treadmill walk-
ing at 1.31 m s−1 (A), split-belt treadmill walking with a speed-difference of 1.05 m s−1

(B) and a speed-difference of 1.57 m s−1 (C). Comparison of locomotor pattern constraint
during split-belt treadmill locomotion using analytical and instantaneous step length cal-
culations (D). We performed a linear regression analysis to test if the locomotor pattern
calculated from each method satisfied the constraint of split-belt treadmill locomotion.
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APPENDIX C

DERIVATION OF THE RELATIONSHIP BETWEEN FOOT

PLACEMENT DIFFERENCE AND ASYMMETRY IN STEP

LENGTHS AND STEP TIMES

Derivation of formula of foot placement difference on a

normal treadmill

We wish to show how foot placement difference (α) is related to the treadmill’s belt speed

(v), stride time (tstride), step length asymmetry (asyml) and step time asymmetry

(asymt). The combination of stride length and stride time must satisfy belt speed such

that:

lstride ∗ l−1
stride = v . (C.1)

The stride cycle consist of a step from the left leg’s heel-strike to the right leg’s heel-strike

(l→r) and from the right leg’s heel-strike to the left leg’s heel-strke (r→l). We define

step length asymmetry as:

asyml =
∆l

lstride
=
ll→r − lr→l

ll→r + lr→l
, (C.2)

and step time asymmetry as:

asymt =
∆t

tstride
=
tl→r − tr→l

tl→r + tr→l
. (C.3)
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We consider steady-state gait parameters such that:

αl→r = −αr→l . (C.4)

Furthermore, we define the left-to-right step length as:

ll→r = tl→r ∗ v + αl→r , (C.5)

and the left-to-right step length as:

lr→l = tr→l ∗ v + αr→l . (C.6)

We first find step length difference using Eqs. C.4, C.5 and C.6:

∆l = ll→r − lr→l = tl→r ∗ v + αl→r − (tr→l ∗ v + αr→l)

= 2αl→r + ∆t ∗ v . (C.7)

From here, we, first, express step length difference as the product of step length

asymmetry and stride length (Eq. C.2), second, express stride length as the product of

stride time and belt speed (Eq. C.1), and, third, express step time difference as the

product of step time asymmetry and stride time (Eq. C.3):

asyml ∗ tstride ∗ v = asymt ∗ tstride ∗ v + 2αl→r . (C.8)

Last, we isolate foot placement difference:

αl→r =
1

2
∗ tstride ∗ v ∗ (asyml − asymt) . (C.9)
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Derivation of formula for foot placement difference on a

split-belt treadmill

On a split-belt treadmill we can set one treadmill belt to run slow (vs) and the other belt

to run fast (vf). The average belt speed (v) is 1
2(vf + vs) and the belt speed-difference

(∆v) is vf − vs. The stride cycle consists of a step from heel-strike on the leg on the slow

belt to heel-strike on the leg on the fast belt (s→f) and a step from heel-strike on the leg

on the fast belt to heel-strike on the leg on the slow belt (f→s). We define step length

asymmetry as:

asyml =
∆l

lstride
=
ls→f − lf→s

ls→f + lf→s
, (C.10)

and step time asymmetry as:

asymt =
∆t

tstride
=
ts→f − tf→s

ts→f + tf→s
. (C.11)

In Appendix A we derived the split-belt treadmill constraint on the combination of stride

length and stride time:

lstride ∗ t−1
stride = v − ∆v

2
∗ asymt . (C.12)

We consider steady-state gait parameters such that:

αs→f = −αf→s . (C.13)

Furthermore, we define the slow-to-fast step length as:

ls→f = ts→f ∗ vs + αs→f , (C.14)

and the fast-to-slow step length as:

lf→s = tf→s ∗ vf + αf→s . (C.15)
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First, we find step length difference using Eqs. C.13, C.14 and C.15:

∆l = ls→f − lf→s = ts→f ∗ vs + αs→f − (tf→s ∗ vf + αf→s)

= 2αs→f + ts→f ∗ vs − tf→s ∗ vf . (C.16)

Next, we change the last 2 terms on the right-hand side into the sum of their halves and

add a sum of terms (1
2 ts→f ∗ vf− 1

2 ts→f ∗ vf + 1
2 tf→s ∗ vs− 1

2 tf→s ∗ vs) to the right-hand side:

∆l = 2αs→f +
1

2
ts→f ∗ vs +

1

2
ts→f ∗ vs −

1

2
tf→s ∗ vf −

1

2
tf→s ∗ vf

+
1

2
ts→f ∗ vf −

1

2
ts→f ∗ vf +

1

2
tf→s ∗ vs −

1

2
tf→s ∗ vs . (C.17)

We convert the sum of terms on the right-hand side:

∆l = 2αs→f +
1

2
(vf + vs)(ts→f − tf→s) +

1

2
(−vf + vs)(ts→f + tf→s) . (C.18)

We insert average speed (v), speed-difference (∆v), step time difference (∆t) and stride

time (tstride):

∆l = 2αs→f + v ∗∆t− ∆v

2
∗ tstride . (C.19)

At this point, we have obtained a similar expression of step length difference as derived by

Finley et al. (2015). From here, we, first, express step length difference as the product of

step length asymmetry and stride length (Eq. C.10), second, express stride length using

the split-belt treadmill’s constraint on stride length and stride time (Eq. C.12) and, third,

express step time difference as the product of step time asymmetry and stride time

(Eq. C.11):

asyml ∗ (v − ∆v

2
∗ asymt) ∗ tstride = 2αs→f + v ∗ asymt ∗ tstride −

∆v

2
∗ tstride . (C.20)

Last, we isolate foot placement difference:

αs→f =
1

2
∗ tstride ∗ (v ∗ (asyml − asymt) +

∆v

2
∗ (1− asyml ∗ asymt)) . (C.21)

110



Alternatively, the relationship between foot placement difference, step length asymmetry

and step time asymmetry can be expressed as:

asymt =
−2αs→f + (v ∗ asyml + ∆v

2 ) ∗ tstride
(v + ∆v

2 ∗ asyml) ∗ tstride
, (C.22)

or

asyml =
2αs→f + (v ∗ asymt − ∆v

2 ) ∗ tstride
(v − ∆v

2 ∗ asymt) ∗ tstride
. (C.23)
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APPENDIX D

SUPPLEMENTAL DATA FOR EXPERIMENT 1
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Figure D.1: Example of center of mass velocity and mechanical power for symmetrical and
asymmetrical walking. Data is averaged across 10 subjects and trials were chosen to give
about equal magnitudes of asymmetry (shading is standard error of the mean). (A–E)
Center of mass velocity in anterior-posterior (hor.) and vertical (vert.) directions. Top and
right-hand axes display velocity dimensionalized to m s−1. Circles and squares are right
and left heel-strikes, respectively. Grey paths are step-to-step transitions (double support).
Mechanical power performed on the center of mass (F–J) and at the ankle (K–O), knee (P–
T) and hip (U–Z). Solid and dashed lines are left and right legs, respectively. Right-hand
y-axes display power dimensionalized to W.

113



0.04

0.03

0.02

0.01

0.00

0.05

0.06

0.04

0.03

0.02

0.01

0.00

0.05

0.06

0.04

0.03

0.02

0.01

0.00

0.05

0.06

0.04

0.03

0.02

0.01

0.00

0.05

0.06

0.04

0.03

0.02

0.01

0.00

0.05

0.06

0.04

0.03

0.02

0.01

0.00

0.05

0.06

0.04

0.03

0.02

0.01

0.00

0.05

0.06

0.04

0.03

0.02

0.01

0.00

0.05

0.06

left leg right leg

1.0 4.5 8.7 13.0 17.5

asym
agg.

 (%)

1.0 4.5 8.7 13.0 17.5

asym
agg.

 (%)

1.0 4.5 9.6 13.2 18.01.0 4.5 9.6 13.2 18.0

1.0 4.5 9.0 12.5 17.71.0 4.5 9.0 12.5 17.7

1.0 4.6 9.1 13.1 18.41.0 4.6 9.1 13.1 18.4

30

20

10

0

30

20

10

0

30

20

10

0

30

20

10

0

30

20

10

0

30

20

10

0

30

20

10

0

30

20

10

0

p
u

s
h

-o
ff
 p

o
s
. 
w

o
rk

jo
in

t

p
u

s
h

-o
ff
 p

o
s
. 
w

o
rk

jo
in

t (
J
)

p
u

s
h

-o
ff
 p

o
s
. 
w

o
rk

jo
in

t

p
u

s
h

-o
ff
 p

o
s
. 
w

o
rk

jo
in

t (
J
)

p
u

s
h

-o
ff
 p

o
s
. 
w

o
rk

jo
in

t

p
u

s
h

-o
ff
 p

o
s
. 
w

o
rk

jo
in

t (
J
)

p
u

s
h

-o
ff
 p

o
s
. 
w

o
rk

jo
in

t

p
u

s
h

-o
ff
 p

o
s
. 
w

o
rk

jo
in

t (
J
)

p
u

s
h

-o
ff
 p

o
s
. 
w

o
rk

jo
in

t

p
u

s
h

-o
ff
 p

o
s
. 
w

o
rk

jo
in

t (
J
)

p
u

s
h

-o
ff
 p

o
s
. 
w

o
rk

jo
in

t

p
u

s
h

-o
ff
 p

o
s
. 
w

o
rk

jo
in

t (
J
)

p
u

s
h

-o
ff
 p

o
s
. 
w

o
rk

jo
in

t

p
u

s
h

-o
ff
 p

o
s
. 
w

o
rk

jo
in

t (
J
)

p
u

s
h

-o
ff
 p

o
s
. 
w

o
rk

jo
in

t

p
u

s
h

-o
ff
 p

o
s
. 
w

o
rk

jo
in

t (
J
)

A B

C D

E F

G H

asym
agg.

 (%) asym
agg.

 (%)

asym
agg.

 (%) asym
agg.

 (%)

asym
agg.

 (%) asym
agg.

 (%)

sym. asym
L

asym
T

same dir. opp. dir.

joint work proportion:        ankle (light),        knee (medium),        hip (dark)

Figure D.2: Push-off joint work in asymmetrical walking. Data are averaged across all
trials in each cluster and error bars are standard deviations of summed joint work. Shading
shows each joint’s contribution to summed joint work: ankle (light), knee (medium) and
hip (dark). Right-hand y-axes display work dimensionalized to J.
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Figure D.3: Positive joint work during the pendular phase in asymmetrical walking. Data
are averaged across all trials in each cluster and error bars are standard deviations of
summed joint work. Shading shows each joint’s contribution to summed joint work: ankle
(light), knee (medium) and hip (dark). Right-hand y-axes display work dimensionalized to
J.
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Table D.1: Linear regressions of metabolic cost of asymmetry. Regressions refer to data
presented in Fig. 5.3 (page 55) and Fig. 5.4 (page 56).

Relation Condition Slope Intercept r2 P

met. cost (vs. asymagg.)

asyml 1.41 98.2 0.42 <0.001
asymt 3.65 92.5 0.71 <0.001

same dir. 3.81 98.7 0.60 <0.001
opp. dir. 4.03 94.0 0.73 <0.001

residuals (vs. asymagg.)
cost of asyml −2.46 1.6 0.49 <0.001
cost of asymt −0.50 −0.8 0.04 0.070
additive cost 0.99 0.4 0.13 0.001

Table D.2: Linear regressions of center of mass mechanics. Regressions refer to data pre-
sented in Fig. 5.5 (page 58) and Fig. 5.6 (page 59). Actual collisional losses of center of mass
energy (W−COM,coll.), total positive work performed on the center of mass over entire stride

(W+
COM,stride), positive work performed in pendular phases (W+

COM,pend.), percentage of

positive work performed in pendular phases relative to total positive work (%-W+
COM,pend.).

Relation Condition Slope Intercept r2 P

pred. coll. loss (vs. asymagg.)

asyml 0.84 97.8 0.60 <0.001
asymt 0.57 100.3 0.38 <0.001

same dir. 1.20 98.1 0.72 <0.001
opp. dir. 1.50 97.0 0.80 <0.001

W−COM,coll. (vs. pred. coll. loss) ensemble 0.46 −0.1 0.57 <0.001

W+
COM,stride (vs. W−COM,coll.) ensemble 0.80 0.0 0.77 <0.001

W+
COM,pend. (vs. W−COM,coll.) ensemble 1.02 −0.0 0.85 <0.001

W−COM,coll. (vs. asymagg.)

asyml 1.85 98.5 0.32 <0.001
asymt 2.84 99.1 0.38 <0.001

same dir. 2.70 106.4 0.27 <0.001
opp. dir. 3.89 101.2 0.54 <0.001

W+
COM,stride (vs. asymagg.)

asyml 0.71 99.0 0.15 0.006
asymt 0.76 95.0 0.16 0.004

same dir. 0.98 99.2 0.17 0.003
opp. dir. 0.79 97.7 0.16 0.004

%-W+
COM,pend. (vs. asymagg.)

asyml 2.01 99.1 0.25 <0.001
asymt 5.98 94.2 0.61 <0.001

same dir. 5.49 110.3 0.47 <0.001
opp. dir. 5.73 98.4 0.57 <0.001
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Table D.3: Linear regressions of mechanical work rate and metabolic cost. Regressions
refer to data presented in Fig. 5.7 on page 61. Rate of total positive work performed on the
center of mass throughout entire stride (Ẇ+

COM,stride), rate of total positive work summed

across joints throughout entire stride (Ẇ+
Σjoint,stride), rate of positive work performed on

the center of mass in pendular phases (Ẇ+
COM,pend.), rate of positive work summed across

joints in pendular phases (Ẇ+
Σjoint,pend.).

Relation Condition Slope Intercept r2 P

Ẇ+
COM,stride (vs. met. cost) ensemble 3.20 0.1 0.26 <0.001

Ẇ+
Σjoint,stride (vs. met. cost) ensemble 0.51 0.1 0.13 <0.001

Ẇ+
COM,pend. (vs. met. cost) ensemble 3.44 0.1 0.51 <0.001

Ẇ+
Σjoint,pend. (vs. met. cost) ensemble 1.58 0.1 0.63 <0.001

Table D.4: Linear regressions of mechanical adaptations to asymmetrical walking. Re-
gressions refer to data presented in Fig. 5.8 (page 62) and Fig. 5.9 (page 63). Push-off
work performed on the center of mass (W+

COM,push−off ), positive work performed on the

center of mass during the pendular phase (W+
COM,pend.), positive work in pendular phases

at ankle (W+
ankle,pend.), knee (W+

knee,pend.) and hip (W+
hip,pend.) and summed across joints

(W+
Σjoint,pend.).

Relation Condition Slope Intercept r2 P

left W+
COM,push−off (vs. asymagg.)

asyml 0.0004 0.026 0.16 0.004
asymt −0.0006 0.027 0.36 <0.001

same dir. −0.0002 0.025 0.03 0.267
opp. dir. −0.0008 0.027 0.55 <0.001

right W+
COM,push−off (vs. asymagg.)

asyml −0.0005 0.024 0.35 <0.001
asymt −0.0006 0.024 0.49 <0.001

same dir. −0.0009 0.024 0.72 <0.001
opp. dir. −0.0003 0.024 0.10 0.023

left W+
COM,pend. (vs. asymagg.)

asyml 0.0003 0.012 0.06 0.080
asymt 0.0015 0.011 0.52 <0.001

same dir. 0.0013 0.014 0.37 <0.001
opp. dir. 0.0015 0.012 0.47 <0.001

right W+
COM,pend. (vs. asymagg.)

asyml 0.0006 0.010 0.23 <0.001
asymt 0.0005 0.009 0.11 0.017

same dir. 0.0007 0.009 0.20 0.001
opp. dir. 0.0002 0.010 0.02 0.315

W+
Σjoint,pend. (vs. W+

ankle,pend.) ensemble 1.16 0.0 0.71 <0.001

W+
Σjoint,pend. (vs. W+

knee,pend.) ensemble 0.70 0.0 0.12 <0.001

W+
Σjoint,pend. (vs. W+

hip,pend.) ensemble 1.01 0.0 0.21 <0.001
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