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Abstract 

 

 Humans conserve energy during walking using an inverted pendulum 

mechanism during single-limb support. The step-to-step transition requires 

substantial muscle-tendon mechanical work by the trailing lower limb on the 

center of mass. Currently we have limited understanding of how the ankle, knee, 

and hip contribute to center of mass mechanical work and overall metabolic 

energy expenditure during human walking. I used lightweight bilateral robotic 

exoskeletons powered with artificial pneumatic muscles to replace ankle joint 

mechanical work and study changes in users’ metabolic energy consumption 

during walking. First I studied walking on level ground at preferred step length. 

Ankle exoskeletons replaced 22% of the lower-limb joint positive mechanical 

power and users saved 10% net metabolic power. For each 1 J of exoskeleton 

mechanical assistance subjects saved ~1.6 J of metabolic energy. The ‘apparent 

efficiency’ of ankle joint muscle-tendon positive mechanical work (0.61) is much 

higher than for isolated muscle positive mechanical work (0.25). This suggests 

that Achilles tendon contributes ~60% of the ankle joint positive work, leaving 

~40% to active muscle fiber shortening. The ankle joint, therefore, performs 35% 

of the total lower-limb positive mechanical work but consumes only 17%-20% of 

the total metabolic energy during level walking at the preferred step length. In the 

next two experiments I used the powered exoskeletons to study ankle mechanics 
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and energetics during walking with increasing step lengths and on increasing 

uphill inclines. Ankle joint ‘apparent efficiency’ decreased for walking with longer 

steps (0.39 at 140% of preferred step length) and on uphill gradients (0.38 at 

15% grade). Thus, even when the demand for external positive mechanical work 

is high, the Achilles tendon still delivers 34% or more of the ankle joint positive 

work during walking. Overall these studies demonstrate that Achilles tendon 

elastic energy storage and return allows the ankle joint to perform positive 

mechanical work with very little metabolic cost. In contrast, knee and hip joint 

positive mechanical work performed by actively shortening muscle fibers likely 

exacts a much higher metabolic cost. Orthotic devices designed to reduce 

metabolic energy consumption during walking should target less efficient 

proximal joints (e.g. hip or knee). 
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Chapter I 

 

Introduction 

 
 Robotic exoskeletons that can enhance human power capabilities are no 

longer limited to the realm of science fiction. Engineers have been working on 

exoskeletons to augment human power since the 1970’s (Hughes, 1972; 

Ruthenberg et al., 1997; Seireg and Grundman, 1981; Vukobratovic et al., 1974; 

Zoss et al., 2006). Recently, the Defense Advanced Research Projects Agency 

(DARPA) initiated a project to build a lower-limb wearable robot capable of 

improving soldier endurance, speed, and load carrying ability (Fanelli, 2001; 

Lemley, 2002; Weiss, 2001). The DARPA project has helped renew interest in 

the development of robotic exoskeletons to assist locomotion, and recent 

advances in actuation technology, controls engineering and materials science 

have propelled the state-of the art quickly forward (Guizzo and Goldstein, 2005). 

Soldiers aren’t the only ones who might benefit from exoskeletons aimed at 

augmenting human performance. Civilian laborers such as firefighters, 

construction workers and warehouse personnel could use exoskeletons to 

reduce the physical demands of climbing, heavy lifting, or long periods of 

sustained locomotion.



2 

 Lower-limb robotic exoskeletons could be a useful tool for conducting 

basic science research into the mechanics, energetics and control of human 

locomotion. Recent studies have begun to examine adaptations in 

electromyography and kinematics during walking with lower-limb powered 

assistance in both healthy and impaired populations (Dietz et al., 2004; Emken 

and Reinkensmeyer, 2005; Gordon and Ferris, 2007; Sawicki et al., 2005). But, 

surprisingly, we found only a single study that has examined the metabolic cost 

of walking with powered exoskeletons (Norris et al., 2007). This seems quite 

remarkable given that one of the primary goals of human augmentation 

technology is to decrease the energy expenditure of the human user. 

 Some open questions that deserve more attention include: (1) Is it 

possible to save metabolic energy by wearing a powered exoskeleton during 

walking? If so, (2) How much practice is required before the mechanical 

assistance leads to metabolic savings? (3) Would powered exoskeletons perform 

as well under conditions requiring increased power demands? and (4) How much 

bang-for-the-buck? i.e. Is there a relationship between the amount of mechanical 

energy supplied by powered exoskeletons and the amount of metabolic energy 

saved by the user? It is possible to answer these questions with carefully 

controlled experiments designed to address the biomechanics and energetics of 

humans walking with powered exoskeletons. Thus, the overall goal of this 

dissertation is to determine whether powered assistance at the ankle joint can 

reduce the metabolic cost of walking. The results will contribute to basic science 

by elucidating the contribution of ankle joint mechanical power to the metabolic 
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cost of walking. In addition, we will generate benchmark data that will inform 

future exoskeleton and prosthesis design. 

Background 

 Biomechanists and physiologists have disputed the sources of metabolic 

energy expenditure in human locomotion for decades (Alexander, 1991; 

Cavanagh and Kram, 1985; Elftman, 1939b; Kram, 2000; Saunders et al., 1953; 

Taylor, 1994; Williams, 1985; Williams and Cavanagh, 1987). Muscles require 

fuel, or metabolic energy to produce force. Early studies showed that isolated 

muscle requires some energy during active lengthening contractions (i.e. to 

produce negative work), a little more energy during isometric contractions (i.e. to 

produce force but no work) and the most energy during active shortening 

contractions (i.e. to produce positive work) (Abbott et al., 1952; Bigland-Ritchie 

and Woods, 1976; Fenn, 1924; Hill, 1938; Hill, 1939; Rall, 1985). Furthermore, 

the metabolic energy consumption during all of these actions increases with 

increasing muscle force. 

 A ‘muscular efficiency’; or the ratio of mechanical energy output to 

metabolic energy input can be calculated for shortening or lengthening muscle 

contractions. Isolated muscle experiments have revealed ‘muscular efficiencies’ 

of approximately 25-30% for positive work and -120% for negative work (Heglund 

and Cavagna, 1985; Hill, 1939; Woledge, 1985). ‘Muscular efficiency’ can be 

useful for predicting the energetic cost of whole-body movements that require 

predominantly positive or negative mechanical power output (Abbott et al., 1952; 

Aura and Komi, 1986; Bobbert, 1960; Margaria, 1938; Margaria, 1976) but 
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locomotion is typically rhythmic with muscles performing a mixture of positive and 

negative work. As result, whole-body calculations of efficiency during human 

locomotion are extremely variable and can range from 10% to 80% depending on 

the task and the method of estimating mechanical work (Cavagna and Kaneko, 

1977; Willems et al., 1995; Williams, 1985). Work-loop experiments that put 

muscle under stretch-shortening cycles tend to reflect in vivo muscle actions 

more accurately than purely concentric or purely eccentric experiments 

(Josephson, 1985; Josephson, 1989). Even measures of muscular efficiency 

during stretch-shortening actions are inconsistent, yielding efficiencies as low as 

15% and as high as 52% (Barclay, 1994; Heglund and Cavagna, 1987). 

Furthermore, muscle actions in vivo are likely very different than those of isolated 

muscle. 

 In vivo muscle action is complicated by various aspects of musculoskeletal 

system organization. Compliance due to elasticity results in complex mechanical 

interactions between muscles and tendons in series (Roberts, 2002). Tendon 

stretch may allow overall muscle-tendon lengthening while muscles remain 

isometric or even shorten. Furthermore, the musculoskeletal system has many 

more muscles than joints and some muscles cross more than one joint. Thus, 

knowledge of how a joint is moving may not reflect how the underlying muscles 

are operating (Prilutsky et al., 1996). These complications make accurate 

predictions of individual muscle forces and displacements extremely difficult. 

Ultimately, the relative amounts of positive work, negative work, and isometric 
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activation summed over all of the muscles must be known to accurately predict 

the metabolic energy expenditure of a given task. 

 The link between mechanical energy production and metabolic energy 

expenditure is tenuous for whole-body movements precisely because it is 

exceedingly difficult to know the exact actions of muscles in vivo. Measurements 

of metabolic energy expenditure from methods of open-circuit spirometry have 

been validated and are relatively consistent across the literature (Bertram and 

Ruina, 2001; Brooks et al., 1996; Elftman, 1966; Zarrugh et al., 1974). In 

contrast, measurements of muscle mechanical energy production are limited to 

estimates that can be made from gross movement patterns of the body. External 

mechanical work done on the center of mass can be estimated using a force 

platform as an ergometer during gait (Cavagna, 1975; Cavagna et al., 1963). 

This combined limbs method (CLM) may underestimate muscle mechanical work 

in two ways: (1) it does not account for mechanical energy used to move 

segments relative to the center of mass and (2) it does not account for 

simultaneous mechanical work done on the center of mass by each limb when 

they are both in contact with the ground. To address energy relative to the center 

of mass a method was developed to calculate internal work by summing segment 

energies computed from motion capture techniques through time (Winter, 1979). 

To address simultaneous work done by the limbs on the center of mass the 

individual limbs method (ILM) was developed (Donelan et al., 2002a; Donelan et 

al., 2002b). Other variations using either or both segment energies and force 

platforms have been demonstrated (Cappozzo et al., 1976; Craik and Oatis, 
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1995; Elftman, 1939a; Robertson and Winter, 1980). The technique of inverse 

dynamics was developed to estimate the net muscle moments acting at the joints 

using force platform data and motion capture data together with a linked segment 

model of the body and Newton-Euler mechanics (Winter, 1990). With estimated 

net muscle moments and joint angular velocities the net muscle power (and 

therefore work) produced by muscles at a joint can be computed (Joint Power 

Method (JPM)). The joint work can then be summed over all joints to estimate the 

total net mechanical energy performed by muscles (Winter, 1990). One drawback 

of inverse dynamics is that it fails to account for muscles that work against each 

other during movement (co-contractions) and thus may still underestimate the 

actual work produced by muscles in vivo. In addition, it is difficult to account for 

energy transfer via biarticular muscles. More recently, computer simulations of 

walking gait that include models of individual muscle-tendon actuators acting at 

the joints have been used to estimate in-vivo muscle work and power (Anderson 

and Pandy, 2001; Neptune et al., 2004b; Pandy, 2001). In summary, there are 

many techniques for estimating the mechanical energy produced by muscles, but 

they are each closely tied to underlying models that may be plagued by 

unrealistic assumptions. 

 Despite the difficulties in estimating the mechanical energy production of 

muscles in-vivo, biomechanists have been able to partition the energetic cost of 

walking and running into factors such as leg swing, body-weight support, forward 

propulsion, and center of mass movement (Doke et al., 2005; Gottschall and 

Kram, 2003; Gottschall and Kram, 2005; Grabowski et al., 2005; Griffin et al., 
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2003; Hardt and Mann, 1980; Kram, 2000; Myers et al., 1993; Neptune et al., 

2001; Neptune et al., 2004a; Neptune et al., 2004b; Saunders et al., 1953; 

Taylor, 1994). A number of experimental paradigms have been useful in this 

partitioning of energetic cost. Simulated reduced gravity (Cavagna et al., 2000; 

Farley and McMahon, 1992; Griffin et al., 1999; Newman et al., 1994), horizontal 

forces (Boyne et al., 1981; Chang and Kram, 1999; Donovan and Brooks, 1977; 

Gottschall and Kram, 2003; Lloyd and Zacks, 1972), inclines (Margaria, 1938; 

Minetti et al., 1993; Pimental and Pandolf, 1979) and added loads (Grabowski et 

al., 2005; Griffin et al., 2003; Soule et al., 1978) can all perturb locomotion 

mechanics at the whole-body level to provide insight into the relative metabolic 

costs of different factors. The findings from these studies have provided many 

perspectives and a lot of data, but there is still considerable debate about the 

relative metabolic costs of different biomechanical functions during walking and 

running. 

 One aspect of walking mechanics that is not debated is that the majority of 

the positive mechanical work done on the center of mass is observed at the end 

of the double-support phase during trailing limb push-off (Donelan et al., 2002a; 

Donelan et al., 2002b; Kuo et al., 2005). Inverse dynamics can be used to get at 

possible sources of this push-off power burst by partitioning center of mass work 

into contributions from the hip, knee, and ankle. Although few studies have 

quantified joint work directly, estimates from inverse dynamics power curves over 

a full walking stride suggest that the ankle joint supplies up to half of the total 

positive mechanical work summed over the lower-limb joints for level, preferred 
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speed walking (Winter, 1991). Furthermore, during the double support phase of 

walking, ankle joint positive work accounts for up to 70% of the positive work 

summed across the joints (Meinders et al., 1998). Thus, the ankle joint extensors 

may be the primary power source during the trailing limb push-off in level walking 

(Gitter et al., 1991; Gottschall and Kram, 2003; Kuo et al., 2005).  

 In this dissertation, I employed a new experimental paradigm that can alter 

the mechanical work required by muscle-tendon at the level of the joints. The 

paradigm is novel because previous studies have only perturbed center of mass 

level mechanics and thus have not been able to isolate the contributions of 

muscle-tendons at a single joint to the metabolic cost of locomotion. We have 

developed a pneumatically powered lower-limb orthosis (i.e. exoskeleton) that 

humans can comfortably wear during relatively long periods of treadmill 

locomotion (Ferris et al., 2005; Ferris et al., 2006; Gordon et al., 2006). It 

consists of a lightweight carbon fiber shell with a hinge joint at the ankle and a 

single artificial pneumatic muscle that can provide high power outputs while 

adding minimal weight. The artificial pneumatic muscle is activated using 

proportional myoelectrical control. Air pressure in the muscle is adjusted based 

on the amplitude of the surface electromyography (EMG) signal generated by the 

soleus muscle from the person wearing the exoskeleton. This results in a very 

natural and physiologically relevant means of exoskeleton control to which 

humans quickly adapt (Gordon and Ferris, 2007). Our powered ankle 

exoskeletons can reach a maximum of 50% of the net muscle moment and can 



9 

produce ~65%-75% of the positive work (12-14 J unilateral) observed at the 

ankle during normal locomotion (i.e. without the exoskeleton) at 1.25 m/s.  

 If the ankle joint produces the majority of the lower-limb positive 

mechanical work during push-off then it should be possible to reduce metabolic 

cost of walking with an external power source at the ankle. Inverse dynamics 

analyses indicate that 35%-50% of the positive work during a walking step is 

observed at the ankle joint (Eng and Winter, 1995). Our previous work indicates 

that our exoskeletons can supply 12-14 J or ~75% of the total ankle positive work 

over a step. Furthermore, with practice, the exoskeletons deliver mechanical 

power at the right time during gait (i.e. exoskeletons do not absorb energy). 

Therefore, if ankle joint positive work constitutes 35%-50% of the total positive 

work done across the joints, and we can supply up to 75% of that ankle work with 

our exoskeletons in each step, the positive muscle-tendon work required by the 

user’s ankle joint would be reduced by 25%-38%. If we accept that lower-limb 

joint mechanical work is proportional to net metabolic cost, and that most of the 

ankle joint work is performed by active muscles, then metabolic energy 

consumption during powered walking should decrease by up to 38% when 

comparing powered to unpowered walking. On the other hand, it could be that 

humans have adopted optimal walking mechanics such that powered assistance 

cannot reduce the metabolic cost of walking at all (Alexander, 2002; Bertram, 

2005; Bertram and Ruina, 2001; Kuo, 2001; Srinivasan and Ruina, 2006). 

 In Chapter II, I examine whether bilateral powered ankle exoskeletons can 

reduce the metabolic cost of level preferred step length walking at 1.25 m/s. 
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 In the next two chapters I study the effect of increasing center of mass 

mechanical workload on exoskeleton performance. In Chapter III, I examine the 

effect of walking step length on the performance of powered ankle exoskeletons 

to reduce the metabolic cost of walking. In Chapter IV, I study the effect of 

surface incline on the performance of powered ankle exoskeletons to reduce the 

metabolic cost of walking. 

 In each chapter I estimate the ankle joint ‘apparent efficiency’ of positive 

muscle-tendon mechanical work by computing the ratio of exoskeletons’ average 

positive mechanical power to subjects’ reduction in net metabolic power. If all of 

the positive mechanical work produced by the ankle exoskeletons goes to reduce 

underlying positive muscle work at the ankle joint, the reduction in net metabolic 

cost should be four times the amount of exoskeleton mechanical assistance (i.e. 

‘apparent efficiency’ of ankle positive mechanical work of ~0.25). If however, part 

of the work at the joint is produced by recoiling Achilles tendon, the reduction in 

net metabolic cost might be less than four times the amount of exoskeleton 

mechanical assistance, yielding ‘apparent efficiency’ of ankle positive mechanical 

work > 0.25. Therefore, a measure of the efficiency at which mechanical power is 

transferred from a powered ankle exoskeleton to the biological ankle muscle-

tendon system is an indicator of the relative contribution of elastic energy storage 

and return versus active muscle shortening to total ankle joint positive 

mechanical work under different walking conditions. 

 In summary, we know that ankle exoskeletons can produce mechanical 

power when attached to a walking human. The physiological response of the 
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human user to exoskeleton mechanical assistance is difficult to predict because 

a consistent relationship between the mechanics and energetics of human 

walking has not been established. This dissertation will examine the contribution 

of ankle joint positive mechanical work to the metabolic cost of human walking by 

adding powered assistance at the ankle while directly monitoring metabolic 

energy expenditure through oxygen uptake measurements. The results will give 

insight into the relative distribution of mechanical and metabolic energy 

expenditure across the lower-limb joints during human walking and inform future 

designs for robotic exoskeletons and powered prostheses. 
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Chapter II 

 

Mechanics and energetics of level walking with powered ankle 
exoskeletons 

 

Summary 

Robotic lower-limb exoskeletons that can alter joint mechanical power output are 

novel tools for studying the relationship between the mechanics and energetics 

of human locomotion. We built pneumatically-powered ankle exoskeletons 

controlled by the user’s own soleus electromyography (i.e. proportional 

myoelectric control) to determine whether mechanical assistance at the ankle 

joint could reduce the metabolic cost of level, steady-speed human walking. We 

hypothesized that subjects would reduce their net metabolic power in proportion 

to the average positive mechanical power delivered by the bilateral ankle 

exoskeletons. Nine healthy individuals completed three 30 minute sessions 

walking at 1.25 m/s while wearing the exoskeletons. Over the three sessions, 

subjects’ net metabolic energy expenditure during powered walking progressed 

from +7% to -10% of that during unpowered walking. With practice, subjects 

significantly reduced soleus muscle activity (by ~28% RMS EMG, p < 0.0001) 

and negative exoskeleton mechanical power (-0.09 W/kg at the beginning of 

session 1 and -0.03 W/kg at the end of session 3; (p = 0.005)). Ankle joint 
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kinematics returned to similar patterns as unpowered walking. At the end of the 

third session, the powered exoskeletons delivered ~63% of the average ankle 

joint positive mechanical power and ~22% of the total positive mechanical power 

generated by all of the joints summed (ankle, knee and hip) during unpowered 

walking. Decreases in total joint positive mechanical power due to powered ankle 

assistance (~22%) were not proportional to reductions in net metabolic power 

(~10%). The ‘apparent efficiency’ of the ankle joint muscle-tendon system was 

>0.25 (~0.61) during human walking suggesting that recoiling Achilles tendon 

contributes a significant amount of ankle joint positive power during push-off. 

 
 
Keywords: Locomotion, walking, metabolic cost, exoskeletons, ankle, human, 
efficiency, inverse dynamics, joint power 
 
 

Introduction 

 Humans are adept at harnessing the passive dynamics of their lower limbs 

to save energy during each walking step (Alexander, 1991; Cavagna et al., 2002; 

Kuo et al., 2005). During the single support phase, the center of mass trajectory 

approximates that of an energy conserving inverted pendulum (Alexander, 1995; 

Cavagna and Margaria, 1966; Kuo et al., 2005). As the center of mass moves 

upward then downward along a curved arc, gravitational potential energy and 

kinetic energy cycle nearly out of phase so that, in theory, zero mechanical work 

is required to sustain motion (Cavagna et al., 1976). The swing leg also behaves 

like a pendulum and will oscillate freely near its natural frequency with very little 

energy input (Mochon and McMahon, 1980). If swing and stance leg dynamics 
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are matched so that they share a common cycle period, very little mechanical 

energy is required over a step. However, despite the available energy saving 

pendular mechanisms, walking still requires a significant amount of metabolic 

energy (Kuo et al., 2005). 

 Walking like an inverted pendulum has energetic consequences. Pendular 

exchange can only occur within a single step. At the end of each step, the 

leading leg collides into the ground, negative work is performed on the center of 

mass and energy is lost. In order to maintain steady walking, (i.e. zero net work 

on the center of mass over a stride) the lost energy must be exactly replaced. 

Active muscle work is required to redirect the velocity of the center of mass from 

the downward portion of one inverted pendulum to the upward portion of the 

next. Donelan et al. examined the mechanics of the step to step transition in 

detail using two force platforms to simultaneously record the ground reaction 

forces exerted by each limb during the double support phase of walking. They 

found that while the leading limb performs negative work during the collision the 

trailing limb performs simultaneous positive work to restore most of the energy of 

the center of mass (Donelan et al., 2002b). For walking at 1.25 m/s ~70% of the 

positive work performed on the center of mass is performed during double 

support (15.4 J of 21.7 J total). Furthermore, the mechanical work performed 

during double support increases with increasing step length and exacts a 

proportional metabolic cost (Donelan et al., 2002a). The combined results of 

these studies indicate that step-to-step transitions are a major determinant of the 
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metabolic cost during level walking (Donelan et al., 2002a; Donelan et al., 2002b; 

Kuo et al., 2005). 

 Other studies combining measurements of oxygen consumption and 

center of mass level mechanics support the idea that step-to-step transitions are 

costly. Gottschall et al. studied the cost of propulsion during walking using a 

horizontal pulling apparatus to apply aiding and impeding forces via a harness 

attached to the waist (Gottschall and Kram, 2003). When subjects walked at 1.25 

m/s with an optimal aiding force of 10% bodyweight, forward directed impulse on 

the ground was minimized (21% of normal) and net metabolic cost decreased to 

53% of normal walking. These results indicate that the propulsive push-off phase 

of walking could account for 47% of the metabolic cost of walking. In another 

study employing center of mass level perturbations, Grabowski et al. examined 

the relative costs of supporting bodyweight versus accelerating the center of 

mass during walking (Grabowski et al., 2005). They added weight to the hips and 

used an upward directed force to offset the additional load and isolate the effects 

of added mass only. They determined that the cost of mechanical work to 

redirect the center of mass velocity comprises ~45% of the metabolic cost of 

normal walking and is almost twice as great as the cost to support bodyweight. 

 One considerable drawback to studies employing center of mass level 

mechanical analyses is that they cannot directly address the relative roles of the 

lower-limb joints in generating mechanical power during walking. Although it is 

clear that a substantial amount of work is done by the trailing limb during double 

support, our understanding of how the ankle, knee, and hip joints generate that 
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energy is limited. Inverse dynamics can be used to get at possible sources of the 

push-off power burst by partitioning joint work into contributions from the hip, 

knee, and ankle (Winter, 1990). Few studies have quantified joint work directly, 

but estimates from single limb joint power curves over a full walking stride at 1.6 

m/s suggest that the ankle (~38%) and hip (~50%) combine to generate the 

majority of the positive work summed over the lower-limb joints (Eng and Winter, 

1995). However, when viewing only the push-off period of double support, it is 

evident that the ankle joint contributes more power than either the hip or knee 

(Kuo et al., 2005; Winter, 1991). Without direct in vivo measurements of triceps 

surae-Achilles tendon dynamics, it is difficult to assess whether the majority of 

ankle joint push-off power is generated by positive work performed by muscle or 

by tendon recoil. 

 Elastic energy released from a recoiling Achilles tendon may be a critical 

power source during human walking. Recent advances in ultrasonography have 

facilitated examination of muscle-tendon interaction dynamics during walking 

(Fukunaga et al., 2001; Ishikawa et al., 2005; Lichtwark and Wilson, 2006). 

Results between studies are consistent and indicate that both soleus and 

gastrocnemius muscles perform some but not all of the ankle joint positive work 

during push-off. Furthermore, the Achilles tendon undergoes a substantial 

amount of displacement and recoils in a ‘catapult action’, allowing muscles to 

remain nearly isometric, at an operating point favoring efficient force production. 

 Powered lower-limb exoskeletons offer a novel means to alter the 

mechanics of walking at the level of the joints (rather than the center of mass) 



23 

and study the human physiological response. Recently, Gordon et al. used a 

unilateral powered lower-limb orthosis to study motor adaptation during walking. 

The results showed that humans can rapidly learn to walk with ankle joint 

mechanical assistance controlled by their own soleus muscle (i.e. under 

proportional myoelectric control) (Gordon and Ferris, 2007). Over two thirty 

minute powered walking practice sessions individuals altered their soleus muscle 

activation to command distinct bursts of exoskeleton power focused at the push-

off phase of walking. Although these results suggest that the human nervous 

system can selectively alter muscle activation patterns to produce efficient 

exoskeleton mechanics, measurements of the user’s metabolic energy 

expenditure were not taken to assess changes in metabolic cost. 

 The purpose of the present study was to quantify the metabolic cost of 

ankle joint work during level walking. We used bilateral powered exoskeletons to 

alter joint level mechanics in order to answer two questions: (1) How much can 

powered plantar flexion assistance during push-off reduce the metabolic cost of 

walking? (2) What is the ‘apparent efficiency’ of ankle joint work? Isolated 

muscles generate positive mechanical work with an efficiency of 0.25 (i.e. 1 J 

positive mechanical energy consumes 4 J metabolic energy) (Fenn, 1924; Hill, 

1938). We assumed that the positive mechanical work delivered by the powered 

exoskeletons’ artificial muscles would directly replace biological ankle extensor 

positive muscle work. Thus, we hypothesized that for every 1 Joule of positive 

work the exoskeletons delivered, the user would save 4 Joules of metabolic 

energy. Further, we expected that the net metabolic power would be reduced in 
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proportion to the relative contribution of exoskeleton positive work to the summed 

positive joint work (ankle + knee +hip) over a stride. Stated differently, we 

hypothesized that ankle joint work is performed with an ‘apparent efficiency’ 

equal to 0.25, reflecting underlying positive work performed by ankle extensor 

muscles. We also expected reduced muscle activation amplitudes in the triceps 

surae group during powered walking. To test these ideas we compared subjects’ 

net metabolic power and electromyography amplitudes with exoskeletons 

powered versus unpowered during level, steady-speed walking. In addition, for 

powered walking we used measurements of artificial muscle forces and moment 

arm lengths to compute the average mechanical power delivered by the 

exoskeletons over a stride. With simultaneous measurements of the mechanics 

and energetics of powered walking we computed the ‘apparent efficiency’ of 

ankle joint positve work to gain insight into underlying ankle extensor muscle-

tendon function. Studying the relationship between the mechanics and energetics 

at the level of the joints is an important step in integrating results from isolated 

muscle experiments with whole-body locomotion. 

Materials and methods  

 Subjects. We recruited nine (4 males, 5 females) healthy subjects (body 

mass = 77.8 ± 12.4 kg; height = 179 ± 9 cm; leg length = 93 ± 5 cm (mean ± 

s.d.)) who exhibited no gait abnormalities and had not previously walked with 

powered exoskeletons. Each participant read and signed a consent form 

prepared according the Declaration of Helsinki and approved by the University of 

Michigan Institutional Review Board for human subject research. 
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 Exoskeletons. We constructed bilateral, custom-fitted ankle-foot orthoses 

(i.e. exoskeletons) for each subject (Figure 2.1). Details on the design and 

performance of the exoskeletons are documented elsewhere (Ferris et al., 2005; 

Ferris et al., 2006; Gordon et al., 2006). Briefly, the lightweight exoskeletons 

(mass = 1.21 ± 0.12 kg each) consisted of a polypropylene foot section attached 

to a carbon fiber shank with a hinge joint that allowed free motion about the ankle 

flexion-extension axis of rotation. We attached artificial pneumatic muscles 

(length = 46.0 ± 1.7 cm) along the posterior shank between two stainless steel 

brackets (moment arm = 10.4 ± 1.2 cm) to provide augmented plantar flexor 

torque. A physiologically-inspired controller incorporated the user’s own soleus 

electromyography to dictate the timing and amplitude of mechanical assistance 

(i.e. proportional myoelectric control) (Gordon and Ferris, 2007). 

 Protocol. Subjects practiced walking with bilateral ankle exoskeletons on a 

motorized treadmill set to 1.25 m/s during three separate practice sessions 

(Session 1, Session 2, Session 3) (Figure 2.1). Our previous work with a 

unilateral exoskeleton showed that changes in kinematics and electromyography 

reached steady-state after two thirty minute practice sessions. We chose three 

sessions based on pilot studies that indicated no further reduction in net 

metabolic power during powered walking with an additional practice during a 

fourth session (n = 3, ANOVA p = 0.97). Thus, we considered data from the end 

of the third practice session as representative of adapted powered walking. The 

practice sessions were separated by three to five days to allow for motor 
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consolidation (Gordon and Ferris, 2007; Shadmehr and Holcomb, 1997). Each 

session followed the same walking timeframe (Figure 2.1). 

 At the start of the session subjects walked for 10 minutes wearing bilateral 

ankle exoskeletons unpowered (Unpowered). Subjects then completed 30 

minutes of walking with the exoskeletons powered (Powered). Finally, subjects 

walked for 15 minutes with exoskeletons unpowered (Unpowered). Subjects 

chose their preferred step length, step width, and step frequency throughout. We 

tuned the gain and threshold of the proportional myoelectric controller during the 

initial unpowered walking bout so that the control signal saturated for at least five 

consecutive steps. We then doubled the gain to encourage reduction in soleus 

muscle recruitment (Gordon and Ferris, 2007). 

 We collected ten second trials (~7 full strides) of kinematic, 

electromyographic and artificial muscle force data at the beginning of each 

minute during each practice session. Metabolic data were collected continuously. 

For analysis, we averaged data from minutes 7-9 of the first unpowered bout 

(Unpowered Beginning), minutes 3-5 (Powered Beginning) and 27-29 

(Powered End) of the powered bout and minutes 12-14 of the second 

unpowered bout (Unpowered End). 

 Metabolic Cost. We used an open-circuit spirometry system (Physiodyne 

Instruments, Quogue, NY, USA) to record O2 and CO2 flow rates (Blaxter, 1989; 

Brooks et al., 1996). We converted averaged flow rates for each of the two 

minute analysis intervals to units of metabolic power (Watts) using the standard 

equations documented by Brockway (Brockway, 1987). To obtain the net 
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metabolic power we averaged data from minutes 4-6 of a seven minute quiet 

standing trial and subtracted it from the gross metabolic power (Griffin et al., 

2003; Poole et al., 1992). Net metabolic power values were then divided by 

subject mass. Throughout each session, care was taken to monitor the 

respiratory exchange ratio (RER) and ensure that subjects stayed in their aerobic 

range (RER < 1) (Brooks et al., 1996). We used the net metabolic power from the 

Unpowered Beginning interval to compute percentage differences between 

unpowered and powered walking during each session. 

 Kinematics. We used an 8-camera video system (frame rate 120 Hz, 

Motion Analysis Corporation, Santa Rosa, CA, USA) and placed twenty-nine 

reflective markers on the subjects’ pelvis and lower limbs and recorded their 

positions during treadmill walking. We used custom software (Visual 3D, C-

Motion, Rockville, MD) to apply a 4th-order Butterworth low-pass filter (cutoff 

frequency 6 Hz) and smooth raw marker data. Using the smoothed marker data, 

we calculated joint angles (relative to neutral standing posture) and angular 

velocities (ankle, knee, hip) for both legs. We marked heel-strike and toe-off 

events using footswitches (1200 Hz, B & L Engineering, Tustin, CA, USA) and 

calculated the step period (time from heel-strike of one leg to heel-strike of the 

other leg) and double support period (time from heel-strike of one leg to toe-off of 

the other). To calculate step length and step width we computed the fore-aft and 

lateral distances between calcaneus markers at heel-strike. Joint angles for the 

right and left legs were averaged from heel-strike (0%) to heel-strike (100%) to 

get the stride cycle average joint kinematics profiles. 
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 Joint Mechanics. To establish baseline joint mechanical power output we 

collected seven overground trials at 1.25 m/s for each subject walking with 

unpowered exoskeletons. To ensure that trials were within ± 0.05 m/s of the 

target speed, we used infrared timers triggered at beginning and end of the 

walkway. We used two force platforms (sampling rate 1200Hz, Advanced 

Mechanical Technology Inc., Watertown, MA, USA) to record ground reaction 

forces under each foot (left then right). Combining force platform and marker data 

we used inverse dynamics to calculate ankle, knee, and hip mechanical power 

over the stride for each leg (Visual3D software, C-Motion, Rockville, MD, USA). 

We used standard regression equations to estimate subjects’ anthropometry 

(Zatsiorsky and Seluyanov, 1983) and adjusted foot and shank parameters to 

account for added exoskeleton mass and inertia. We averaged joint powers for 

the right and left legs (from heel-strike to heel-strike for each leg) and divided by 

subject mass to get the stride cycle average exoskeleton mechanical power. 

 We quantified the average rate of joint positive and negative mechanical 

work over a stride. For each joint, we integrated only the positive (or negative) 

portions of both the left and right mechanical power curves (from right heel-strike 

to left heel-strike to capture simultaneous trailing and leading limb joint powers), 

summed them, and divided the total by the average step period. 

 Exoskeleton Mechanics. We used single-axis compression load 

transducers (1200Hz, Omega Engineering, Stamford, CT, USA) to record the 

forces produced by the artificial pneumatic muscles during powered walking. We 

measured the artificial muscle moment arm with the ankle joint in the neutral 
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position during upright standing posture (moment arm = 10.4 ± 1.2 cm). We 

multiplied moment arm measurements and smoothed artificial muscle force data 

(low-pass filtered, 4th order Butterworth, cutoff frequency 6 Hz) to compute the 

exoskeleton torque for each leg. To determine the mechanical power delivered 

by the exoskeletons we multiplied the torque and ankle joint angular velocity 

(from motion capture). We averaged the exoskeleton power for the right and left 

legs (from heel-strike to heel-strike for each leg) and divided by subject mass to 

get the stride cycle average exoskeleton mechanical power.  

 We quantified the average rate of exoskeleton positive and negative 

mechanical work over a stride for comparisons with net metabolic power and 

baseline joint mechanics. We integrated only the positive (or negative) portions of 

both the left and right exoskeleton mechanical power curves (from left heel-strike 

to left heel-strike), summed them, and divided the total by the average stride 

period. 

 Electromyography. We recorded bilateral lower-limb surface 

electromyography (EMG) (1200 Hz, Konigsberg Instruments, Inc., Pasadena, 

CA, USA) from soleus (Sol), tibialis anterior (TA), medial gastrocnemius (MG) 

and lateral gastrocnemius (LG) using bipolar electrodes (inter-electrode distance 

= 3.5 cm) centered over the belly of the muscle along its long axis. EMG amplifier 

bandwidth filter was 12.5 Hz – 920 Hz. We placed electrodes to minimize cross-

talk and taped them down to minimize movement artifact. We marked the 

locations of the electrodes on the skin so we could place them in the same 

position from session to session. We high-pass filtered (4th order Butterworth, 
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cutoff frequency 20 Hz), rectified and low-pass filtered (4th order Butterworth, 

cutoff frequency 10 Hz) each of the EMG signals (i.e. linear envelope). We 

averaged the linear enveloped EMG for the right and left legs (from heel-strike to 

heel-strike for each leg) to get stride cycle averages. We normalized the curves 

using the peak value (average of left and right) for each muscle during the first 

unpowered walking bout (Unpowered Beginning) during each session. 

 To quantify changes in EMG amplitudes we computed stance phase root 

mean square (RMS) average EMG amplitudes from the high-pass filtered, 

rectified EMG data of each leg. We averaged RMS EMG values from each leg 

and normalized using the average RMS value from the Unpowered Beginning 

interval. 

 Exoskeleton Performance Index. We combined mechanical and metabolic 

analyses to determine the exoskeleton performance index. First, we calculated 

metabolic power savings due to the exoskeletons by subtracting the net 

metabolic power during the first unpowered walking interval in each session from 

the net metabolic power during each of the powered walking intervals in that 

session. Computing this difference provides a valid method of testing metabolic 

efficiency (Gaesser and Brooks, 1975). This method accounts for the fact that 

some metabolic cost during locomotion can be attributed to sources other than 

limb muscle energetics (e.g. breathing, circulation, digestion, etc.), resulting in 

whole-body metabolic power calculations that parallel direct lower-limb metabolic 

power across different workloads (Poole et al., 1992). We assumed that changes 

in metabolic cost would reflect the cost of the biological muscle positive work 
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replaced by the powered exoskeletons. Muscles perform positive mechanical 

work with a ‘muscular efficiency’ of 0.25 (Fenn, 1924; Hill, 1938). Thus, we 

multiplied changes in net metabolic power by 0.25 to yield the expected amount 

of positive mechanical power delivered by exoskeletons. Then we divided the 

measured by the expected average positive mechanical power delivered by the 

exoskeletons to yield the exoskeleton performance index (Equation 1). A 

performance index of 1.0 would suggest that exoskeleton assistance completely 

replaced underlying biological muscle positive mechanical work. 

 

 

 

 An equivalent ‘apparent efficiency’ (Asmussen and Bonde-Petersen, 

1974) can be computed by taking the reciprocal of four times the performance 

index (i.e. performance index = 1.0 is equivalent to ‘apparent efficiency’ = 0.25) 

(Equation 2). 

 

 

 

 We chose this performance index as the primary metric for two reasons: 
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approaches unity from below rather than 0.25 from above as reductions in 

metabolic cost increase. 

 Statistical Analyses. We used JMP statistical software (SAS Institute, Inc. 

Cary, NC, USA) to perform repeated measures analysis of variance tests 

(ANOVAs). When we found a significant effect (p < 0.05) we used post-hoc 

Tukey Honestly Significant Difference (THSD) tests to determine specific 

differences between means. Statistical power analyses were done for tests 

yielding significance (p < 0.05). 

 In the first two analyses (one for powered walking data, one for 

unpowered walking data) we assessed the effects of practice session (Session 

1, Session 2, Session 3) and period (Beginning, End) on net metabolic power, 

exoskeleton mechanics, stance phase RMS EMG and gait kinematics metrics 

(three-way ANOVA (subject, session, period)). 

 In the other three ANOVA analyses (one for Session 1, Session 2 and 

Session 3) we assessed the effect of exoskeleton condition (Unpowered, 

Powered) on net metabolic power, stance phase RMS EMG and gait kinematics 

metrics (three-way ANOVA (subject, condition, period)). 

Results 

 Joint Kinematics. During powered walking, subjects initially (Powered 

Beginning Session 1) walked with increased ankle plantar flexion throughout 

the stride. By the end of the third practice session (Powered End Session 3) 

stance phase ankle joint kinematics returned closer to the unpowered condition, 

but push-off started earlier in stance and peak plantar flexion angle was larger 
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(Figure 2.2). With practice, powered swing phase ankle kinematics became 

similar to the pattern observed during unpowered walking. 

 Knee and hip joint kinematics were not altered by exoskeleton powering 

and there were no changes in unpowered ankle, knee, or hip joint kinematics 

over the practice sessions (Figure 2.2). 

 Exoskeleton Mechanics. Ankle exoskeletons produced passive torques 

near zero during unpowered walking. During the beginning of the first powered 

interval (Powered Beginning Session 1) the exoskeletons produced plantar 

flexor torque over most of the stance phase. Exoskeletons also produced some 

extensor torque during the swing phase. With practice, exoskeleton torque 

became narrowly focused near the push-off phase of stance and was absent 

during swing. At the end of the third powered session (Powered End Session 3) 

peak exoskeleton torque reached ~0.47 N-m/kg or ~37% of the peak ankle joint 

moment from overground trials during unpowered walking. 

 Changes in exoskeleton torque were reflected in the mechanical power 

they delivered to the users’ ankle joints. Because exoskeleton torque was initially 

spread over the stride there were periods of negative mechanical work done (i.e. 

energy absorption) by the mechanical assistance during early stance and in 

swing (Figure 2.3). The exoskeletons absorbed -0.09 ± 0.03 W/kg (mean ± s.e.) 

average negative mechanical power and delivered 0.29 ± 0.02 W/kg average 

positive mechanical power over the stride at the beginning of the first powered 

session (Powered Beginning Session 1). As torque became more focused near 

push-off, negative mechanical work done during both swing and early stance was 
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reduced. By the end of the third powered session (Powered End Session 3) 

exoskeleton average negative mechanical power was ~70% lower than during 

the initial powered interval (Powered Beginning Session 1) (ANOVA, p = 0.005; 

THSD, Session 3 < Session 1). Exoskeleton average positive mechanical power 

was not different across practice sessions (ANOVA, p = 0.29), but was 

significantly lower at the end of each session when compared to the beginning of 

each session (ANOVA, p = 0.001; THSD, End < Beginning). At the end of the 

third practice session, (Powered End Session 3) the exoskeletons delivered 

0.23 ± 0.02 W/kg average positive mechanical power over a stride. This was 

63% of unpowered ankle joint average positive mechanical power and 22% of 

unpowered average positive joint mechanical power summed across the joints 

(ankle + knee + hip) (Figure 2.5). 

 Metabolic Cost. As exoskeletons absorbed less mechanical energy from 

the user, the net metabolic power during powered walking decreased to levels 

below unpowered walking. Initially, powered assistance increased net metabolic 

power by 0.26 ± 0.28 W/kg (Powered Beginning Session 1) (Figure 2.4 A). 

This was ~7% higher than the net metabolic power during unpowered walking 

(Unpowered Beginning Session 1). With practice, subjects reduced net 

metabolic power significantly both across (ANOVA, p = 0.0001; THSD, Session 3 

< Session 2, Session 3 < Session 1) and within sessions (ANOVA, p = 0.006; 

THSD, End < Beginning) (Table 2.1). The net metabolic power at the beginning 

of the first powered session (Powered Beginning Session 1) was 3.84 ± 0.30 

W/kg but was reduced by 22% (2.99 ± 0.17 W/kg) by the end of the third 
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powered session (Powered End Session 3). Further, the net metabolic power 

was significantly lower (-10%) with exoskeletons powered (2.99 ± 0.17 W/kg; 

Powered End Session 3) versus unpowered (3.31 ± 0.11 W/kg; Unpowered 

Beginning Session 3), by the end of the third practice session (ANOVA, p = 

0.03; THSD, Powered < Unpowered) (Figure 2.4 A, Table 2.1). 

 The metabolic cost of unpowered walking decreased across sessions 

(ANOVA, p = 0.001; THSD, Session 2 < Session 1, Session 3 < Session 1) but 

was not different within sessions (ANOVA, p = 0.34) (Table 2.1). Unpowered net 

metabolic power was ~8% lower during Session 3 when compared to Session 

1. 

 Exoskeleton Performance Index. The metabolic benefit of powered ankle 

assistance increased with practice. Exoskeleton performance was significantly 

higher within practice sessions (ANOVA, p = 0.004; THSD, End > Beginning) and 

followed an increasing trend across practice sessions (ANOVA, p = 0.05) (Figure 

2.4 B). Initially, powered assistance perturbed gait, net metabolic cost was 

elevated, and exoskeletons performance index was negative (-0.14 ± 0.19 during 

Powered Beginning Session 1). By the end of session three (Powered End 

Session 3) exoskeletons average positive mechanical power (0.24 ± 0.02 W/kg) 

reduced the net metabolic power by 0.32 ± 0.12 W/kg and performance index 

was positive (0.41 ± 0.19) (Figure 2.4 B). A performance index of 0.41 is 

equivalent to ankle joint ‘apparent efficiency’ of 0.61. 

 Electromyography. Subjects immediately reduced their soleus muscle 

activation during powered walking and continued to do so with practice (Figure 
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2.6, Table 2.2). By the end of the third practice session, stance phase soleus 

RMS EMG amplitude was 28% lower in the powered (Powered End Session 3) 

versus unpowered (Unpowered Beginning Session 3) condition (ANOVA, p < 

0.0001; THSD, Powered < Unpowered) when compared to the unpowered 

condition (Unpowered Beginning Session 3). Soleus RMS was lower at the 

end when compared to the beginning of the powered interval during each 

practice session (ANOVAs, p = 0.01 in Session 1, p = 0.007 in Session 2 p = 

0.004 in Session 3; THSD, all End < Beginning).  

 Initially subjects increased activity in their tibialis anterior muscle 

throughout the stride providing a reaction torque in response to powered 

assistance. With practice, activity patterns returned to normal (Figure 2.7, Table 

2.2). During the beginning of powered walking (Powered Beginning Session 1), 

tibilais anterior stance phase RMS EMG was 52% higher than the unpowered 

condition (Unpowered Beginning Session 1) (ANOVA, p = 0.001; THSD, 

Powered > Unpowered). During powered walking, tibialis anterior activity 

decreased both across (ANOVA, p = 0.001; THSD, Session 3 < Session 1) and 

within (ANOVA, p = 0.001; THSD, End < Beginning) practice sessions (Figure 

2.7, Table 2.2). By the third session, there was no significant difference between 

unpowered and powered walking tibilais anterior RMS amplitudes (ANOVA, p = 

0.05). 

 At the end of the third powered session (Powered End Session 3), lateral 

gastrocnemius RMS EMG amplitude was ~10% lower than unpowered walking 

(Unpowered Beginning Session 3). Medial gastrocnemius amplitude was 
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reduced as well, but only by ~4%. However, none of the observed reductions in 

stance phase RMS EMG amplitudes for medial or lateral gastrocnemius during 

powered walking were statistically significant (ANOVA, p = 0.52 for medial 

gastrocnemius and p = 0.09 for lateral gastrocnemius) (Table 2.2). 

 Gait Kinematics. Initially subjects took shorter and wider steps during 

powered versus unpowered walking. Step length was 724 ± 9 mm during 

unpowered walking (Unpowered Beginning Session 1) and 713 ± 10 mm 

during powered walking (Powered Beginning Session 1) (ANOVA, p = 0.006; 

THSD, Powered < Unpowered). At the beginning of session one, step width was 

105 ± 10 mm during unpowered walking and 127 ± 8 mm during powered 

walking (ANOVA, p < 0.0001; THSD, Powered > Unpowered). By the end of the 

third session, subjects’ step width during powered walking (120 ± 12 mm) 

(Powered End Session 3) was not different than during unpowered walking (123 

± 11 mm) (Unpowered Beginning Session 3) (ANOVA, p = 0.05). In the third 

session, step length remained slightly shorter in powered (717 ± 14 mm) versus 

unpowered (732 ± 14 mm) walking (ANOVA, p = 0.01; THSD, Powered < 

Unpowered). There were no significant changes in step period or double support 

period due to powered assistance. 

Discussion  

 In this study we quantified the metabolic cost of ankle joint work during 

level, steady-speed walking. We used bilateral powered exoskeletons to alter 

joint level mechanics and answer two questions. (1) Does powered plantar 

flexion assistance during push-off reduce the metabolic cost of walking? (2) What 
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is the ‘apparent efficiency’ of ankle joint work? Our results indicate that when 

powered ankle exoskeletons deliver 22% of the positive work generated by the 

joints (ankle + knee + hip) users reduce net metabolic power by ~10%. We 

determined that the ‘apparent efficiency’ of ankle joint work is 0.61, that is, for 

every 1 Joule of positive mechanical work delivered by ankle exoskeletons, users 

save ~1.6 Joules of metabolic energy. 

 We are aware of only one other study reporting oxygen consumption 

during walking with powered lower-limb exoskeletons. Norris et al. built bilateral 

powered ankle-foot orthoses with hardware based on our previous designs 

(Ferris et al., 2005; Ferris et al., 2006) but using an alternative control scheme 

based on ankle joint kinematics rather than soleus EMG (Norris et al., 2007). 

They examined the effects of augmented plantar flexion power on the economy 

and preferred walking speed in younger and older adults (Norris et al., 2007). 

Norris et al. found that when young adults walked with powered assistance, 

gross metabolic energy per stride was ~8% lower and preferred walking speed 

~7% higher when compared to unpowered walking. Because they used a 

different type of exoskeleton controller (kinematic based timing rather than 

proportional myoelectric control), did not keep speed constant in their 

comparisons, had subjects complete only a very short period of training (less 

than 20 minutes), and did not measure inverse dynamics of their subjects, it is 

difficult to make comparisons between their findings and ours. 

 Our results are consistent with previous studies from our own laboratory 

using a unilateral powered ankle exoskeleton under soleus proportional 
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myoelectric control. Gordon et al. (Gordon and Ferris, 2007) found that within two 

30 minute practice sessions (~45 minutes cumulative powered walking), humans 

reduced soleus activation by ~35%, returned to near normal ankle joint 

kinematics, eliminated exoskeleton negative mechanical power generation, and 

delivered positive exoskeleton mechanical power focused at push-off (~0.13-0.15 

W/kg for 12-14 J). As expected, with practice, our bilateral exoskeletons 

delivered nearly twice the average positive mechanical power (0.24 ± 0.02 W/kg) 

when compared to the single unilateral exoskeleton in the study of Gordon et al. 

We also observed similar changes in ankle joint kinematics, soleus 

electromyography (~28% reduction), and exoskeleton average negative 

mechanical power (~70% reduction) over three training sessions. Gordon et al. 

quantified the time for key metrics (e.g. soleus RMS amplitude, exoskeleton 

positive and negative work, and ankle joint angle correlation common variance) 

to reach steady values. For the metrics they studied, they observed no further 

changes after ~45 minutes of cumulative powered walking. In the current study, 

we did not assess the rate of motor adaptation during powered walking, but data 

on three subjects showed no further reductions in net metabolic power during a 

fourth day of practice. Both tibialis anterior root mean square activation and step 

width remained elevated and did not return to baseline values observed in 

unpowered walking until the end of the third session. These results indicate that 

motor adaptation to bilateral powered assistance is not complete until ~90 

minutes of practice. Thus, learning to walk with bilateral exoskeletons appears to 

be a more challenging task than learning to walk with a unilateral exoskeleton. 
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Our results also suggest that changes in net metabolic power may occur more 

slowly than changes in joint kinematics and muscle activation patterns during 

adaptation to powered walking. 

 Although net metabolic power was reduced by powered assistance, the 

reduction was not as large as expected. Contrary to our hypothesis, net 

metabolic power did not decrease in proportion to the contribution of the average 

positive mechanical power delivered by the exoskeletons to the total positive 

mechanical power generated by the ankle knee and hip. Powered ankle 

exoskeletons delivered 22% of the total (ankle + knee + hip) positive mechanical 

power across the lower-limb joints, but the net metabolic cost of walking 

decreased by only 10%.  

 It was possible that differences in net metabolic power between powered 

and unpowered conditions could have been confounded by differences in gait 

kinematics. Studies have demonstrated that the metabolic cost of walking 

increases with increasing step length (Donelan et al., 2002a), step width 

(Donelan et al., 2001) and step frequency (Bertram and Ruina, 2001). We 

compared step length, step width, double support period and step period 

between powered and unpowered walking in all three sessions. Initially subjects 

took wider and shorter steps during powered walking. By the end of the third 

session there were no differences in step width between powered and 

unpowered walking. Subjects took shorter steps (~2%) during powered 

compared to unpowered walking but these changes are too small to appreciably 

affect net metabolic cost (Donelan et al., 2002a). 
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 Metabolic cost of walking with the powered exoskeletons could also have 

been affected by a number of other factors. Co-activation about a joint can be 

very costly metabolically. Added dorsiflexor reaction torque during stance would 

lead to smaller reductions in net metabolic power when using the exoskeletons. 

We reject this possibility because by the end of three practice sessions, tibialis 

anterior activation was not significantly different during powered versus 

unpowered walking. Although we did not measure muscle activity for more 

proximal muscles (e.g. quadriceps, hamstrings), our previous results indicate that 

changes in those muscles due to powered ankle assistance are not significant 

(Gordon and Ferris, 2007). 

 Another possibility is that adaptation to the powered ankle exoskeletons 

involved compensations at other joints that incur a significant metabolic cost. We 

found no substantial changes in knee or hip joint kinematics due to powered 

assistance at the ankle at any point during practice. Furthermore, 

electromyographic analyses of walking with unilateral powered exoskeletons 

indicated no differences in quadriceps or hamstrings muscle activation after two 

30 minute practice sessions (Gordon and Ferris, 2007). Thus, we think it is 

unlikely that muscles at other joints substantially changed their dynamics. 

 Another potential confounding factor is that negative mechanical work 

performed by the muscles contributes to the net metabolic cost of walking. If we 

assume that muscles perform equal amounts of positive and negative 

mechanical work during walking, and 1 Joule of positive work costs 4 Joules 

metabolic energy while 1 Joule of negative muscle work costs 0.8 Joules 
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metabolic energy, then only ~83% (4.0/4.8 = 0.83) of the net metabolic cost of 

walking is due to muscle positive work. Considering this factor, and assuming the 

exoskeletons only alter the net metabolic cost of positive muscle work, the net 

metabolic cost of walking would only decrease by 83% of the contribution of 

average positive mechanical power delivered by the exoskeletons to the summed 

average lower-limb positive joint mechanical power over a stride. Thus, when 

exoskeletons delivered 22% of the summed joint positive mechanical power over 

a stride, the net metabolic power should have still decreased by ~18%. Our value 

of 10% is still substantially lower than the 18% calculated by assuming only 

muscle performs the negative work during walking (a doubtful assumption given 

the possibility for passive tissues to contribute to negative work). 

 A limitation of our study was that the exoskeletons added mass to the 

lower limbs of the subjects, increasing the metabolic cost of walking compared to 

walking without the exoskeletons. Added distal mass (applied at the feet) 

increases the net metabolic cost of walking by ~8% per added bilateral kilogram 

(Browning et al., 2007). We compared the net metabolic power for powered to 

unpowered exoskeletons walking, rather than for powered to without 

exoskeletons walking, to prevent any increases in metabolic cost due to added 

distal mass from affecting our results. The inverse dynamics analysis we carried 

out to assess lower-limb joint powers also accounted for added exoskeleton 

mass and inertia and should therefore reflect the additional mechanical work 

required to swing the legs. 
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 We originally hypothesized that ankle joint work is performed with an 

‘apparent efficiency’ of 0.25 but our results indicated a value of 0.61. Predicting 

the ‘apparent efficiency’ to be 0.25 relied on the assumption that all of the 

positive work done at the ankle joint was performed by active muscle with a 

‘muscular efficiency’ that matches values from isolated muscle experiments. 

However, the mechanical power observed at a given joint through inverse 

dynamics analysis may not be performed exclusively by the muscles at that joint. 

Bi-articular muscles, which act across two joints (e.g. medial and lateral 

gastrocnemius act across both ankle and knee joints) can transfer power 

between joints. In addition, compliant tendons in series with muscle can perform 

positive work by returning stored strain energy. These two factors, bi-articular 

power transfer and elastic energy storage and return (e.g. in the Achilles tendon) 

could lead to much higher calculations of ‘apparent efficiency’ for ankle joint 

mechanical work. If we assume that only elastic energy storage and return is 

responsible for the high ‘apparent efficiency’, then up to 60% of the positive work 

delivered by the ankle joint during push-off comes from elastic recoil. Recent 

evidence from ultrasound experiments in humans supports this idea. Both soleus 

and medial gastrocnemius muscles remain nearly isometric during the push-off 

phase of stance during walking. We estimate more than 50% of the positive 

mechanical work at the ankle originates from elastic recoil of the Achilles tendon 

based on the available published data (Ishikawa et al., 2005; Lichtwark and 

Wilson, 2006). If ~50-60% of the ankle joint positive mechanical power output is 

performed by recoiling tendon, then an 18-22% reduction in positive mechanical 
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power output of the lower-limb joints due to powered exoskeletons would yield a 

7-11% decrease in net metabolic power. Our observed 10% reduction in net 

metabolic power falls within that range.  

 Implications and Future Work. Biomechanists and physiologists have been 

debating the metabolic costs of human walking for decades (Alexander, 1991; 

Cavanagh and Kram, 1985; Elftman, 1939; Kuo et al., 2005; Ruina et al., 2005; 

Saunders et al., 1953; Taylor, 1994; Williams, 1985). A clear relationship 

between the mechanics and energetics of locomotion remains elusive principally 

because of the challenge in integrating results from isolated muscle to explain 

whole-body energy consumption. Using robotic exoskeletons to perturb joint level 

dynamics can help integrate measurements from isolated muscle with whole-

body experiments. Exoskeletons for more proximal joints (hip and knee) could 

allow calculations of their ‘apparent efficiency’ and provide some insight into the 

relative contribution of muscle work versus tendon storage and return at each of 

lower-limb joints. Similar techniques could also be used to study joint muscle-

tendon function during locomotion under various workloads (e.g. changing 

walking speeds or surface inclines) to study how muscle-tendon systems meet 

increasing demand for power.  

 From an applied science standpoint, our findings have implications for the 

design of the state-of-the art lower-limb assistive devices of the future (i.e. 

exoskeletons and prostheses). A primary goal of robotic exoskeletons is to 

reduce metabolic energy expenditure during human locomotion by replacing 

biological muscle work with artificial muscle work (Guizzo and Goldstein, 2005). 
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Our results suggest that metabolic energy savings are likely to be much more 

modest than expected when using an exoskeleton to supplant joint work, 

especially at joints with considerable elastic compliance. Powering joints that rely 

more on power production due to positive muscle work rather than positive work 

performed by recoiling tendon may lead to larger reductions in metabolic cost 

(Ferris et al., 2007). 
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Figures and Tables 

Figure 2.1  Experimental set-up. (A) Subjects completed three practice 
sessions over a seven day period. In each session, subjects walked on a 
motorized treadmill for 10 minutes with exoskeletons unpowered, 30 minutes with 
exoskeletons powered, and 15 minutes with exoskeletons unpowered. Outlined 
boxes indicate periods where data was analyzed: unpowered beginning (min 7-
9), powered beginning (min 3-5), powered end (min 27-29) and unpowered end 
(min 12-14). (B) During powered walking, bilateral ankle-foot orthoses (i.e. 
exoskeletons) drove ankle extension with artificial pneumatic muscles controlled 
using the subjects’ own soleus surface electromyography (i.e. under proportional 
myoelectric control). We collected joint kinematics using reflective markers and 
motion capture, O2 and CO2 flow rates using open-circuit spirometry, and artificial 
muscle forces using compression force transducers.  
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Figure 2.2  Joint kinematics. Thick curves are nine subject mean ankle, knee 
and hip joint kinematics for unpowered walking from beginning of practice 
session three (black) and powered walking at the beginning of practice session 
one (light gray) and end of practice session three (dark gray). Thin curves are + 1 
standard deviation and match colors for means. Curves are stride average of left 
and right legs and plotted from heel-strike (0%) to heel-strike (100%). Stance is 
~0-60% of the stride, swing 60-100%. For all joints zero degrees is upright 
standing posture. Ankle plantarflexion, knee extension and hip extension are 
positive. 
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Figure 2.3  Ankle exoskeleton mechanical power. Top panel (A) shows nine 
subject mean (thick curves) + 1 standard deviation (thin curves) of exoskeleton 
mechanical power delivered over the stride from heel-strike (0%) to heel-strike 
(100%) (left and right exoskeletons are averaged for each subject). Curves are 
three session average for unpowered walking (black) and powered walking at the 
beginning of practice session one (light gray) and end of practice session three 
(dark gray). Mechanical power is computed as the product of exoskeleton torque 
and ankle joint angular velocity and is normalized by subject mass. Positive 
power indicates energy transferred to the user and negative power indicates 
energy absorbed from the user. Bottom panel (B) shows bars tabulating the nine 
subject mean exoskeletons average positive and negative mechanical power 
over a stride for powered walking. Error bars are ± 1 standard error. Practice 
sessions (1-3) are tabulated left to right with beginning period (minutes 3-5) in 
light gray and end period (minutes 27-29) in dark gray. All mechanical power 
values are normalized by subject mass. 
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Figure 2.4  Exoskeleton performance. Top panel (A) shows bars tabulating the 
nine subject mean change in net metabolic power (powered - unpowered) due to 
powered assistance from bilateral exoskeletons. Error bars are ± 1 standard 
error. All metabolic power values are normalized by subject mass. Right axis 
indicates the change in net metabolic power as a percentage difference from 
unpowered walking during each session. Bottom panel (B) shows bars indicating 
nine subject mean ± 1 standard error exoskeletons performance index. 
Performance index indicates the fraction of average exoskeletons positive 
mechanical power that results in a reduction in net metabolic power, assuming 
that artificial muscle work directly replaces biological muscle work. Exoskeletons 
performance index = 1.0 would suggest that all of the exoskeletons average 
mechanical power replaces underlying biological muscle work. For both panels, 
practice sessions (1-3) are tabulated left to right with beginning period (minutes 
3-5) in light gray and end period (minutes 27-29) in dark gray. 
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Figure 2.5  Lower-limb joint kinetics. Left panel (A) shows nine subject mean 
(thick black) + 1 standard deviation (thin black) mechanical power delivered by 
each of the lower limb joints over the stride from heel-strike (0%) to heel-strike 
(100%) Left and right legs are averaged for each subject. Curves are for 
unpowered walking overground at 1.25 m/s. The mean exoskeleton mechanical 
power from the end of practice session three (thick dark gray) + 1 standard 
deviation (thin dark gray) is overlaid on the bottom subplot for the ankle joint 
mechanical power. Mechanical power is computed as the product of exoskeleton 
torque and ankle joint angular velocity and is normalized by subject mass. 
Positive power indicates energy transferred to the user and negative power 
indicates energy absorbed from the user. Right panel (B) shows bars tabulating 
the nine subject mean positive mechanical power delivered by the sum of the 
ankle, knee and hip joints (black) and ankle joint (white) during unpowered 
walking and the exoskeletons (gray) during powered walking. Error bars are ± 1 
standard error. All mechanical power values are normalized by subject mass. 
Brackets indicate the percent contribution of bars from right to left. For example, 
the exoskeletons average positive mechanical power was 63% of the ankle joint 
average positive mechanical power over the stride. 
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Figure 2.6  Soleus electromyography. Top panel (A) shows nine subject mean 
(thick curves) + 1 standard deviation (thin curves) of soleus normalized linear 
enveloped (high-pass cutoff frequency = 20 Hz and low-pass cutoff frequency = 
10 Hz) muscle activity over the stride from heel-strike (0%) to heel-strike (100%) 
Left and right legs are averaged for each subject. Stance phase is ~0-60% and 
swing ~60-100% of the stride. Thick curves are three session average for 
unpowered walking (black) and powered walking at the beginning of practice 
session one (light gray) and end of practice session three (dark gray). Thin 
curves are + 1 standard deviation and follow same color scheme as means. 
Curves are normalized to the peak value during unpowered walking at the 
beginning of each session. Bottom panel (B) shows bars tabulating the nine 
subject mean of stance phase root mean square average soleus muscle 
activation. Error bars are ± 1 standard error. Practice sessions (1-3) are 
tabulated left to right with unpowered walking periods (minutes 7-9 and minutes 
12-14 at beginning and end respectively) in white and powered beginning periods 
(minutes 3-5) in light gray and powered end periods (minutes 27-29) in dark gray. 
Percentages listed above bars for powered walking indicate difference from 
unpowered beginning in each session. Asterisks indicate a statistically significant 
difference between powered and unpowered walking (ANOVA, p < 0.05). 
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Figure 2.7  Tibialis anterior electromyography. Top panel (A) shows nine 
subject mean (thick curves) + 1 standard deviation (thin curves) of tibialis anterior 
normalized linear enveloped (high-pass cutoff frequency = 20 Hz and low-pass 
cutoff frequency = 10 Hz) muscle activity over the stride from heel-strike (0%) to 
heel-strike (100%). Left and right legs are averaged for each subject. Stance 
phase is ~0-60% and swing ~60-100% of the stride. Thick curves are three 
session average for unpowered walking (black) and powered walking at the 
beginning of practice session one (light gray) and end of practice session three 
(dark gray). Thin curves are + 1 standard deviation and follow same color 
scheme as means. Curves are normalized to the peak value during unpowered 
walking at the beginning of each session. Bottom panel (B) shows bars 
tabulating the nine subject mean of stance phase root mean square average 
tibialis anterior muscle activation. Error bars are ± 1 standard error. Practice 
sessions (1-3) are tabulated left to right with unpowered walking periods (minutes 
7-9 and minutes 12-14 at beginning and end respectively) in white and powered 
beginning periods (minutes 3-5) in light gray and powered end periods (minutes 
27-29) in dark gray. Percentages listed above bars for powered walking indicate 
difference from unpowered beginning in each session. Asterisks indicate a 
statistically significant difference between powered and unpowered walking 
(ANOVA, p < 0.05).  
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Table 2.1  Net metabolic cost. Table lists values for net metabolic power during 
unpowered and powered walking during each session. Sessions are listed in 
rows (Session 1 top to Session 3 bottom). Results of repeated measures ANOVA 
(n=9 subjects) comparing unpowered and powered walking amplitudes are 
summarized in the rightmost column. 
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Table 2.2  Ankle joint muscle electromyography. Table lists values for 
normalized stance phase root mean square average muscle activation 
amplitudes for the triceps surae (soleus, medial and lateral gastrocnemius) and 
tibialis anterior for unpowered and powered walking during each session. 
Sessions are listed in rows (Session 1 top to Session 3 bottom). Results of 
repeated measures ANOVA (n=9 subjects) comparing unpowered and powered 
walking amplitudes are summarized in the rightmost column. 
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0.151.520.061.040.001.00TA RMS (unitless)

0.88

Mean

0.00

SE

0.03

SE

Sol RMS (unitless) 0.91

Mean

0.12

SE

1.00

Mean
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Chapter III 
 

Metabolic cost of ankle joint work during level walking with increasing step 
length 

 

Summary 

We examined the metabolic cost of ankle joint mechanical work during human 

walking at different step lengths. Nine healthy subjects walked at a constant step 

frequency on a motorized treadmill at speeds corresponding to 80% (1.00 m/s), 

100% (1.25 m/s), 120% (1.50 m/s), and 140% (1.75 m/s) of their 1.25 m/s 

preferred step length (L*). In each condition subjects donned robotic ankle 

exoskeletons on both legs. The exoskeletons were powered by artificial 

pneumatic muscles controlled using soleus electromyography (i.e. proportional 

myoelectric control). We measured subjects’ metabolic energy expenditure and 

exoskeleton mechanics during both unpowered and powered walking to test the 

hypothesis that ankle plantar flexion requires more metabolic energy at longer 

step lengths. As step length increased from 0.8 to 1.4 times the preferred step 

length, exoskeletons delivered ~25% more average positive mechanical power 

(+0.20 ± 0.02 W/kg to +0.25 ± 0.02 W/kg, respectively; ANOVA, p = 0.01). The 

exoskeletons reduced metabolic energy expenditure more at longer step lengths 

(-0.21 ± 0.06 W/kg at 0.8L* and -0.70 ± 0.12 W/kg at 1.4L*; ANOVA, p = 0.002). 
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For every 1 J of exoskeleton positive mechanical work subjects saved 0.72 J of 

metabolic energy (‘apparent efficiency’ = 1.39) at 0.8L* and 2.6 J of metabolic 

energy (‘apparent efficiency’ = 0.38) at 1.4L*. Because the efficiency of isolated 

muscle positive mechanical work is ~0.25, these results suggest that walking with 

longer steps increases ankle extensor muscle work relative to Achilles tendon 

work. However, Achilles tendon recoil still likely contributes up to 35% of ankle 

joint positive work even at the longest step lengths. Across the range of step 

lengths we studied, the human ankle joint performed 34%-40% of the total lower-

limb positive mechanical work but accounted for only 7%-26% of the total 

metabolic cost of walking. 

 
 
Keywords: Locomotion, walking, step length, metabolic cost, exoskeletons, 
ankle, human, inverse dynamics, joint power, efficiency 
 
 

Introduction 

 To walk at faster speeds, humans increase their step length and step 

frequency, requiring more metabolic energy (Atzler and Herbst, 1927; Bastien et 

al., 2005; Bertram, 2005; Bertram and Ruina, 2001; Griffin et al., 2003; Margaria, 

1938; Ralston, 1958). As walking speed increases, humans optimize their gait by 

selecting the step length-step frequency combination that minimizes metabolic 

energy cost per distance traveled (Bertram, 2005; Bertram and Ruina, 2001; 

Kuo, 2001; Ralston, 1958; Zarrugh et al., 1974).  

 Kuo used a simple mathematical model of bipedal locomotion to provide 

insight into how the mechanics and energetics of walking impact the observed 
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speed-step length relationship in humans (Kuo, 2001). He demonstrated that at 

any given walking speed, humans must manage a trade-off between the elevated 

energy cost to use an increased step length and the elevated energy cost to use 

an increased step frequency. The step length-step frequency combinations that 

minimized the combined energy costs nearly reproduced the empirically 

observed speed-step length relationship for human walking (Kuo, 2001).  

 In Kuo’s simple model, single limb support consisted of an energy 

conservative inverted pendulum cycling kinetic and gravitational potential energy. 

At the end of stance, the center of mass accelerated downward along a pendular 

arc prescribed by the trailing leg. As a consequence, mechanical work must be 

performed to redirect the velocity of the center of mass along the upward 

pendular arc prescribed by the leading leg (i.e. the new stance leg). Thus, while 

the net mechanical work over a complete walking stride was zero, equal amounts 

of negative and positive mechanical work were performed on the center of mass 

within each stride to transition from stance leg to stance leg. Kuo’s simple model 

also predicted that the magnitude of step-to-step mechanical work increases with 

step length to the fourth power (Donelan et al., 2002a; Kuo, 2002).  Thus, 

metabolic cost should increase substantially when walking at longer step lengths 

but the same step frequency. 

 Experiments on the step-to-step transition in humans support the 

predictions from Kuo’s simple model and confirm that the majority of the 

mechanical work during walking is performed to move from one stance leg to the 

next. Donelan et al. used force platforms under each limb (i.e. individual limbs 
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method) to demonstrate that during double support, the leading leg performs 

negative work to redirect the center of mass while the trailing leg performs 

positive work to restore lost energy (Donelan et al., 2002b). The trailing leg 

positive mechanical work during double support comprises ~60%-70% of the 

total positive work over a stride and, as predicted, increases with step length to 

the fourth power (Donelan et al., 2002a). Furthermore, the trailing leg impulse 

begins just prior to the leading leg heel-strike (i.e. a pre-emptive push-off occurs), 

reducing the leading leg collision and the magnitude of positive work required to 

redirect the center of mass velocity (Donelan et al., 2002a; Kuo, 2002; Ruina et 

al., 2005). Swinging the legs likely accounts for a large portion of the remaining 

30-40% of the metabolic energy expenditure of walking (Doke et al., 2005; Doke 

and Kuo, 2007). 

 Center of mass level mechanical analyses provide limited insight into how 

the step-to-step transition mechanical work is generated by the ankle, knee and 

hip joints (Kuo et al., 2005). Force platform and motion capture data can be 

combined to estimate the mechanical power generated by muscle-tendons at 

each of the lower-limb joints at every instant over the walking stride (i.e. inverse 

dynamics) (Winter, 1990). As walking speed increases, the amplitude of the 

moments and powers at each of the lower-limb joints increases (Craik and Oatis, 

1995; Winter, 1991). Few studies, however, report mechanical joint work during 

walking and no published study has documented joint work for various walking 

speeds. Eng et al. reported the relative distribution of lower-limb joint mechanical 

work over a full walking stride at 1.6 m/s (Eng and Winter, 1995). When 
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considering just the mechanical energy in the sagittal plane, the ankle (~42%) 

and hip (~48%) deliver the majority of the total lower-limb joint positive work. The 

ankle plantar flexors, however, generate the single largest power burst during the 

trailing limb push-off phase of the step-to-step transition (Eng and Winter, 1995; 

Gitter et al., 1991; Meinders et al., 1998). Gitter et al. showed that for walking at 

1.5 m/s the ankle performed 63% and the hip performed 21% of the stance 

phase (0-60% of the stride) positive joint mechanical work (Gitter et al., 1991). 

Meinders et al. focused directly on the push-off phase (44%-62% of the stride) 

and found that the ankle delivered 78% of the lower-limb positive mechanical 

work (Meinders et al., 1998). These studies demonstrate that the ankle plantar 

flexors are a major power source during walking. 

 Studies using ultrasound to directly examine in vivo muscle-tendon 

behavior in humans demonstrate that the Achilles tendon stores energy 

throughout stance and then recoils rapidly contributing significantly to ankle  joint 

power output at push-off during walking (Fukunaga et al., 2001; Ishikawa et al., 

2005; Ishikawa et al., 2006; Lichtwark et al., 2007; Lichtwark and Wilson, 2006; 

Lichtwark and Wilson, 2007). To date, no ultrasound study has examined the 

effects of increasing walking speed on Achilles muscle-tendon mechanics. 

Indirect evidence, however, suggests that the contribution of the Achilles tendon 

to ankle joint positive power may be speed dependent (Hansen et al., 2004; Hof 

et al., 2002). 

 In our previous work we used bilateral robotic lower-limb exoskeletons to 

study the metabolic cost of ankle joint mechanical work during level walking at 
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1.25 m/s (Sawicki and Ferris, 2007). We assumed that exoskeleton artificial 

pneumatic plantar flexors would directly replace biological ankle extensor muscle 

work during powered walking. Based on a 0.25 ‘muscular efficiency’ of positive 

work (Fenn, 1924; Hill, 1939), we hypothesized that for every 1 Joule of 

biological muscle work we replaced with robotic ankle exoskeletons subjects 

would save 4 Joules of metabolic energy. Contrary to our hypothesis, we found 

that for every 1 Joule of ankle joint positive mechanical energy exoskeletons 

delivered subjects saved only 1.6 J of metabolic energy. This yielded an 

‘apparent efficiency’ of ankle joint positive mechanical work of 0.61. These 

results were indicative of the Achilles tendon performing up to 60% of the ankle 

joint positive work. As a result, even though the ankle joint performs ~35% of the 

total lower-limb joint positive work during walking, that work only requires about 

17%-20% of the total metabolic cost of walking. 

 The purpose of the present study was to examine the role of the ankle 

joint in contributing to metabolic cost at longer step lengths. We used bilateral 

pneumatically-powered ankle exoskeletons to alter ankle joint mechanics during 

push-off. Our goal was to answer two questions: (1) How does the metabolic cost 

of ankle joint positive work change with increasing walking step length? (2) Does 

the ‘apparent efficiency’ of ankle joint positive mechanical work depend on 

walking step length? We hypothesized that the ‘apparent efficiency’ of ankle joint 

positive mechanical work would decrease at longer step lengths. We based this 

hypothesis on the premise that muscle fibers would contribute more of the ankle 

joint mechanical work at longer step lengths because of reduced contributions 



73 

from the tendon. An inherent assumption of this study was that the exoskeleton 

mechanical work would replace biological muscle mechanical work rather than 

augment it. As such, we expected triceps surae muscle activation to be less 

during walking with the powered exoskeletons compared to walking without 

exoskeleton power at all step lengths. To test these predictions we compared 

subjects’ net metabolic power and electromyography amplitudes with ankle 

exoskeletons powered versus unpowered during level, steady-speed walking at 

various step lengths while holding step frequency constant (Donelan et al., 

2002a; Donelan et al., 2002b). We computed the ‘apparent efficiency’ of ankle 

joint positve work using simultaneous measurements of the mechanics and 

energetics of powered walking to gain insight into how underlying ankle extensor 

muscle-tendon function changes during human walking with increased step 

length. Our novel joint level approach is an important step in establishing a 

connection between isolated muscle and whole-body mechanics and energetics 

during human locomotion. Ultimately, we hope to understand how mechanical 

and metabolic energy expenditure is partitioned across the lower-limb joints 

during human walking. 

Materials and methods  

 Subjects: We recruited nine (5 males, 4 females) healthy subjects (body 

mass = 80.3 ± 14.7 kg; height = 179 ± 3 cm; leg length = 92 ± 2 cm) to participate 

in the study. Each subject had at least 90 minutes (three or more thirty minute 

practice sessions) of previous practice walking with powered exoskeletons and 

exhibited no gait abnormalities. In accordance with the Declaration of Helsinki, 
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subjects read and signed a consent form approved by the University of Michigan 

Institutional Review Board for Human Subject research before testing. 

 Exoskeletons: We custom built lightweight (mass = 1.18 ± 0.11 kg each 

(mean ± s.d.)) bilateral, ankle-foot exoskeletons (i.e. orthoses) for each subject 

(Figure 3.1). The exoskeletons allowed free rotation about the ankle 

flexion/extension axis. We used a metal hinge joint to connect a carbon fiber 

shank to a polypropylene foot section. We used two stainless steel brackets to 

attach a single artificial pneumatic muscle (length = 45.6 ± 2.2 cm; moment arm 

= 10.6 ± 0.9 cm) along the posterior shank of each exoskeleton. We used a 

biomimetic controller to command the exoskeletons plantar flexor torque 

assistance with timing and amplitude derived from the user’s own soleus 

electromyography (i.e. proportional myoelectric control) (Gordon and Ferris, 

2007). Specific details on the design and performance of the exoskeletons are 

documented elsewhere (Ferris et al., 2005; Ferris et al., 2006; Gordon et al., 

2006; Sawicki et al., 2005). 

 Protocol. Experienced (> 90 minutes walking with powered exoskeletons) 

subjects walked on a motorized treadmill with bilateral ankle exoskeletons 

unpowered then powered at four different step lengths (0.8 x, 1.0 x, 1.2 x and 1.4 

x preferred step length (L*) for unpowered walking at 1.25 m/s) (Donelan et al., 

2002a; Donelan et al., 2002b). Our previous work demonstrated no further 

reductions in net metabolic power after 90 minutes of powered walking (Sawicki 

and Ferris, 2007). We determined subjects’ preferred step period (seconds) 

using a stopwatch to record the mean time of three 100 step intervals during 
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unpowered treadmill walking at 1.25 m/s. We took the reciprocal of the mean 

step period to get the preferred step frequency (steps/s) at 1.25 m/s. Then we 

divided the treadmill belt speed (m/s) by the step frequency (steps/s) to get the 

preferred step length (m/step) at 1.25 m/s (1.0 L*). We used a metronome to 

enforce subjects’ preferred step frequency for all step lengths. We adjusted the 

treadmill belt speed to constrain subjects’ step lengths. The 0.8 L*, 1.0 L*, 1.2 L* 

and 1.4 L*, step length conditions corresponded to ~1.00, 1.25, 1.50 and 1.75 

m/s treadmill belt speeds respectively. An advantage of adjusting walking speed 

using this protocol is that it produces an increasing external workload on the 

center of mass that has a known proportional relationship to the step length (~ 

step length4) and limits the effects of frequency dependent (i.e. leg swing) costs 

on the mechanics and energetics of walking (Donelan et al., 2002a; Donelan et 

al., 2002b). 

 Step length conditions were presented in random order but for each step 

length we followed the same walking timeframe (Figure 3.1). First subjects 

walked for 7 minutes with exoskeletons unpowered (Unpowered). Then subjects 

rested for 3 minutes. Finally, subjects walked for 7 minutes with exoskeletons 

powered (Powered). If the peak force output of the artificial muscles (and 

exoskeleton torque) is similar in each step length condition then observed 

differences in average exoskeleton mechanical power output across conditions 

would be attributed to changes in ankle joint kinematics (range of motion, ankle 

joint angular velocity) rather than changes in artificial muscles force output. Thus, 

we tuned the proportional myoelectric controller during the unpowered walking 
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bout for each step length separately. We set the gain and threshold on soleus 

surface electromyography so the control signal saturated for at least five 

consecutive steps. We then doubled the gain in order to encourage reduction in 

soleus muscle recruitment (Gordon and Ferris, 2007).  

 Data Collection and Analysis. We recorded subjects’ (1) ankle, knee and 

hip joint kinematics (2) whole-body gait kinematics (3) ankle flexor and extensor 

surface electromyography and (4) exoskeleton artificial muscles forces. For 

kinematic, electromyographic and artificial muscle force data we acquired ten 

second trials (i.e. ~7-9 walking strides) at the beginning of minutes 4, 5, and 6 

during each of the eight (unpowered mode and powered mode for each of four 

step lengths) 7 minute trials. We collected O2 and CO2 flow rates during a single 

7 minute quiet standing trial of metabolic data for each subject before walking 

trials commenced. Metabolic data was collected continuously during each of the 

7 minute step length conditions.  

 In addition, on a separate day of testing, we recorded (1) metabolic data 

while subjects completed each of the step length conditions on the treadmill 

without (Without) wearing powered exoskeletons and (2) simultaneous joint 

kinematics and ground reaction force data for overground walking with 

unpowered exoskeletons (7 trials for each step length condition). 

 Kinematics. During treadmill walking we used an 8-camera video system 

(frame rate 120 Hz, Motion Analysis Corporation, Santa Rosa, CA, USA) to 

record the positions of twenty nine reflective markers on the subjects’ pelvis and 

lower-limbs. Raw marker data was smoothed with custom software (Visual 3D, 
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C-Motion, Rockville, MD) using a 4th-order Butterworth low-pass filter (cutoff 

frequency 6 Hz). We defined neutral standing posture to be zero degrees for all 

joints and used the smoothed marker data to calculate ankle knee and hip joint 

angles (and angular velocities for both legs). We used footswitches (sampling 

rate = 1200 Hz, B & L Engineering, Tustin, CA, USA) to monitor heel-strike and 

toe-off events and then calculated the step period (time from heel-strike one leg 

to heel-strike of the other leg) and double support period (time from heel-strike of 

one leg to toe-off of the other). The lateral and fore-aft distances between 

calcaneus markers at heel strike events were obtained to calculate step width 

and step length respectively. Left and right joint kinematics from heel-strike (0%) 

to heel-strike (100%) were averaged to get the stride cycle average joint 

kinematics profiles. 

 Electromyography. We recorded soleus (Sol), tibialis anterior (TA), medial 

gastrocnemius (MG) and lateral gastrocnemius (LG) surface electromyography 

(EMG) for each leg (sampling rate 1200 Hz, Konigsberg Instruments, Inc., 

Pasadena, CA, USA). EMG amplifier bandwidth was 1000 Hz. We centered 

bipolar electrodes (inter-electrode distance = 3.5 cm) over the muscle belly and 

along its long axis in a position to minimize cross-talk. To minimize movement 

artifact we taped electrodes to the skin when necessary. We high-pass filtered 

(4th order Butterworth, cutoff frequency 20 Hz), rectified and low-pass filtered (4th 

order Butterworth, cutoff frequency 10 Hz) each signal (i.e. linear envelope). We 

averaged data from right and left legs to get stride cycle average profiles of the 

linear enveloped EMG (from heel-strike to heel-strike for each leg). Curves were 
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normalized using the peak value (average of left and right) for each muscle 

during the unpowered walking bout at the steepest incline (Unpowered 1.4 L*). 

 To quantify changes in EMG activation levels, stance phase root-mean 

square (RMS) average EMG amplitudes were computed from the high-pass 

filtered, rectified EMG data of each leg. We averaged RMS EMG values from 

each leg and normalized using the average RMS value from the Unpowered 1.4 

L* trial. 

 Joint Mechanics. To establish baseline joint mechanical power output we 

collected seven overground walking trials at each step length with unpowered 

exoskeletons. To ensure that trials were within ± 0.05 m/s of the target speed, we 

used infrared timers triggered at beginning and end of the walkway. We recorded 

ground reaction forces under each foot (left then right) with two force platforms 

(1200Hz, Advanced Mechanical Technology Inc., Watertown, MA, USA). 

Combining force platform data with motion capture data we calculated ankle, 

knee, and hip mechanical power over the stride for each leg using inverse 

dynamics (Visual3D software, C-Motion, Rockville, MD, USA). We used standard 

regression equations to estimate subjects’ anthropometry (Zatsiorsky and 

Seluyanov, 1983) and adjusted foot and shank parameters to account for added 

exoskeleton mass and inertia. Joint powers for the right and left legs (from heel-

strike to heel-strike for each leg) were averaged and divided by subject mass to 

get the stride cycle average exoskeleton mechanical power. 

 To quantify the average rate of joint positive and negative mechanical 

work over a stride we integrated only the positive (or negative) portions of both 
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the left and right mechanical power curves (from right heel strike to left heel strike 

to capture simultaneous trailing and leading limb joint powers), summed them, 

and divided the total by the average step period. The same procedure was used 

for the ankle, knee and hip. 

 Exoskeleton Mechanics. With the ankle joint in the neutral position during 

upright standing posture we measured artificial muscle moment arm (moment 

arm = 10.6 ± 0.9 cm). We recorded the forces produced by the artificial 

pneumatic muscles during powered walking with single-axis compression load 

transducers (1200Hz, Omega Engineering, Stamford, CT, USA). Smoothed 

artificial muscle force data (low-pass filtered, 4th order Butterworth, cutoff 

frequency 6 Hz) was scaled by the artificial moment arm length for each leg to 

obtain exoskeleton torque. The mechanical power delivered by the exoskeletons 

was computed as the product of the exoskeleton torque and ankle joint angular 

velocity (from motion capture). We averaged exoskeleton power for the right and 

left legs (from heel-strike to heel-strike for each leg) then divided by subject mass 

to get the stride cycle average exoskeletons mechanical power. 

 We computed the average rate of exoskeleton positive and negative 

mechanical work in order to relate exoskeleton mechanical power and changes 

in subjects’ net metabolic power. We partitioned the positive and negative 

portions of both the left and right exoskeleton mechanical power curves (from left 

heel strike to left heel strike). Then we integrated positive (or negative) 

mechanical power from each leg, summed over legs, and divided the total by the 
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average stride period to get average positive (or negative) mechanical power 

delivered by the exoskeletons over a stride. 

 Metabolic Cost. We used an open-circuit spirometry system (Physiodyne 

Instruments, Quogue, NY) to record O2 and CO2 flow rates (Blaxter, 1989; 

Brooks et al., 1996). Seven minute trials were chosen to allow subjects to reach 

steady-state metabolic energy expenditure. We closely monitored the respiratory 

exchange ratio (RER) to ensure that subjects relied on aerobic metabolism (RER 

< 1) (Brooks et al., 1996). When a full 7 minute trial could not be completed, we 

stopped and re-collected the data after the standard 3 minute period of rest. We 

used the standard equations documented by Brockway (Brockway, 1987) to 

calculate gross metabolic power (Watts) from averaged O2 and CO2 rates for 

minutes 4-6 of each trial. Then we subtracted the averaged data from minutes 4-

6 of the quiet standing trial to obtain the net metabolic power (Griffin et al., 2003; 

Poole et al., 1992) and divided net metabolic power values by subject mass to 

obtain mass specific net metabolic power (W/kg). The net metabolic power from 

the unpowered trial for each step length was used to compute a percentage 

difference between unpowered and powered walking. 

 Exoskeleton Performance Index. By combining measures of mechanical 

and metabolic power we computed the exoskeleton performance index. First, we 

subtracted the net metabolic power during unpowered walking from the net 

metabolic power during powered walking for each step length to get the 

metabolic power savings due to the exoskeletons assistance. Muscles perform 

positive mechanical work with a ‘muscular efficiency’ of 0.25 (Fenn, 1924; Hill, 
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1938) and we assumed that changes in net metabolic power would reflect the 

cost of the underlying biological muscle positive work replaced by the powered 

exoskeletons. Therefore, we multiplied changes in net metabolic power by 0.25 

to yield the expected amount of positive mechanical power delivered by 

exoskeletons for a given change in net metabolic power. Then we divided the 

measured by the expected average positive mechanical power delivered by the 

exoskeletons to yield the exoskeleton performance index (Equation 1). A 

performance index of 1.0 would suggest that exoskeletons assistance completely 

replaced underlying biological muscle positive mechanical work.  

 

 

 

 In addition, we computed an equivalent ‘apparent efficiency’ (Asmussen 

and Bonde-Petersen, 1974) by taking the reciprocal of four times the 

performance index (i.e. performance index = 1.0 is equivalent to ‘apparent 

efficiency’ = 0.25) (Equation 2). 

 

 

 

 

 Statistical Analyses. We used JMP IN statistical software (SAS Institute, 

Inc. Cary, NC, USA) to perform a number of repeated measures analysis of 

variance tests (ANOVAs) We set significance level at p < 0.05 for all tests. For 
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tests that yielded significance used post-hoc Tukey Honestly Significant 

Difference (THSD) tests to determine specific differences between means we 

and computed statistical power  

 In the first two analyses we assessed the effect of step length (0.8 L*, 1.0 

L*, 1.2 L*, 1.4 L*) on net metabolic power, exoskeleton mechanics, stance phase 

RMS EMG and gait kinematics metrics (two-way ANOVA (subject, gradient)) for 

powered and unpowered data grouped together (except powered data only for 

exoskeletons mechanics and without, unpowered and powered data grouped for 

net metabolic power). 

 In the other four ANOVA analyses (one for 0.8 L*, 1.0 L*, 1.2 L* and 1.4 

L*) we assessed the effect of exoskeleton mode (Without, Unpowered, 

Powered), on net metabolic power (Without, Unpowered, Powered), stance 

phase RMS EMG and gait kinematics (Unpowered, Powered) metrics (two-way 

ANOVA (subject, mode). 

Results 

 Joint Kinematics. During unpowered walking, as step length increased 

subjects walked with increased ankle dorsiflexion, knee flexion and hip flexion 

early in stance phase. Push-off phase kinematics were similar across step 

lengths for the knee, but the ankle and hip joints were more extended for 

unpowered walking at longer step lengths (Figure 3.2). 

 The knee and hip joint angles over the stride were nearly identical during 

powered versus unpowered walking during all step length conditions. Ankle joint 
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kinematics, however, were altered by exoskeleton mechanical assistance during 

powered walking for all step length conditions (Figure 3.2). 

 Ankle joint angle was similar at heel strike but more plantar flexed 

throughout early stance during powered versus unpowered walking for all step 

lengths. In addition, at push-off, the ankle joint angle peak was larger and 

occurred earlier during stance during powered versus unpowered walking. For 

example, during Unpowered 1.4 L* the ankle joint angle peaked at 62% of the 

stride cycle and reached ~+16 degrees. During Powered 1.4 L* the ankle joint 

angle peaked slightly earlier in the stride cycle and reached ~+18 degrees 

(Figure 3.2). For all step lengths, swing phase ankle joint angle was similar 

during powered and unpowered walking. 

 Exoskeleton Mechanics. The exoskeletons produced small amounts of 

torque about the ankle during unpowered walking and delivered near zero 

mechanical power to the user over the stride (Figure 3.3).  

 During powered walking, exoskeletons produced similar peak torque 

(~0.40-0.42 N-m/kg) at all step lengths. For walking at preferred step length (1.0 

L*) peak exoskeleton torque was ~32% of the peak ankle joint moment.  

 During powered walking, as step length increased, the peak ankle joint 

angular velocity increased sharply and occurred earlier in the stride. Peak ankle 

joint angular velocity was ~154 deg/s (at 58% of the stride) during Powered 0.8 

L* and increased to ~218 deg/s (at 53% of the stride) during Powered 1.4 L* 

(Figure 3.3). 
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 As a result of increases in ankle joint angular velocity, the peak 

exoskeleton mechanical power at push-off increased with step length from ~0.8 

W/kg during Powered 0.8 L* to ~1.2 W/kg during Powered 1.4 L* (Figure 3.3). 

The exoskeleton peak mechanical power was 49% of the overground peak ankle 

joint mechanical power for walking at the shortest step lengths (0.8 L*) and 

decreased to 31% of the overground peak ankle joint mechanical power for 

walking at the longest step lengths (1.4 L*). 

 As step length increased during powered walking, ankle exoskeletons 

delivered increasing absolute amounts of positive mechanical power over the 

stride (ANOVA, p = 0.01, THSD, 1.4 L* > 0.8 L*;  1.2 L* > 0.8L*) (Figure 3.5 B). 

Exoskeletons average positive mechanical power was 0.20 ± 0.02 W/kg (mean ± 

s.e.) during Powered 0.8 L* and increased by ~25% to 0.25 ± 0.02 W/kg during 

Powered 1.4 L*. When powered, exoskeletons absorbed very little mechanical 

energy. Exoskeletons average negative mechanical power (-0.03 W/kg) over the 

stride was not different for powered walking at different step lengths (ANOVA, p = 

0.27) (Figure 3.5 B). 

 Metabolic Cost. Subjects’ net metabolic power increased with increasing 

step length (ANOVA, p < 0.0001, THSD, 1.4 L* > 1.2 L*, 1.0 L*, 0.8 L*; 1.2 L* > 

1.0 L*, 0.8 L*; 1.0 L* > 0.8 L*). In addition, net metabolic power was significantly 

lower during powered versus unpowered walking for step lengths equal to or 

longer than preferred 1.0 L* (1.0 L* ANOVA, p = 0.001, THSD, Powered < 

Unpowered; 1.2 L* ANOVA, p = 0.001, THSD, Powered < Unpowered; 1.4 L* 

ANOVA, p = 0.003, THSD, Powered < Unpowered) (Figure 3.4). Net metabolic 
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power was 2.86 ± 0.07 W/kg during Unpowered 0.8 L* and increased to 6.89 ± 

0.32 W/kg during Unpowered 1.4 L*. In comparison, net metabolic power was 

only 2.65 ± 0.12 W/kg during Powered 0.8 L* and increased to 6.19 ± 0.29 W/kg 

during Powered 1.4 L*. 

 The net metabolic power was significantly higher (by ~8%-15%) during 

walking with unpowered exoskeletons compared with walking without 

exoskeletons. There was a significant difference between conditions for all step 

lengths except the longest 1.4 L* (0.8 L* ANOVA, p = 0.008, THSD, Unpowered 

> Without; 1.0 L* ANOVA, p = 0.001, THSD, Unpowered > Without; 0.8 L* 

ANOVA, p = 0.001, THSD, Unpowered > Without). The net metabolic power 

during powered exoskeleton walking (6.19 ± 0.29 W/kg) was lower than for 

walking without wearing exoskeletons (7.18 ± 0.50 W/kg) for the longest step 

length condition (1.4 L* ANOVA, p = 0.003, THSD, Powered < Without). 

 The absolute reduction in net metabolic power in powered versus 

unpowered walking increased steadily with increasing step length (ANOVA, p = 

0.002, THSD, 1.4 L* < 0.8 L*; 1.2 L* < 0.8 L*) (Figure 3.5 A). At the shortest step 

lengths ground (0.8 x L*), net metabolic power was 0.21 ± 0.06 W/kg less during 

powered versus unpowered walking. At 1.4 L* the reduction in net metabolic 

power due to mechanical assistance was 0.70 ± 0.12 W/kg (~233% more than for 

shortest steps). Although reductions in net metabolic power during powered 

walking were larger for walking with longer steps, relative changes in net 

metabolic power were similar between step lengths (8%-12% reduction 

comparing powered to unpowered) (Figure 3.4). 
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 Joint Mechanics. As step length increased during overground walking with 

unpowered exoskeletons the ankle, knee and hip joints combined to produced 

more average positive mechanical power over the stride. Average ankle negative 

mechanical power was similar across step lengths, but the knee and hip 

produced more average negative mechanical power over the stride as step 

length increased (Figure 3.6). 

 During overground walking, the hip and ankle produced most of the 

positive mechanical power at all step lengths. The hip average positive 

mechanical power over the stride was 0.39 ± 0.04 W/kg at Unpowered 0.8 L*, 

0.47 ± 0.05 W/kg at Unpowered 1.0 L*, 0.51 ± 0.04 W/kg at Unpowered 1.2 L*, 

and 0.60 ± 0.04 W/kg at Unpowered 1.4 L*. The ankle average positive 

mechanical power over the stride was 0.28 ± 0.03 W/kg at Unpowered 0.8 L*, 

0.38 ± 0.03 W/kg at Unpowered 1.0 x L*, 0.52 ± 0.03 W/kg at Unpowered 1.2 

L*, and 0.63 ± 0.04 W/kg at Unpowered 1.4 L*.  

 The ankle joint contributed more of the total joint (ankle + knee + hip) 

average positive mechanical power over the stride as step length increased (34% 

at 0.8 L* and 39% at 1.4 L*) (Figure 3.7). However, the relative contribution of 

the exoskeletons positive mechanical power to ankle joint positive mechanical 

power decreased sharply with increasing step length from 70% at the shortest 

steps (1.2 L*) to 40% at the longest steps (1.4 L*) (Figure 3.6 and 3.7). As a 

result, the exoskeletons delivered less of the average total joint positive 

mechanical power over the stride during Powered 1.4 L* (16%) when compared 

to Powered 0.8 L* (24%) (Figure 3.7). 



87 

 Exoskeleton Performance Index. Exoskeletons performance index 

increased with increasing step length (ANOVA, p = 0.01, THSD, 1.4 L* > 0.8 L*) 

(Figure 3.5 C). Performance index increased 261% from 0.18 ± 0.12 (ankle joint 

‘apparent efficiency’ = 1.39) during Powered 0.8 L* to 0.65 ± 0.10 (ankle joint 

‘apparent efficiency’ = 0.38) during Powered 1.4 L*. For Powered 1.0 L* and 

Powered 1.2 L* the performance index was 0.41 ± 0.06 (ankle joint ‘apparent 

efficiency’ = 0.61) and 0.56 ± 0.10 (ankle joint ‘apparent efficiency’ = 0.45) 

respectively. 

 Electromyography. Subjects increased activation of the triceps surae 

muscle group (i.e. soleus, medial and lateral gastrocnemius) as step length 

increased. Soleus stance phase root mean square (RMS) electromyography 

(EMG) was ~42% higher during unpowered and ~56% higher during powered 

walking at 1.4 L* when compared to walking at 0.8 L* (ANOVA, p < 0.0001, 

THSD, 1.4 L* > 1.2 L*, 1.0 L*, 0.8 L*;  1.2 L* > 1.0 L*, 0.8 L*;  1.0 L* > 0.8 L*) 

(Figures 3.8, 3.9). Medial and lateral gastrocnemius stance RMS EMG both 

increased (by ~47% and 144% respectively) as step length increased from 0.8 L* 

to 1.4 L* during unpowered walking. For powered walking, medial gastrocnemius 

stance RMS EMG increased by ~36% and lateral gastrocnemius stance RMS 

EMG increased ~135% as step length increased from 0.8 L* to 1.4 L* (ANOVA, p 

< 0.0001, THSD, 1.4 L* > 1.2 L*, 1.0 L*, 0.8 L*;  1.2 L* > 0.8 L* for medial 

gastrocnemius and ANOVA, p < 0.0001, THSD, 1.4 L* > 1.2 L*, 1.0 L*, 0.8 L*;  

1.2 L* > 1.0 L*; 0.8 L*;  1.0 L* > 0.8 L*) (Figure 3.9). 
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 Subjects altered soleus muscle activation amplitude but not timing during 

the stance phase of powered walking when compared to unpowered walking in 

all step length conditions (Figure 3.8). For walking with short steps (0.8 L*) 

soleus stance phase RMS EMG was only ~11% lower during powered versus 

unpowered walking and the difference was not significant (0.8 L* ANOVA, p = 

0.28). At steeper surface inclines reductions in soleus stance RMS EMG in the 

powered versus unpowered mode were larger (~17%-20%) (1.0 L* ANOVA, p = 

0.002, THSD, Powered < Unpowered; 1.2 L* and 1.4 L* ANOVAs, p < 0.0001, 

THSD, Powered < Unpowered) (Figure 3.9). 

 Reductions in both medial and lateral gastrocnemius stance RMS EMG 

amplitudes during powered versus unpowered walking were smaller (ranging 

from ~6%-15%) than in soleus. For medial gastrocnemius, stance phase RMS 

EMG was reduced in powered versus unpowered walking only at the longest 

step length conditions (1.2 L* ANOVA, p = 0.009, THSD, Powered < Unpowered; 

1.4 L* ANOVA, p = 0.002, THSD, Powered < Unpowered). In the longest step 

length condition, lateral gastrocnemius stance phase RMS EMG was reduced 

during powered walking (1.4 L* ANOVA, p = 0.006, THSD, Powered < 

Unpowered) (Figure 3.9).  

 Tibialis anterior muscle recruitment increased with increasing step length 

(ANOVA, p < 0.0001, THSD, 1.4 L* > 1.2 L*, 1.0 L*, 0.8 L*;  1.2 L* > 1.0 L*, 0.8 

L*;  1.0 L* > 0.8 L*) but was not significantly altered when exoskeletons were 

powered except during walking at 1.2 L* (ANOVA, p = 0.003, THSD, Powered < 

Unpowered) (Figure 3.9). 
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 Gait Kinematics. As expected, step length increased significantly from 

condition to condition (ANOVA, p < 0.0001) and step period was the same for all 

step length conditions (ANOVA, p = 0.13) (Table 3.1). In addition, subjects took 

wider steps (ANOVA, p < 0.002) and spent less time in double support (ANOVA, 

p< 0.0001) as step length increased (ANOVA, p < 0.002) (Table 3.1). 

 There were no significant differences in step period (ANOVA, p > 0.47), 

step width (ANOVA, p > 0.37), or double support period (ANOVA, p > 0.27), 

between powered and unpowered walking at any step length. Step length was 

shorter by ~1% during powered walking at 1.0 L* (ANOVA, p = 0.04; THSD, 

Powered < Unpowered) (Table 3.1). 

Discussion 

 Our results suggest that as step length increases from 80% to 140% of the 

preferred step length the metabolic cost of ankle joint positive mechanical work 

increases from ~7% to ~26% of the total metabolic cost of walking. The 

increased metabolic cost of ankle joint positive work is due to (1) a small 

increase in the relative contribution of the ankle joint to the total lower-limb joint 

positive mechanical work (from 34% to 39%) and (2) a large decrease in the 

‘apparent efficiency’ of the ankle joint muscle-tendon system (from 1.39 to 0.38) 

with increasing step length. 

 With powered ankle exoskeletons, subjects saved more than three times 

the absolute net metabolic power in the longest (1.4 L*) compared to the shortest 

(0.8 L*) step length condition, but relative reductions in metabolic cost were 

similar across step lengths (8%-12%) (Figure 3.4). This was because 
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exoskeletons performed a smaller and smaller percentage of ankle joint (and 

total joint) average positive mechanical power at longer step lengths (Figure 

3.7). Normally the human ankle joint generates more positive mechanical power 

during push-off as walking speed increases by increasing the magnitudes of both 

the ankle joint extensor moment and the ankle joint extensor angular velocity 

(Craik and Oatis, 1995; Winter, 1984). In the present study, although the ankle 

joint angular velocity increased near push-off with increasing walking step length 

(and therefore speed), the peak torque generated by the exoskeletons was very 

similar across step lengths. Increases in exoskeletons average mechanical 

power were due almost entirely to increases in ankle joint angular velocity. 

Exoskeletons delivered more average mechanical power over the stride with 

increasing step length, but they did not keep pace with increases in the biological 

ankle joint moment.  

Mechanical properties of the artificial pneumatic muscles could have limited 

their work output. The force bandwidth of the artificial pneumatic muscles at ~2.4 

Hz (Gordon et al., 2006) was sufficient for this task (walking step frequency was 

~1.75 Hz for all step lengths tested). However, the artificial pneumatic muscle 

force-length properties may have affected work output at longer step lengths. As 

a result of increases in ankle joint angular velocity near push-off, the artificial 

muscles spent less time at long relative lengths, limiting their positive mechanical 

work output during the power stroke (Klute et al., 2002). Thus, exoskeletons 

contributed less of the total ankle joint positive work at longer step lengths. It was 

still possible to compare exoskeleton positive power output to changes in 
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subjects’ net metabolic power to get insight into the ‘apparent efficiency’ and 

relative metabolic cost of the ankle joint during walking. 

 The accuracy of our estimates for both the relative metabolic cost (% of 

total cost of walking) and the ‘apparent efficiency’ of ankle joint positive work 

depend on a key assumption. We based our calculations on the expectation that 

changes in subjects’ net metabolic power could be attributed to powered 

exoskeleton mechanical work directly replacing ankle joint muscle-tendon 

positive mechanical work. There are a number of factors that could have 

influenced the validity of this assumption. 

 Subjects could have increased their total average external mechanical 

power in response to exoskeleton mechanical assistance. A higher average 

external mechanical power during powered versus unpowered walking would 

indicate that subjects used exoskeleton energy to augment rather than replace 

biological muscle-tendon power output. This would make it difficult to attribute 

changes in subjects’ net metabolic power due to differences in overall gait 

characteristics versus exoskeleton assistance isolated at the ankle joint. Net 

metabolic power during walking increases with increasing step length (Donelan 

et al., 2002a), step period (Bertram and Ruina, 2001), and step width (Donelan et 

al., 2001). We held step frequency constant (using a metronome) and used 

treadmill belt speed to vary the step length (Table 3.1). Keeping step length and 

step frequency constant highly constrains the average external mechanical 

power to be similar for unpowered and powered walking. We also measured step 
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width and found no differences between unpowered and powered walking during 

any step length condition (Table 3.1). 

 Even with nearly constant external average mechanical power, subjects 

still could have altered the distribution of mechanical power across the joints 

between unpowered and powered walking. For example, during powered 

walking, increased ankle joint positive mechanical power could have been offset 

by compensatory muscle-tendon mechanical power at the knee or hip. In this 

study, subjects were limited to walking on a motorized treadmill during powered 

conditions because of the tethered pneumatic hoses connecting exoskeleton 

artificial pneumatic muscles to a pressurized air source. Since our treadmill was 

not instrumented with force platforms, we could not compare joint powers using 

inverse dynamics for unpowered and powered walking to rule out redistribution of 

mechanical power. Despite this limitation, we believe that powered exoskeletons 

only altered ankle joint mechanics. During powered walking, the exoskeletons 

delivered 32% of the peak ankle moment and 48% of the peak ankle mechanical 

power observed during overground unpowered walking trials. In response, 

subjects significantly decreased muscle activity in their biological ankle extensors 

suggesting that the total ankle joint moment (and presumably mechanical power) 

was maintained between unpowered and powered conditions. 

 Reductions in soleus RMS EMG (up to 20%) were larger than in medial 

gastrocnemius (up to 13%) and lateral gastrocnemius (up to 15%) (Figures 3.8, 

3.9). It is possible that reductions in the biarticular gastrocnemius muscles due to 

powered assistance were smaller than in soleus because of their functional role 
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in assisting with swing leg initiation (Meinders et al., 1998; Neptune et al., 2001). 

The larger reductions in soleus are consistent with our previous work using 

powered exoskeletons (20%-30% reductions) (Gordon and Ferris, 2007; Sawicki 

and Ferris, 2007). Recent evidence indicates that positive force feedback via 

type Ib afferents contributes significantly to soleus muscle activity (Grey et al., 

2007) and suggests that reductions in soleus muscle activity during powered 

versus unpowered walking may reflect reduced positive force feedback due to 

partial unloading of the Achilles tendon. 

 Subjects could also have responded to added ankle joint mechanical 

power by increasing dorsiflexor activation. Muscle co-activation is an indicator of 

simultaneous positive and negative joint work and can significantly increase the 

metabolic cost of walking (Winter, 1990). To address this possibility we 

measured ankle joint muscles surface electromyography for both unpowered and 

powered walking at each step length (Figures 3.8, 3.9). Tibialis anterior, the 

primary ankle joint dorsiflexor, RMS EMG was not elevated during powered 

walking at any of the step lengths we tested. Although we did not measure EMG 

to check for co-activation at more proximal joints, our previous work has 

indicated no differences in the vastii, rectus femoris, and medial hamstrings 

between powered and unpowered ankle exoskeleton walking (Gordon and Ferris, 

2007).  

 Our joint kinematics results provide additional evidence that subjects did 

not redistribute joint mechanical power due to mechanical assistance. During 

powered walking, the ankle joint was slightly more plantar flexed during stance, 
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but the knee and hip joint kinematics were nearly identical for powered and 

unpowered walking (Figure 3.2). 

 Finally, we assumed that mechanical work performed by the net ankle 

moment is an accurate estimate of the underlying mechanical work performed by 

the ankle extensor muscles and Achilles tendon during walking. Biarticular 

medial and lateral gastrocnemius can theoretically transfer mechanical energy to 

and from the ankle joint via the knee (Prilutsky et al., 1996; Wells, 1988). 

However, during the stance phase of walking the energy transfers between the 

knee and ankle do not significantly confound the accuracy of muscle work 

estimates based on net moment work (Prilutsky et al., 1996). For example, 

during the push-off phase of walking, medial and lateral gastrocnemius perform 

positive work at both the ankle and knee while soleus performs positive work only 

at the ankle. But because there is no simultaneous negative work by ankle 

flexors occurring, the positive mechanical work delivered to the ankle joint by the 

medial and lateral gastrocnemius and soleus are all accounted for by integrating 

the net ankle joint mechanical power. 

 Given the validity of our aforementioned assumptions, our results indicate 

that the ankle muscle-tendon system performs positive mechanical work during 

walking with remarkably high ‘apparent efficiency’, even at long step lengths. 

Actively shortening muscle fibers in isolation perform mechanical work with a 

‘muscular efficiency’ of ~0.25 (Fenn, 1924; Hill, 1939). In the current study, as 

walking step length increased, the ankle joint muscle-tendon system performed 

positive mechanical work with lower ‘apparent efficiency’ (Figure 3.5 C). But 
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even in the longest step length condition (1.4 L*) the ankle joint was considerably 

more efficient (~0.39) than muscle in isolation (0.25). These results suggest that 

the Achilles tendon contributes a major portion of the positive work performed by 

the ankle joint during walking, at all step lengths. Assuming muscle positive work 

is performed with efficiency 0.25 and accounts for the whole metabolic cost of 

ankle joint work, we can compute an upper limit on the fraction of ankle joint 

positive work performed by muscles (i.e. ankle muscle work fraction = 0.25/ankle 

joint ‘apparent efficiency’). For walking at 0.8 L* (~1.00 m/s), we estimate that 

muscles perform at most 18% (i.e. 0.25/1.39 x 100) of the total joint work. The 

Achilles tendon, therefore, must perform the remaining 82% of the ankle joint 

positive work. Similarly, for walking at 1.4 L* (~1.75 m/s), muscles perform at 

most 65% and the Achilles tendon at least 35% of the total ankle joint muscle-

tendon positive work.  

 Our suggestion that Achilles tendon elastic energy storage and return is 

significant during walking is consistent with recent in vivo ultrasound data from 

humans (Fukunaga et al., 2001; Ishikawa et al., 2005; Ishikawa et al., 2006; 

Lichtwark and Wilson, 2006). Ishikawa et al. showed that during walking at 1.4 

m/s, the soleus and medial gastrocnemius act nearly isometrically to support a 

‘catapult action’ in the Achilles tendon (Ishikawa et al., 2005). Negative work is 

stored in the Achilles tendon unit over the first 70% and then released rapidly 

over the final 30% of the stance phase. The reported mechanical power curves 

for the muscle-tendon unit, and the tendon only, suggest that the vast majority 

(>80%) of the positive work performed by the muscle-tendon during push-off is 
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delivered by recoiling Achilles tendon (Ishikawa et al., 2005). Our data from 

similar walking speeds (1.0 L* and 1.2 L* are ~1.25 and ~1.5 m/s) suggest that 

the Achilles tendon performs at least 44%-59% of the total ankle joint muscle-

tendon work. In vivo measurement ultrasound experiments have not examined 

whether ankle muscle-tendon dynamics are altered with increasing walking step 

length or speed. Hof et al. used indirect methods (force platform and kinematics) 

to demonstrate that as walking speed (Hof et al., 2002) and step length (Hof et 

al., 1983) increases soleus and gastrocnemius muscles perform a larger fraction 

of the ankle joint muscle-tendon work. We estimate from Hof’s data that muscles 

perform ~50% of the ankle joint positive work at ~1.13 m/s and ~90% at ~1.96 

m/s (Hof et al., 1983). These increases are consistent with our calculations that 

the maximum ankle joint muscle work fraction increases from ~18% to ~65% as 

step length increases from 0.8L* (~1.0 m/s) to 1.4L* (~1.75 m/s). Studies using 

forward dynamics computer simulations of walking also indicate that Achilles 

tendon supplies a significant amount of energy during walking and that its relative 

contribution is lower at higher speeds (Neptune et al., 2004; Sasaki and Neptune, 

2006). Sasaki et al. showed that as simulated walking speed increases from 1.6 

m/s to 2.4 m/s the fraction of mechanical work performed by soleus muscle fibers 

increases from ~50% to 65% of the total muscle-tendon mechanical work (Sasaki 

and Neptune, 2006). 

 Our results suggest that the relative metabolic cost of ankle joint 

mechanical work increases with step length during walking. The ankle joint 

provides a significant fraction of the total positive joint work that increases slightly 
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with step length (from 34% to 39%) (Figure 3.7). In addition, ankle plantar flexor 

muscles perform a larger fraction of the total ankle joint positive work at longer 

step lengths, driving down the ‘apparent efficiency’ of ankle joint positive work 

(from 1.39 to 0.38) (Figure 3.5 C). As step length increases, the ankle joint 

performs a larger fraction of the total lower-limb joint mechanical work with lower 

‘apparent efficiency’. Therefore, the fraction of the total metabolic cost of walking 

due to ankle joint positive mechanical work increases at longer step lengths. 

 As step length increases from 80% to 140% of preferred, we estimate that 

the ankle joint consumes 17%-19% more of the total net metabolic energy during 

walking. For example, at 0.8 L* the percentage of the summed joint positive 

mechanical work performed by the ankle joint is 34%. The ‘apparent efficiency’ of 

summed joint (ankle + knee +hip) positive mechanical work at 0.8 L* is 0.29 (i.e. 

lower-limb joints average positive mechanical power (0.83 W/kg) / net metabolic 

power (2.86 W/kg) = 0.29). The ‘apparent efficiency’ of ankle joint only positive 

mechanical work is 1.39. Thus, the percentage of the total metabolic cost due to 

ankle joint positive work is 34%*0.29/1.39 = 7%. Similar calculations can be 

carried out for the other step length conditions. The percentage of joint work from 

the ankle is 36%, 40% and 39% for the 1.0L*-1.4L* step length conditions. Over 

the same range of step lengths, the ‘apparent efficiency’ of summed joint work is 

0.31, 0.29 and 0.23 and the ankle joint ‘apparent efficiency’ is 0.61, 0.45 and 

0.38. The ankle joint consumes 18%, 26%, and 24% of the total metabolic 

energy for walking as step length increases from preferred to 140% preferred. 



98 

 The metabolic cost of walking may be dominated by positive muscle work 

at the proximal joints (i.e. hip and knee). Our results suggest that humans can 

save a significant amount of metabolic energy at the distal ankle joint by using 

Achilles tendon elastic energy to partially power push-off. As a result, in the worst 

case (i.e. 1.2 L*) the ankle joint consumes 26% of the total net metabolic energy 

but produces 40% of the total positive mechanical work during walking. So where 

is the remaining 74% of the energy spent? Keeping along the lines of lower-limb 

joint work, we feel that the hip joint might consume a large portion of 

unaccounted metabolic energy. The hip supplies positive mechanical power on 

par with the ankle (~30%-40% of the total joint positive work). But the 

morphology (i.e. large muscle fibers and short or no tendons) of the human hip 

may significantly reduce its ‘apparent efficiency’ to perform positive mechanical 

work. It is likely that most of the positive work supplied by the hip joint is 

performed almost exclusively by active muscle shortening rather than passive 

tendon recoil. At the preferred step length, if the combined knee/hip positive 

mechanical work (64% of the total) accounts for the remaining 82% of the 

metabolic cost of walking then we estimate the knee/hip ‘apparent efficiency’ is 

~0.24. 

 Implications and Future Work. From a basic science perspective, our long-

term goal is to establish a joint-level relationship between the mechanics and 

energetics of human locomotion. We hope to be able to approximately explain 

the metabolic cost of human walking as the sum of the metabolic costs of 

performing positive work at each of the lower-limb joints (ankle + knee + hip). 
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With measurements of average positive mechanical power and the ‘apparent 

efficiency’ of positive mechanical work for each joint this should be possible. 

Therefore, future studies should examine the ‘apparent efficiency’ of the hip and 

knee joints during walking under various walking conditions. 

 The importance of elastic energy storage and return in the Achilles tendon 

during walking sheds light on an alternative way to view ankle exoskeleton 

mechanical assistance. Even if ankle joint extensors perform little muscular work 

during human walking, they must still act like struts, producing the forces 

necessary to support body weight and series tendon elastic energy storage and 

return (Griffin et al., 2003). This may be a useful perspective to take when trying 

to understand changes in net metabolic power due to powering lower-limb joints 

where elastic energy cycling is important (i.e. the ankle). For example, regardless 

of the work that exoskeleton artificial muscles perform, the torque that they 

develop about the ankle reduces the forces required from biological ankle 

extensors. Although we did not use ankle joint moment data to estimate 

reductions in muscle forces, it should be possible to calculate an ‘apparent 

economy’ of ankle joint force production to gain insight into the relative metabolic 

costs of generating muscle force versus performing muscle work during human 

walking. 

 Considerable effort has been placed on developing assistive devices (i.e. 

exoskeletons and prostheses) designed to reduce the metabolic cost of walking 

(Guizzo and Goldstein, 2005). From an applied science perspective, our results 

suggest that metabolic energy savings are likely to be much more modest than 
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expected when using an exoskeleton to supplant joint work at distal, compliant 

joints. Instead, powering joints where muscles perform most of the work rather 

than tendon stretch and recoil (i.e. powering the less efficient joints) may lead to 

larger reductions in metabolic cost (Ferris et al., 2007). Furthermore, passive 

devices designed to reduce isometric muscle forces during periods of tendon 

stretch and recoil could also be useful at relatively elastic joints (i.e. ankle). 
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Figures and Tables 

Figure 3.1  Experimental set-up. (A) Subjects walked on a motorized treadmill 
for 7 minutes with exoskeletons unpowered, then rested for 3 minutes, then 
walked for 7 minutes with exoskeletons powered, while a metronome enforced 
their preferred step frequency (from unpowered walking at 1.25 m/s). Treadmill 
belt speed was set to achieve step length conditions of 0.8, 1.0, 1.2 and 1.4 x the 
preferred step length (L*) at 1.25 m/s. Conditions were presented in randomized 
order. Outlined boxes indicate periods where data was analyzed (minutes 4-6) in 
both unpowered and powered conditions. (B) During powered walking, bilateral 
ankle-foot orthosis (i.e. exoskeleton) artificial pneumatic muscles were controlled 
in real-time with users’ own soleus muscle activity. We collected joint kinematics 
using motion capture and reflective markers, O2 and CO2 flow rates with a 
metabolic cart, and artificial muscle forces with series load transducers. 
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Figure 3.2  Joint kinematics. Thick curves are nine subject mean ankle (left 
column), knee (middle column) and hip (right column) joint angles over the stride 
from heel strike (0%) to heel strike (100%). Data is average of left and right legs. 
Each row is walking data for a single step length (0.8 x preferred step length (L*) 
at top to 1.4 L* at bottom). In each subplot, curves are for unpowered (black), 
and powered walking (gray) and thin lines are + 1 standard deviation. Stance is 
~0%-60% of the stride, swing 60%-100%. Ankle joint extension (plantar flexion), 
knee joint extension and hip joint extension are all positive. For all joints zero 
degrees is upright standing posture. 
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Figure 3.3  Ankle exoskeleton mechanics. Thick curves are nine subject mean 
ankle joint angular velocity (left column), exoskeleton torque (middle column) and 
exoskeleton mechanical power (right column) over the stride from heel strike 
(0%) to heel strike (100%). Data is average of left and right legs. Each row is 
walking data at a single step length (0.8 x preferred step length (L*) at top to 1.4 
L* at bottom). In each subplot, curves are for unpowered (black), and powered 
walking (gray) and thin lines are + 1 standard deviation. Stance is ~0%-60% of 
the stride, swing 60%-100%. Ankle joint angular velocity is positive for ankle 
extension (i.e. plantar flexion). Exoskeleton torque that acts to extend the ankle is 
positive. Torque is product of artificial muscle load and moment arm length and 
normalized by subject mass. Positive exoskeleton mechanical power indicates 
transfer of energy from exoskeletons to the user’s ankle joint. Power is the 
product of exoskeleton torque and ankle joint angular velocity. 
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Figure 3.4  Net metabolic power. Bars indicate the nine subject mean net 
metabolic power (W/kg) during unpowered (white) and powered (gray) walking. 
Error bars are ± 1 standard error. Step lengths (0.8 x preferred step length (L*) to 
1.4 L*) are tabulated left to right. Values listed above bars indicate percentage 
difference in powered versus unpowered walking for each condition. Asterisks 
indicate a statistically significant difference between powered and unpowered 
walking (ANOVA, p < 0.05). 
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Figure 3.5  Exoskeleton performance. Bars indicate nine subject mean (A) 
change in net metabolic power (powered - unpowered) due to powered 
assistance from bilateral ankle exoskeletons (B) exoskeleton average positive 
(dark gray), negative (white) and net (light gray) mechanical power over a stride 
for powered walking and (C) exoskeleton performance index. Performance index 
indicates the fraction of average exoskeleton positive mechanical power that 
results in a reduction in net metabolic power, assuming that artificial muscle work 
directly replaces biological muscle work. Exoskeleton performance index = 1.0 
would suggest that all of the exoskeleton average mechanical power replaces 
underlying biological muscle work. For all panels, step lengths increase from left 
(0.8 x preferred step length (L*)) to right (1.4 L*). All metabolic power values are 
normalized by subject mass. Error bars are ± 1 standard error. 
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Figure 3.6  Lower-limb joint mechanics. Each row shows nine subject mean 
(thick black) + 1 standard deviation (thin black) mechanical power delivered by 
each of the lower-limb joints over the stride from heel-strike (0%) to heel-strike 
(100%) for a given step length condition. Curves are for unpowered walking 
overground at speeds corresponding to step lengths increasing from 0.8 x 
preferred step length (L*) (top row) to 1.4 x L* (bottom row). Left and right legs 
are averaged for each subject. Stance is ~0%-60% of the stride, swing 60%-
100%. In addition, the mean exoskeleton mechanical power from powered 
treadmill walking in each condition (gray) + 1 standard deviation (thin gray) is 
overlaid on subplots for the ankle joint mechanical power. Mechanical power is 
computed as the product of exoskeleton torque and ankle joint angular velocity 
and is normalized by subject mass. Positive exoskeleton power indicates energy 
transferred to the user and negative exoskeleton power indicates energy 
absorbed from the user. 
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Figure 3.7  Average mechanical power. Bars are the nine subject mean 
positive mechanical power delivered by the sum of the ankle, knee and hip joints 
(black) and ankle joint only (white) during unpowered overground walking. Gray 
bars are exoskeletons positive mechanical power during powered walking on the 
treadmill. Error bars are ± 1 standard error. All mechanical power values are 
normalized by subject mass. Step lengths increase from left (0.8 x preferred step 
length (L*) to right (1.4 L*). Brackets indicate the percent contribution of bars 
from right to left. For example, in 0.8 L* condition, the exoskeletons average 
positive mechanical power was 70% of the ankle joint average positive 
mechanical power, ankle joint positive mechanical power was 34% of the ankle + 
knee + hip positive mechanical power and the exoskeletons average positive 
mechanical power was 24% of the ankle + knee + hip positive average positive 
mechanical power over the stride. 
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Figure 3.8  Soleus electromyography. Nine subject mean (thick curves) + 1 
standard deviation (thin curves) of soleus normalized linear enveloped (high-pass 
cutoff frequency = 20 Hz and low-pass cutoff frequency = 10 Hz) muscle activity 
over the stride from heel-strike (0%) to heel-strike (100%). Thick curves are 
unpowered walking (black) and powered walking (gray) and normalized to the 
peak value during unpowered walking for the 1.4 L* condition. Step length 
increases from top (0.8 L*) to bottom (1.4 L*). Left and right legs are averaged for 
each subject. Stance phase is ~0%-60% and swing ~60%-100% of the stride. 
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Figure 3.9  Ankle muscle root mean square electromyography . Subplots are 
soleus (top), medial gastrocnemius, lateral gastrocnemius, and tibialis anterior 
(bottom). In each subplot, bars are nine subject mean stance phase root mean 
square average muscle activation. Error bars are ± 1 standard error. Step lengths 
increase from left (0.8 x preferred step length (L*)) to right (1.4 L*) with 
unpowered walking (minutes 4-6) in white and powered walking (minutes 4-6) in 
gray. Percentages listed above bars indicate percentage difference in powered 
compared to unpowered condition. Asterisks indicate a statistically significant 
difference between powered and unpowered walking (ANOVA, p < 0.05). 
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Table 3.1  Gait kinematics . Table lists mean ± standard error for step length, 
step width, step period and double support period during unpowered and 
powered walking at 1.25 m/s at each step length. Step lengths are listed in 
columns (0.8 L* left to 1.4 L* right). Results of repeated measures ANOVA (n = 9 
subjects) comparing pooled unpowered and powered walking data between step 
lengths are summarized in the rightmost column. 
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Chapter IV 

 

Mechanics and energetics of incline walking with robotic ankle 
exoskeletons 

 

Summary  

We examined healthy human subjects wearing robotic ankle exoskeletons to 

study the metabolic cost of ankle joint work during uphill walking. The 

exoskeletons were powered by artificial pneumatic muscles and controlled by the 

users’ own soleus electromyography. We hypothesized that as the demand for 

net positive external mechanical work increased with surface gradient, the 

positive work delivered by ankle exoskeletons would produce greater reductions 

in users’ metabolic cost. Nine human subjects walked at 1.25 m/s on gradients of 

0%, 5%, 10% and 15%. We compared O2 and CO2 flow rates, exoskeleton 

mechanics, joint kinematics, and surface electromyography between unpowered 

and powered exoskeleton conditions. On steeper inclines, ankle exoskeletons 

delivered more average positive mechanical power (ANOVA, p<0.0001; +0.37 ± 

0.03 W/kg at 15% grade and +0.23 ± 0.02 W/kg at 0% grade) and reduced 

subjects’ net metabolic power by more (ANOVA, p<0.0001; -0.98 ± 0.12 W/kg at 

15% grade and -0.45 ± 0.07 W/kg at 0% grade). Soleus muscle activity was 

reduced by ~16%-25% when wearing powered exoskeletons on all surface 
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gradients (p<0.0008). Subjects walked with increased ankle, knee, and hip 

extension during powered versus unpowered walking, maintaining a more upright 

posture as surface gradient increased. The ‘apparent efficiency’ of ankle joint 

mechanical work decreased from ~0.53 on level ground to ~0.38 on 15% grade. 

This suggests a decreased contribution of Achilles tendon recoil and increased 

contribution of ankle extensor muscle active shortening to ankle joint positive 

work during walking on steep uphill inclines. Although exoskeletons replaced 

~61% more biological ankle work up a 15% grade compared to level walking, 

relative reductions in net metabolic power were similar across surface gradients 

(~10%-13%). These results suggest a shift in the relative distribution of 

mechanical power output to more proximal (knee and hip) joints during inclined 

walking. 

 
 
Keywords: Locomotion, walking, incline, metabolic cost, exoskeletons, ankle, 
human, efficiency 
 
 

Introduction 

 Human steady-speed walking on level ground requires zero net 

mechanical energy per stride but exacts a substantial metabolic cost (Atzler and 

Herbst, 1927; Cotes and Meade, 1960; Ralston, 1958). Mechanical energy 

fluctuates within each stride and both positive and negative work is performed on 

the center of mass in the transition from the pendular arc of one step to the next. 

To meet the mechanical demands of step-to-step transitions active muscles 

consume metabolic energy to produce force and perform mechanical work. Up to 
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~70% of the total metabolic cost of level walking can be attributed to step-to-step 

transitions (Donelan et al., 2002a; Donelan et al., 2002b; Gottschall and Kram, 

2003; Kuo et al., 2005) while swinging the legs likely accounts for the remaining 

~30% (Doke et al., 2005; Doke and Kuo, 2007; Gottschall and Kram, 2005). 

 The demand for both mechanical and metabolic energy is higher for 

walking uphill than for walking on the level. Metabolic energy consumption is 

markedly elevated for walking on an inclined surface (Bobbert, 1960; Davies and 

Barnes, 1972; Dean, 1965; Margaria, 1938; Minetti et al., 1993; Minetti et al., 

2002). For example, when humans walk on a +40% surface gradient (~+22° 

inclination angle) the metabolic cost of transport is ~6-fold higher when compared 

to level walking (0% surface gradient) (Margaria, 1938). The increased metabolic 

demand during incline walking has a simple mechanical explanation. Work must 

be done against gravity to raise the body center of mass during each uphill 

walking step. Thus, in addition to the mechanical work needed to redirect the 

center of mass velocity and swing the legs (e.g. as is required on level ground), 

on an incline, extra positive work must be performed to increase the gravitational 

potential energy of the body (Margaria, 1938). 

 Center of mass mechanical analyses combined with measurements of 

oxygen consumption have given some insight into underlying muscle function 

during uphill walking on various gradients. For steady-speed walking on the level 

(0% grade) an equal amount of positive and negative external work is performed 

on the center of mass (i.e. net work is zero). As surface gradient increases the 

relative amount of positive versus negative external mechanical work performed 
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on the center of mass increases from 50% at 0% grade to >95% at 15% grade. 

Thus, for walking uphill at very steep inclines (>15%) virtually zero negative 

external work is performed on the center of mass (Minetti et al., 1993) and incline 

walking is a dominated by a demand for positive external mechanical work. 

Margaria showed that the efficiency of the positive mechanical work done for 

vertical displacement of the center of mass asymptotically approaches 0.25 when 

humans walk on extreme uphill slopes (>20% grade). Similarly, isolated muscle 

performs positive mechanical work with an efficiency of 0.25-0.30 (Fenn, 1924; 

Heglund and Cavagna, 1987; Hill, 1938; Hill, 1939; Woledge, 1985). The close 

agreement between the efficiencies of positive mechanical work for isolated 

muscle and the whole-body for walking at grades greater than 20% suggests that 

actively shortening muscle rather than recoiling elastic tendon supplies the 

majority (if not all) of the positive work to raise the center of mass on steep uphill 

inclines (Davies and Barnes, 1972; Margaria, 1968). 

 Whole-body efficiency calculations give a relatively accurate indication of 

underlying muscle-tendon function for tasks that are dominated by positive or 

negative external mechanical work (e.g. extreme uphill or downhill walking, cycle 

ergometry, sledge ergometry) (Abbott et al., 1952; Aura and Komi, 1986; 

Bigland-Ritchie and Woods, 1976; Margaria, 1968). Walking on inclines between 

0% and 15% grade, however, involves a mixture of positive and negative 

external mechanical work that is performed partly by active muscle and partly by 

passive tendon stretch and recoil. Minetti et al. estimated that the efficiency of 

external positive mechanical work (as computed from motion analysis) ranges 
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from 0.18 for walking at 1.08 m/s to 0.15 for walking at 1.86 m/s and is 

independent of surface gradient (Minetti et al., 1993). Other studies using 

estimates of muscle-tendon positive mechanical work from force platform data of 

the individual limbs report mechanical efficiencies of 0.10 to 0.27 for level walking 

(Donelan et al., 2002a; Griffin et al., 2003). These values suggest that elastic 

energy recoil by tendons contributes little to the overall positive mechanical work 

performed on the center of mass. On the other hand, studies that estimate 

muscle-tendon work via motion capture to compute summed contributions from 

external and internal work during walking report efficiencies from 0.35 to 0.55 for 

level walking (Burdett et al., 1983; Cavagna and Kaneko, 1977; Massaad et al., 

2007; Willems et al., 1995). These values suggest that tendon recoil does 

contribute to the overall positive mechanical work during walking. Thus, the 

relative contribution of active muscle shortening versus tendon recoil to the 

positive mechanical work required for both level and incline walking remains 

unclear. In addition, center of mass level efficiency calculations cannot directly 

address the relative roles of the lower-limb joints in generating external 

mechanical work during walking. 

 Recently, direct in vivo measurements animal models have given insight 

into how muscle-tendon systems across the lower-limb joints meet the increased 

demand for positive mechanical work during uphill locomotion. During level 

running in turkeys (Roberts et al., 1997) and level hopping in tammar wallabies 

(Biewener et al., 2004b) muscles at distal joints remain nearly isometric and 

produce force (but little work) to support energy saving tendon stretch and recoil. 
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As turkeys move up an inclined surface, the mechanical behavior of the lateral 

gastrocnemius shifts from a force producing strut (active isometric) to a work 

producing motor (active shortening) in order to provide a portion of the 

mechanical work needed to raise the animal’s center of mass (Roberts et al., 

1997). More detailed studies in both turkeys (Gabaldon et al., 2004) and guinea 

fowl (Daley and Biewener, 2003) also demonstrate that distal leg muscles (lateral 

gastrocnemius, digital flexor and peroneous longus) increase net active 

shortening and positive mechanical work output during uphill locomotion. On the 

other hand, when wallabies hop uphill, the lateral gastrocnemius and plantaris 

muscles retain the benefits of tendon storage and return, producing nearly 

isometric contractions while performing little mechanical work (Biewener et al., 

2004b). In that study, the authors suggested that animals with long compliant 

tendons specialized for elastic energy cycling at distal joints use their muscles at 

more proximal joints to meet most of the mechanical work demand on an incline. 

In line with this suggestion, McGowan et al. recently showed that when wallabies 

hop uphill, the more proximal biceps femoris (a hip extensor) and vastus lateralis 

(a knee extensor) showed significant increases in active shortening (McGowan et 

al., 2007). Blood flow measurements in guinea fowl also indicate that proximal 

stance phase extensor muscles with short tendons increase their mass-specific 

energy use significantly more than distal muscles with long compliant tendons 

(Rubenson et al., 2006). 

 In humans, less is known about how the joints of the lower limb meet the 

increased mechanical demands on an uphill gradient. Roberts et al. computed 



131 

joint work from inverse dynamics power curves during running on surfaces of 

increasing uphill gradient (Roberts and Belliveau, 2005). The ankle and knee 

joints functioned similarly on all inclines, and the hip joint delivered virtually all of 

the additional positive work required to move uphill (Roberts and Belliveau, 

2005). Joint moments (Lay et al., 2006) and joint powers (Lay et al., 2007; 

McIntosh et al., 2006) computed from inverse dynamics during uphill walking for 

the ankle knee and hip have been recently documented, but these studies did not 

quantify joint work. Peak ankle, knee and hip joint extensor moments were 18%, 

45%, and 50% higher for walking at 15% grade when compared to walking at 0% 

grade (Lay et al., 2006). Accompanying power curves suggest that the positive 

mechanical work produced by the ankle, knee and hip joint all increase with 

increasing surface gradient, but that the majority of the increase occurs at the hip 

joint (Lay et al., 2007; McIntosh et al., 2006). Trends in electromyography data 

also highlight the increasing importance of more proximal joints during incline 

walking. Muscle activity at all three lower-limb joints increases for walking up 

steeper slopes, but the largest increases are observed in the duration of thigh, 

not shank, muscle activity (Lay et al., 2007; Leroux et al., 1999). 

 An important step in relating mechanics and energetics during locomotion 

is deciphering the relative contributions of muscle and tendon to joint work. 

Recent evidence from non-invasive, in vivo ultrasound measurements indicates 

that during level, steady-speed walking the majority of ankle joint positive 

mechanical work during push-off is delivered by recoiling Achilles tendon 

(Fukunaga et al., 2001; Ishikawa et al., 2005; Lichtwark and Wilson, 2006). 



132 

Lichtwark et al. also showed that the mechanical behavior of the medial 

gastrocnemius-Achilles tendon complex is not different for walking on inclined 

versus level surfaces (Lichtwark and Wilson, 2006). Although the nominal medial 

gastrocnemius fascicle length is longer for uphill versus level walking, Achilles 

tendon stretch is still developed by fascicles producing force isometrically. As the 

muscle is deactivated near push-off, it performs a small amount of positive work 

at relatively slow shortening velocity while the recoiling elastic tissues 

simultaneously performs the majority of the total muscle-tendon positive work 

(Lichtwark and Wilson, 2006). Ultrasound studies give important insight into the 

mechanical behavior of the ankle joint muscle-tendon system, but cannot 

quantify the metabolic energy required to perform those actions. 

 Powered exoskeletons can be used to alter the mechanical power output 

of the lower-limb joints and study the human physiological response. Our recent 

work with both unilateral (Gordon and Ferris, 2007) and bilateral (Sawicki and 

Ferris, 2007a; Sawicki and Ferris, 2007b) ankle exoskeletons has established 

that humans can rapidly adapt an efficient walking pattern with powered ankle 

assistance during level steady walking. Humans save ~1.6 J of metabolic energy 

for every 1 J of mechanical energy delivered by bilateral powered ankle 

exoskeletons assisting push-off during level walking at preferred step length. This 

yields an ‘apparent efficiency’ for ankle joint positive work of ~0.61, much higher 

than the. efficiency of isolated muscle (0.25) (Fenn, 1924; Hill, 1938), indicating a 

substantial contribution of Achilles tendon recoil to ankle mechanical power 

(Sawicki and Ferris, 2007a). Furthermore, we determined that the ‘apparent 
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efficiency’ of ankle joint positive work decreases sharply with increasing walking 

step length but remains >0.25, even for very long steps (i.e. ~0.39 at 140% of 

preferred step length) (Sawicki and Ferris, 2007b). These results indicate that as 

the demand for external mechanical work increases, the human ankle extensor 

muscles perform a larger fraction of the total ankle joint muscle-tendon work 

during walking. 

 The overall objective of the present study was to examine how the human 

ankle muscle-tendon system meets the demands of increasing external 

mechanical workload due to increasing surface incline. We used bilateral 

pneumatically-powered ankle exoskeletons under soleus proportional myoelectric 

control to alter joint level mechanics and answer two questions (1) Can powered 

assistance at the ankle joint reduce the metabolic cost of uphill walking? (2) What 

is the ‘apparent efficiency’ of ankle joint mechanical work for uphill walking? We 

hypothesized that as surface incline increased, exoskeletons would deliver more 

average positive mechanical power and subjects’ net metabolic power would 

decrease by more than on the level. If biological ankle extensors, rather than 

recoiling Achilles tendon, perform more ankle work on steeper inclines, then the 

‘apparent efficiency’ of ankle joint work should decrease as surface gradient 

increases. We also expected reduced muscle activation amplitudes in muscles of 

the triceps surae group during powered walking on all gradients. We compared 

subjects’ net metabolic power and electromyography amplitudes during walking 

with exoskeletons powered versus unpowered at steady-speed on inclines of 

increasing uphill surface gradient. In addition, for powered walking we used 
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measurements of artificial muscle forces and moment arm lengths to compute 

the average mechanical power delivered by the exoskeletons over a stride. With 

simultaneous measurements of the mechanics and energetics of powered 

walking we computed the ‘apparent efficiency’ of ankle joint positve work to gain 

insight into how underlying ankle extensor muscle-tendon function changes 

during uphill walking in humans. 

Materials and methods  

 Subjects: Nine (5 males, 4 females) healthy subjects (body mass = 80.3 ± 

14.7 kg; height = 179 ± 3 cm; leg length = 92 ± 2 cm) gave written, informed 

consent in accordance with the Declaration of Helsinki. The protocol was 

approved by the University of Michigan Institutional Review Board for Human 

Subject research. Subjects exhibited no gait abnormalities and had practiced for 

at least 90 minutes (three or more thirty minute practice sessions) previously with 

powered exoskeletons. 

 Exoskeletons: We built lightweight bilateral, ankle-foot exoskeletons (i.e. 

orthoses) for each subject (mass of 1.18 ± 0.11 kg each (mean ± s.d.)) (Figure 

4.1). Details on the design and performance of the exoskeletons are documented 

elsewhere (Ferris et al., 2005; Ferris et al., 2006; Gordon et al., 2006; Sawicki et 

al., 2005). Briefly, the exoskeletons consisted of a carbon fiber shank attached to 

a polypropylene foot section with a metal hinge joint that allowed free rotation 

about the ankle flexion/extension axis. We used two stainless steel brackets to 

attach a single artificial pneumatic muscle (length = 45.6 ± 2.2 cm; moment arm 

= 10.6 ± 0.9 cm) along the posterior shank of each exoskeleton. We controlled 
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exoskeleton plantar flexor torque assistance with a physiologically inspired 

controller that incorporated the user’s own soleus electromyography to mimic the 

timing and amplitude of biological muscle activation (i.e. proportional myoelectric 

control) (Gordon and Ferris, 2007).  

 Protocol. Experienced (> 90 minutes walking with powered exoskeletons) 

subjects walked at 1.25 m/s with bilateral powered ankle exoskeletons at four 

different surface inclines (0%, 5%, 10% and 15% surface gradient (i.e. 0°, 2.9°, 

5.7°, and 8.5° inclination angle)) during unpowered and powered exoskeleton 

walking. Our previous work demonstrated that subjects plateau in net metabolic 

power after 90 minutes of powered walking practice (Sawicki and Ferris, 2007a). 

Subjects chose their preferred step length, step width and step frequency. 

Inclines were presented randomly. For each incline we followed the same 

walking timeframe (Figure 4.1). 

 First subjects walked for 7 minutes with exoskeletons unpowered 

(Unpowered). Then subjects rested for 3 minutes. Finally, subjects walked for 7 

minutes with exoskeletons powered (Powered). During the unpowered bout for 

each surface incline, we tuned the gain and threshold of the proportional 

myoelectric controller so that the control signal saturated for at least five 

consecutive steps. We then doubled the gain in order to encourage reduction in 

soleus muscle recruitment (Gordon and Ferris, 2007). We re-tuned the controller 

gains for each incline so that the exoskeletons delivered similar peak torque 

across the powered trials independent of surface gradient. Thus, changes in 

average exoskeleton mechanical power output would be attributed to changes in 
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ankle joint kinematics (range of motion, ankle joint angular velocity) rather than 

artificial muscle force output. 

 Data Collection and Analysis. We recorded subjects’  ankle, knee and hip 

joint kinematics, whole-body gait kinematics, ankle flexor and extensor surface 

electromyography, O2 and CO2 flow rates, and exoskeleton artificial muscles 

forces. For kinematic, electromyographic and artificial muscle force data, we 

collected ten second trials (i.e. ~7-9 walking strides) at the beginning of minutes 

4, 5, and 6 during each of the eight (unpowered mode and powered mode for 

each of four surface gradients) 7 minute trials. Metabolic data were collected 

continuously during each 7 minute trial. In addition, we collected a single 7 

minute quiet standing trial of metabolic data for each subject before walking trials 

commenced. 

 Kinematics. We placed twenty nine reflective markers on the subjects’ 

pelvis and lower limbs and used an 8-camera video system (frame rate 120 Hz, 

Motion Analysis Corporation, Santa Rosa, CA, USA) to record the positions of 

reflective markers during treadmill walking. We smoothed raw marker data with 

custom software (Visual 3D, C-Motion, Rockville, MD) by applying a 4th-order 

Butterworth low-pass filter (cutoff frequency 6 Hz). We used the smoothed 

marker data, and calculated ankle knee and hip joint angles (neutral standing 

posture was zero degrees for all joints) and angular velocities for both legs. We 

used footswitches (1200 Hz, B & L Engineering, Tustin, CA, USA) to mark heel-

strike and toe-off events and calculated the step period (time from heel-strike one 

leg to heel-strike of the other leg) and double support period (time from heel-
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strike of one leg to toe-off of the other). To calculate step width and step length 

we computed lateral and fore-aft distances between calcaneus markers at heel 

strike events. We averaged left and right joint kinematics from heel-strike (0%) to 

heel-strike (100%) to get the stride cycle average joint kinematics profiles. 

 Electromyography. We recorded bilateral lower-limb surface 

electromyography (EMG) (sampling rate 1200 Hz, Konigsberg Instruments, Inc., 

Pasadena, CA, USA) using bipolar electrodes (inter-electrode distance = 3.5 cm) 

of the soleus (Sol), tibialis anterior (TA), medial gastrocnemius (MG) and lateral 

gastrocnemius (LG) muscles. EMG amplifier bandwidth was 1000 Hz. We 

centered electrodes over the muscle belly and along its long axis always placing 

electrodes to minimize cross-talk. To minimized movement artifact we taped 

electrodes to the skin when necessary. We processed raw EMG by high-pass 

filtering (4th order Butterworth, cutoff frequency 20 Hz), rectifying and low-pass 

filtering (4th order Butterworth, cutoff frequency 10 Hz) each signal (i.e. linear 

envelope). Linear enveloped EMG was averaged for the right and left legs (from 

heel-strike to heel-strike for each leg) to get stride cycle averages. Finally, we 

normalized the curves using the peak value (average of left and right) for each 

muscle during the unpowered walking bout at the steepest incline (Unpowered 

15% grade). 

 We computed stance phase root-mean square (RMS) average EMG 

amplitudes from the high-pass filtered, rectified EMG data of each leg to quantify 

changes in EMG activation levels. We averaged RMS EMG values from each leg 
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and normalized using the average RMS value from the Unpowered 15% grade 

trial. 

 Exoskeleton Mechanics. We recorded the forces produced by the artificial 

pneumatic muscles during powered walking with single-axis compression load 

transducers (1200Hz, Omega Engineering, Stamford, CT, USA). With the ankle 

joint in the neutral position during upright standing posture we measured artificial 

muscle moment arm (moment arm = 10.6 ± 0.9 cm). We converted smoothed 

artificial muscle force data (low-pass filtered, 4th order Butterworth, cutoff 

frequency 6 Hz) to exoskeleton torque using the artificial moment arm length for 

each leg. We multiplied the exoskeleton torque and ankle joint angular velocity 

(from motion capture) to determine the mechanical power delivered by the 

exoskeletons. Exoskeleton power for the right and left legs (from heel-strike to 

heel-strike for each leg) was averaged then divided by subject mass to get the 

stride cycle average exoskeleton mechanical power. 

 To relate exoskeleton mechanical power and changes in subjects’ net 

metabolic power we computed the average rate of exoskeleton positive and 

negative mechanical work. We partitioned the positive and negative portions of 

both the left and right exoskeleton mechanical power curves (from left heel strike 

to left heel strike). Then we integrated positive (or negative) mechanical power 

from each leg, summed over legs, and divided the total by the average stride 

period to get average positive (or negative) mechanical power delivered by the 

exoskeletons over a stride. 
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 Metabolic Cost. We recorded O2 and CO2 flow rates using an open-circuit 

spirometry system (Physiodyne Instruments, Quogue, NY) (Blaxter, 1989; Brooks 

et al., 1996). We chose 7 minute trials to allow subjects to reach steady-state 

metabolic energy expenditure and monitored the respiratory exchange ratio 

(RER) to ensure that subjects relied on aerobic metabolism (RER < 1) (Brooks et 

al., 1996). If a continuous 7 minute trial could not be completed, we stopped and 

re-collected the data after the standard 3 minute period of rest. To calculate 

gross metabolic power we converted averaged O2 and CO2 rates for minutes 4-6 

of each trial to units of metabolic power (Watts) using the standard equations 

documented by Brockway (Brockway, 1987). Then we subtracted the averaged 

data from minutes 4-6 of the quiet standing trial to obtain the net metabolic power 

(Griffin et al., 2003; Poole et al., 1992). Finally, we divided net metabolic power 

values by subject mass to obtain mass specific net metabolic power (W/kg). We 

used the net metabolic power from the unpowered trial at each level of surface 

incline to compute a percentage difference between unpowered and powered 

walking. 

 Exoskeleton Performance Index. We computed the exoskeleton 

performance index by combining measures of mechanical and metabolic power. 

First, we subtracted the net metabolic power during unpowered walking from the 

net metabolic power during powered walking for each level of surface incline to 

get the metabolic power savings due to the exoskeleton assistance. Muscles 

perform positive mechanical work with a ‘muscular efficiency’ of 0.25 (Fenn, 

1924; Hill, 1938). We assumed that changes in net metabolic power would reflect 
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the cost of the underlying biological muscle positive work replaced by the 

powered exoskeletons. Thus, we multiplied changes in net metabolic power by 

0.25 to yield the expected amount of positive mechanical power delivered by the 

exoskeletons for a given change in net metabolic power. Finally we divided the 

measured by the expected average positive mechanical power delivered by the 

exoskeletons to yield the exoskeleton performance index (Equation 1). A 

performance index of 1.0 would suggest that exoskeleton assistance completely 

replaced underlying biological muscle positive mechanical work.  

 

 

 

 In addition, we computed an equivalent ‘apparent efficiency’ (Asmussen 

and Bonde-Petersen, 1974) by taking the reciprocal of four times the 

performance index (i.e. performance index = 1.0 is equivalent to ‘apparent 

efficiency’ = 0.25).  

 

 

 

 ‘Apparent efficiency’ can be compared with the ‘muscular efficiency’ of 

isolated muscle positive mechanical work to gain insight into the relative roles of 

muscle shortening versus tendon recoil to overall joint positive work. 

 Statistical Analyses. We performed repeated measures analysis of 

variance tests (ANOVAs) using JMP IN statistical software (SAS Institute, Inc. 
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Cary, NC, USA). For significant effects (p < 0.05) we computed statistical power 

and used post-hoc Tukey Honestly Significant Difference (THSD) tests to 

determine specific differences between means. 

 In the first analysis we assessed the effect of surface gradient (0%, 5%, 

10% and 15% grade) on net metabolic power, exoskeleton mechanics, stance 

phase RMS EMG and gait kinematics metrics (two-way ANOVA (subject, 

gradient)) for powered and unpowered walking data taken together (for 

exoskeleton mechanics metrics we analyzed powered walking data only). 

 In the other four ANOVA analyses (one for 0%, 5%, 10% and 15% grade) 

we assessed the effect of exoskeleton mode (Unpowered, Powered) on net 

metabolic power, stance phase RMS EMG and gait kinematics metrics (two-way 

ANOVA (subject, mode). 

Results 

 Joint Kinematics. During unpowered walking, as surface gradient 

increased, subjects walked with increased ankle dorsiflexion, knee flexion and 

hip flexion early in stance phase. Push-off phase kinematics were similar across 

surface gradients for all joints during unpowered walking (Figure 4.2). 

 Subjects adopted a more upright posture during powered versus 

unpowered walking. The ankle, knee and hip joint angles were all more extended 

early in stance during powered walking. This effect was pronounced at steeper 

inclines (Figure 4.2). For walking on the steepest incline (15% grade), increases 

in lower-limb joint extension angles at heel strike were ~4 degrees for ankle, ~8 
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degrees for knee, ~6 degrees for hip during powered versus unpowered 

exoskeleton walking. 

 The peak ankle angle during push-off was larger (by ~3 to 5 degrees) and 

occurred earlier in the stride cycle during powered walking when compared to 

unpowered walking at all surface gradients. Knee joint peak flexion angle and hip 

joint peak extension angle during push-off were similar for unpowered and 

powered walking on all levels of incline (Figure 4.2). 

 Exoskeleton Mechanics. During unpowered walking, the exoskeletons 

produced small amounts of torque about the ankle and thus delivered virtually 

zero mechanical power to the user (Figure 4.3).  

 When the exoskeletons were powered, they produced ~0.40-0.48 N-m/kg 

peak torque (increasing slightly with increasing surface gradient). In addition, as 

surface incline increased exoskeletons delivered increasing amounts of plantar 

flexor torque earlier in the stance phase (Figure 4.3). For level walking (0% 

grade), the peak exoskeleton torque during powered walking was ~33% the 

normal peak ankle joint moment during level walking at 1.25 m/s.  

 The peak ankle joint angular velocity during push-off increased with 

increasing surface gradient (+193 deg/s during Powered 0% grade and +223 

deg/s during Powered 15% grade). Increases in exoskeleton torque and ankle 

joint angular velocity resulted in larger peak exoskeleton mechanical power at 

steeper inclines (~1.1 W/kg at 0% grade and ~1.3 W/kg at 15% grade) (Figure 

4.3). The peak exoskeleton mechanical power was ~55% of peak ankle joint 

mechanical power during unpowered walking at 1.25 m/s on level ground. 
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 Powered ankle exoskeletons delivered increasing amounts of positive 

mechanical power over the stride with increasing surface gradient (ANOVA, p < 

0.0001, THSD, 15% > 10%, 5%, 0%;  10% > 5%, 0% and  5% > 0%) (Figure 4.5 

B). Exoskeleton average positive mechanical power was 0.23 ± 0.02 W/kg (mean 

± s.e.) during Powered 0% grade and increased by ~61% to 0.37 ± 0.03 W/kg 

during Powered 15% grade. Powered exoskeletons absorbed very little 

mechanical energy. Exoskeleton average negative mechanical power (~-0.02 

W/kg) over the stride was not different for powered walking on surfaces of 

different incline (ANOVA, p = 0.52) (Figure 4.5 B). 

 Metabolic Cost. Subjects’ net metabolic power increased with increasing 

surface incline (ANOVA, p < 0.0001, THSD, 15% > 10%, 5%, 0%;  10% > 5%, 

0%;  5% > 0%). In addition, net metabolic power was significantly lower during 

powered versus unpowered walking at every level of surface incline (0% grade 

ANOVA, p = 0.0002, THSD, Powered < Unpowered; 5% grade ANOVA, p < 

0.0001, THSD, Powered < Unpowered; 10% grade ANOVA, p < 0.0001, THSD, 

Powered < Unpowered; 15% grade ANOVA, p < 0.0001, THSD, Powered < 

Unpowered) (Figure 4.4). Net metabolic power was 3.36 ± 0.13 W/kg during 

Unpowered 0% grade and increased to 9.79 ± 0.23 W/kg during Unpowered 

15% grade. In comparison, net metabolic power was only 2.91 ± 0.13 W/kg 

during Powered 0% grade and increased to 8.80 ± 0.26 W/kg during Powered 

15% grade. 

 Subjects’ absolute reduction in net metabolic power in powered versus 

unpowered walking increased steadily with increasing surface gradient (ANOVA, 
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p < 0.0001, THSD, 15% < 5%, 0%; 10% < 5%, 0%) (Figure 4.5 A). On level 

ground (0% grade), net metabolic power was 0.45 ± 0.07 W/kg less during 

powered versus unpowered walking. At 15% grade, the reduction in net 

metabolic power due to mechanical assistance was 0.98 ± 0.12 W/kg (~117% 

more than on the level). Although reductions in net metabolic power during 

powered walking were larger on steeper inclines, relative changes in net 

metabolic power were similar between surface gradients (10%-13% reduction 

from powered to unpowered mode) (Figure 4.4). 

 Exoskeleton Performance Index. Exoskeleton performance index 

increased with increasing surface gradient (ANOVA, p = 0.02, THSD, 15% > 0%; 

10% > 0%) (Figure 4.5 C). Performance index increased ~40% from 0.47 ± 0.05 

(ankle joint ‘apparent efficiency’ = 0.53) during Powered 0% grade to 0.66 ± 0.06 

(ankle joint ‘apparent efficiency’ = 0.38) during Powered 15% grade. 

 Electromyography. Subjects increased activation of the triceps surae 

muscle group (i.e. soleus, medial and lateral gastrocnemius) as surface incline 

increased. Soleus stance phase root mean square (RMS) electromyography 

(EMG) was ~32% higher during unpowered and ~44% higher during powered 

walking at 15% grade when compared to walking on the level (i.e. 0% grade) 

(ANOVA, p < 0.0001, THSD, 15% > 10%, 5%, 0%;  10% > 0%;  5% > 0%). 

Medial and lateral gastrocnemius stance RMS EMG both increased by ~56% as 

surface gradient increased from 0% to 15% grade during unpowered walking. For 

powered walking, medial gastrocnemius stance RMS EMG increased by ~58% 

and lateral gastrocnemius stance RMS EMG increased ~77% as surface incline 
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increased from 0% to 15% grade (ANOVA, p < 0.0001, THSD, 15% > 10%,  5%, 

0%;  10% > 5%, 0%;  5% > 0% for both medial and lateral gastrocnemius). 

(Figure 4.7). 

 Subjects significantly altered soleus muscle activation amplitude but not 

timing during the stance phase of powered walking when compared to 

unpowered walking for all levels of surface incline (Figure 4.6). On the level (0% 

grade) soleus stance phase RMS EMG was ~25% lower during powered versus 

unpowered walking (0% grade ANOVA, p = 0.0008, THSD, Powered < 

Unpowered). At steeper surface inclines reductions in soleus stance RMS EMG 

in the powered versus unpowered mode were smaller (~16%-18%) but still 

significant (5% grade ANOVA, p = 0.0007, THSD, Powered < Unpowered; 10% 

grade ANOVA, p < 0.0001, THSD, Powered < Unpowered; 15% grade ANOVA, p 

< 0.0001, THSD, Powered < Unpowered) (Figure 4.7). 

 Similar to the soleus muscle, subjects walked with reduced lateral 

gastrocnemius RMS EMG amplitudes during powered versus unpowered walking 

(0% grade ANOVA, p = 0.002, THSD, Powered < Unpowered; 5% grade 

ANOVA, p = 0.006, THSD, Powered < Unpowered; 10% grade ANOVA, p = 0.07, 

15% grade ANOVA, p = 0.001, THSD, Powered < Unpowered). For level 

walking, lateral gastrocnemius activation amplitude was ~24% lower in powered 

versus unpowered exoskeleton mode and ranged from 8% to 15% for walking at 

steeper inclines (Figure 4.7). 

 Reductions in medial gastrocnemius stance RMS EMG during powered 

versus unpowered walking were less significant than in soleus or lateral 
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gastrocnemius. Medial gastrocnemius stance phase RMS EMG was lower during 

powered versus unpowered walking during the 5% grade condition only (by 

~11%) (5% grade ANOVA, p = 0.01, THSD, Powered < Unpowered; 0%, 10% 

and 15% grade ANOVAs, p > 0.08) (Figure 4.7). 

 Tibialis anterior muscle recruitment did not change with increasing surface 

gradient (ANOVA, p = 0.52) and was not significantly altered when exoskeletons 

were powered at any level of surface incline (ANOVA, p > 0.05 for all surface 

gradients) (Figure 4.7). 

 Gait Kinematics. Step length (ANOVA, p = 0.02, THSD, 15% < 5%) and 

step period (ANOVA, p = 0.04, THSD, 15% < 5%) were both shorter for walking 

at steeper inclines (unpowered and powered data pooled) (Table 4.1). Subjects 

took wider steps as surface gradient increased (ANOVA, p = 0.004, THSD, 15% 

> 0%). Double support period did not change with surface gradient (ANOVA, p = 

0.90) (Table 4.1). 

 When comparing unpowered and powered walking, step length (ANOVA, 

p > 0.30), step period (ANOVA, p > 0.75), step width (ANOVA, p > 0.20), and 

double support period (ANOVA, p > 0.39), were not significantly different for any 

incline level (Table 4.1). 

Discussion  

 Our results indicate that the ‘apparent efficiency’ of ankle joint positive 

mechanical work decreased from 0.53 to 0.38 as surface gradient increased from 

0% to 15% grade. Lower ‘apparent efficiency’ suggests an increased contribution 

of actively shortening muscle fibers, rather than passively recoiling Achilles 
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tendon, to overall ankle joint work. On a 15%-uphill grade, powered ankle 

exoskeleton artificial muscles replaced 61% more biological ankle muscle-tendon 

work than on the level. In response, during powered walking on 15% grade, 

subjects decreased their absolute metabolic cost by more than twice as much as 

on the level. However, the net metabolic cost of walking was three-fold higher for 

uphill walking on a 15% versus 0%-level grade. Absolute reductions in net 

metabolic power due to powered assistance could not outpace the increasing net 

metabolic power of walking on steeper inclines. Thus, powered assistance at the 

ankle joint reduced the metabolic cost of walking by 10%-13%, independent of 

surface gradient. 

 Our ‘apparent efficiency’ estimates give insight into the relative 

contribution of muscle versus tendon to overall joint positive power output 

(Sawicki and Ferris, 2007a; Sawicki and Ferris, 2007b). In this study, for walking 

on surface inclines up to 15% grade, the ‘apparent efficiency’ of ankle joint 

positive mechanical work was always greater than the ‘muscular efficiency’ of 

positive mechanical work for isolated muscle (~0.25) (Fenn, 1924; Woledge, 

1985). This suggests a significant contribution from Achilles tendon recoil to total 

ankle joint positive mechanical power output, even during steep uphill walking. 

The ‘apparent efficiency’ of ankle joint positive mechanical work decreased from 

0.53 during level walking to 0.38 on a 15% uphill surface gradient (Figure 4.5). 

These values imply that active ankle extensor muscle shortening provides a 

larger fraction of total ankle joint positive mechanical work on 15% grade than on 

the level. Based on an ‘apparent efficiency’ of 0.53 during level walking-0% 
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grade, we estimate that active muscle shortening accounts for at most ~47% of 

the total positive mechanical power output at the ankle (i.e. 47% = 0.25/0.53 x 

100 assuming ankle efficiency is determined by the metabolic cost of ankle 

muscles positive work only). This implies that the Achilles tendon delivers more 

than half (~53%) of the ankle joint positive mechanical work during level walking. 

Our estimates of the fraction of ankle joint work delivered by active muscle 

versus passive Achilles tendon for the other surface gradient conditions yield: for 

walking at 5% grade 54% muscles and 46% tendon; at 10% grade 68% muscles 

and 32% tendon; and at 15% grade 66% muscles and 34% tendon. Muscles 

contribute more of the ankle joint work on steeper inclines. But the Achilles 

tendon still contributes >30% of the positive ankle joint mechanical power, even 

for walking on relatively steep uphill inclines.  

 Recent ultrasound data supports our suggestion that tendon recoil is a 

major contributor to ankle joint positive mechanical power during human walking 

on level ground and on uphill inclines. Lichtwark et al. showed that during both 

level and uphill walking on a 10% surface gradient, the Achilles tendon is 

stretched significantly while in series muscle fascicles produce force nearly 

isometrically (Lichtwark and Wilson, 2006). Tendon elastic stretch is followed by 

a mechanical power burst near push-off that is shared by muscle fascicles 

(shortening at relatively slow velocity) and recoiling elastic Achilles tendon. 

 Our ‘apparent efficiency’ estimates depend on the validity of a key 

assumption: that the observed changes in metabolic cost are due to exoskeleton 

positive mechanical work directly replacing ankle joint muscle-tendon work. 
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Subjects could have used exoskeletons to augment total lower-limb joint work 

rather than to replace only ankle joint work. In that case we would expect 

increases in the total lower-limb joints average mechanical power during 

powered versus unpowered walking trials. During uphill walking, the external 

mechanical power (and net metabolic cost) increase in proportion to both speed 

and surface incline (Margaria, 1938). We held the treadmill speed and surface 

gradient constant between unpowered and powered walking trails to constrain 

the average external mechanical power to be similar during trials. Walking with 

longer (Donelan et al., 2002a), wider (Donelan et al., 2001) or more frequent 

steps (Bertram and Ruina, 2001) increases the mechanical and metabolic energy 

expenditure of walking. Although subjects took slightly shorter, wider, and higher 

frequency steps on steeper inclines, there were no significant differences in 

these gait parameters between powered and unpowered walking conditions on 

any surface incline (Table 4.1). Therefore changes in overall gait parameters did 

not confound our measured changes in net metabolic power due to powered 

exoskeleton assistance. 

 Our electromyography data provide additional evidence that subjects used 

exoskeleton mechanical assistance to replace ankle joint work. The stance 

phase RMS EMG amplitudes for all three major ankle extensor muscles were 

lower during powered versus unpowered walking (Figures 4.6 and 4.7). This 

indicates that exoskeleton artificial muscles directly reduced the load on the 

underlying biological muscle-tendon units. Reductions in soleus RMS EMG 

(16%-25%) were more pronounced than for the biarticular medial and lateral 
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gastrocnemius (5%-24%) (Figure 4.7). It could be that positive force feedback 

from Ib afferents plays a larger role in modifying soleus versus gastrocnemius 

muscle activity during uphill walking (Grey et al., 2007). In that case, reduced 

loading on the Achilles tendon due to exoskeleton torque assistance would 

reduce soleus activity by more than gastrocnemius activity. 

 Subjects’ joint kinematics indicated that exoskeleton assistance altered 

only the ankle joint mechanics. Highly constraining the external mechanical 

power between unpowered and powered walking does not rule out subjects’ 

redistributing joint power output across the lower-limb joints. For example, 

subjects could have offset ankle exoskeleton positive mechanical power, by 

performing simultaneous positive work at the knee or hip. This did not appear to 

be the case. The ankle, knee and hip joint angles were all slightly more extended 

during powered versus unpowered walking trials (Figure 4.2). As a result 

subjects walked with a more upright posture, and slightly increased the effective 

mechanical advantage of the muscles spanning each of the lower-limb joints 

(Biewener, 1989; Biewener et al., 2004a). Increased effective mechanical 

advantage reduces net muscle moments, especially at proximal joints (knee, 

hip). If compensatory negative work occurred at the knee or hip, we would expect 

considerable increases in the angular velocity at those joints over the stride. The 

hip and knee joint angles were slightly shifted (i.e. towards extension) but their 

slopes were similar over the entire stride, especially near push-off (Figure 4.2).  

 Muscle co-activation at the ankle to stabilize the joint during powered 

walking could exact a significant metabolic cost and confound our measured 
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differences in net metabolic power due to exoskeleton assistance. We measured 

muscle activity in the tibialis anterior (the major ankle flexor) to rule out this 

possibility. Our results indicate no significant differences in tibialis anterior RMS 

EMG amplitudes between powered and unpowered walking conditions on any 

surface incline (Figure 4.7). This indicates that co-activation was not a factor at 

the ankle joint. Our previous work indicates that during powered walking, muscle 

co-activation is not a factor at the knee or hip (Gordon and Ferris, 2007). 

 The metabolic cost of swinging the legs is significant during human 

walking, accounting for up to 30% of the total metabolic cost (Doke et al., 2005; 

Doke and Kuo, 2007; Gottschall and Kram, 2005) and increases with added 

mass on the lower limbs (Browning et al., 2007). It is possible that leg swing 

metabolic cost accounts for a larger percentage of the total metabolic cost of 

walking as surface incline increases. Exoskeleton mechanical assistance might 

then have a smaller effect on whole-body metabolism, keeping relative changes 

in net metabolic power due to mechanical assistance constant. We believe this is 

unlikely for two reasons. First, Minetti et al. showed that although the external 

positive work (Wext +) done on the center of mass increases with increasing 

surface incline, the internal work done to move the limbs relative to the center of 

mass (Wint +) remains relatively constant with increasing surface incline (Minetti 

et al., 1993) This indicates that leg swing costs likely remain nearly constant. 

Second, a recent study by Doke et al. demonstrated that the cost of swinging the 

legs may not depend on performing mechanical work, but instead on producing 

force in short bursts (Doke and Kuo, 2007). That is, leg swing cost during walking 
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should depend mainly on step frequency. In this study, subjects increased step 

frequency by ~2.5% as surface gradient increased from 0% grade (level) to 15% 

grade. Although this change was statistically significant, it is too small to 

appreciably affect the relative cost of leg swing to the overall metabolic cost of 

walking across surface inclines. 

 Subjects saved more absolute net metabolic power due to mechanical 

assistance on steeper uphill gradients, but relative reductions in net metabolic 

power remained a nearly constant 10-13% independent of surface gradient. This 

is likely a result of decreased effectiveness of the exoskeletons as the grade 

increased. Increased exoskeleton average mechanical power (+60% from 0% to 

15% grade) (Figure 4.5 B) contributed a smaller fraction of the total ankle + knee 

+ hip average positive mechanical power on steeper inclines. A limitation of the 

current study is that we could not compute lower-limb joint inverse dynamics on 

inclined surfaces. As a result it was not possible to calculate the relative 

contribution of exoskeleton positive mechanical power to the overall mechanical 

power of the ankle joint (or summed joints). However, recent studies in humans 

(Lay et al., 2006; McIntosh et al., 2006; Roberts and Belliveau, 2005) and other 

animals (Biewener et al., 2004b; McGowan et al., 2007; Rubenson et al., 2006) 

suggest that as surface incline increases, there is a shift in the relative 

distribution of lower-limb positive power output from the distal (e.g. ankle) to the 

proximal (e.g. hip and knee) joints. If the hip and knee joints perform a larger 

fraction of the total joints (ankle + knee +hip) positive mechanical work then they 

should also account for the majority of the total metabolic cost of uphill walking. 
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Thus, ankle exoskeleton positive mechanical power influenced a smaller fraction 

of the total metabolic cost of walking on steeper inclines and relative changes in 

metabolic cost remained independent of surface gradient.  

 In our previous work, during level walking at 1.25 m/s, exoskeletons 

delivered 63% of the ankle joint positive mechanical work, and the ankle 

performed 35% of the total lower-limb positive mechanical work (Sawicki and 

Ferris, 2007a). In that case the ‘apparent efficiency’ of ankle joint positive 

mechanical work was 0.61 and subjects’ net metabolic power was reduced by 

10%. In this study, if we assume that exoskeletons deliver 63% of the ankle joint 

positive work (likely and overestimate) on a 15% uphill gradient, then the ankle 

joint would need to contribute ~24% of the summed joint positive work with 

‘apparent efficiency’ 0.38 to get the observed 10% reduction in net metabolic 

cost. In other words, we estimate that the relative contribution of the knee/hip to 

summed lower-limb positive mechanical work increases from ~65% to about 76% 

as surface gradient increases from 0%-level to 15%-uphill. 

 Finally, it is interesting to note that our ankle joint ‘apparent efficiency’ 

values didn’t change much from 10% (0.37) to 15% (0.38) uphill walking gradient. 

It is possible that the muscle-tendon architecture of human ankle joint limits its 

ability to modulate mechanical work output during tasks that require increased 

external work (e.g. uphill inclines). The idea that muscle-tendon morphology 

might constrain mechanical performance is not new, and has been suggested for 

other animals (e.g. wallabies) that have long tendons at distal joints that are likely 

specialized for elastic energy storage and return (Biewener et al., 2004b; 



154 

McGowan et al., 2007). It would be interesting to test whether ankle joint 

‘apparent efficiency’ goes down further on inclines > 15% uphill gradient, or if a 

long elastic Achilles tendon does indeed pose a mechanical constraint. 

 Implications and Future Work. Powered exoskeletons are a novel tool for 

studying the relationship between the mechanics and energetics of locomotion at 

the level of the lower-limb joints. Our work demonstrates that ankle joint positive 

mechanical power is relatively cheap from a metabolic perspective. That is, for 

steady walking across different speeds (Sawicki and Ferris, 2007a; Sawicki and 

Ferris, 2007b) and inclines, the ankle joint delivers positive mechanical power 

with remarkably high ‘apparent efficiency’. Future studies could use powered 

exoskeletons to study the mechanics and energetics of other joints (hip and 

knee) and other locomotor tasks (i.e. running, hopping or accelerating). In 

addition, combining this approach with non-invasive in vivo techniques (e.g. 

ultrasound measurements) could help validate our suggestions regarding 

changes in underlying muscle-tendon mechanical function during walking under 

different locomotor conditions. 

 Our findings have important implications for engineering devices designed 

to reduce the metabolic cost of locomotion. Although it seems counterintuitive, 

our results suggest that powering the joints that generate the most mechanical 

power during locomotion may not lead to the largest reductions in metabolic cost. 

A better approach is to target the joints that utilize the most metabolic energy to 

perform a given amount of mechanical work (i.e. the least efficient joints). Our 

findings suggest that powering proximal joints (e.g. hip) where muscles rather 
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than tendons contribute most of the positive mechanical joint work may lead to 

the largest reductions in metabolic cost (Ferris et al., 2007). This is especially 

true for walking uphill where the hip joint performs more of the total work than 

any other joint and at the lowest efficiency, making it by far the most expensive 

joint metabolically speaking. 
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Figures and Tables 

Figure 4.1  Experimental set-up. (A) Subjects walked on a motorized treadmill 
at 1.25 m/s for 7 minutes with exoskeletons unpowered, then rested for 3 
minutes, then walked for 7 minutes with exoskeletons powered at surface 
inclines of 0%, 5% 10% and 15% grade presented in randomized order. Outlined 
boxes indicate periods where data was analyzed (minutes 4-6) in both 
unpowered and powered conditions. (B) During powered walking, bilateral ankle-
foot orthoses (i.e. exoskeletons) were operated under proportional myoelectrical 
control. Users’ soleus muscle activity generated a real-time control signal 
commanding timing and amplitude of artificial pneumatic muscles forces. We 
used reflective markers and motion capture to collect joint kinematics, open-
circuit spirometery to collect O2 and CO2 flow rates, and compression load 
transducers to record artificial muscle forces. 
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Figure 4.2  Joint kinematics. Thick curves are nine subject mean ankle (left 
column), knee (middle column) and hip (right column) joint angles over the stride 
from heel strike (0%) to heel strike (100%). Data is average of left and right legs. 
Each row is walking data at 1.25 m/s on a single surface gradient (0%-level at 
top to 15%-uphill at bottom). In each subplot, curves are for unpowered (black), 
and powered walking (gray) and thin lines are + 1 standard deviation. Stance is 
~0%-60% of the stride, swing 60%-100%. For all joints zero degrees is upright 
standing posture. Ankle joint extension (plantarflexion), knee joint extension and 
hip joint extension are all positive. 
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Figure 4.3  Ankle exoskeleton mechanics. Thick curves are nine subject mean 
ankle joint angular velocity (left column), exoskeleton torque (middle column) and 
exoskeleton mechanical power (right column) over the stride from heel strike 
(0%) to heel strike (100%). Data is average of left and right legs. Each row is 
walking data at 1.25 m/s on a single surface gradient (0%-level at top to 15%-
uphill at bottom). In each subplot, curves are for unpowered (black), and powered 
walking (gray) and thin lines are + 1 standard deviation. Stance is ~0%-60% of 
the stride, swing 60%-100%. Ankle joint angular velocity is positive for ankle 
extension (i.e. plantar flexion). Exoskeleton torque that acts to extend the ankle is 
positive. Torque is product of artificial muscle load and moment arm length and 
normalized by subject mass. Positive exoskeleton power indicates transfer of 
energy from the exoskeletons to the user’s ankle joints. Power is the product of 
exoskeleton torque and ankle joint angular velocity. 
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Figure 4.4  Net metabolic power. Bars indicate the nine subject mean net 
metabolic power (W/kg) during unpowered (white) and powered (gray) walking. 
Error bars are ± 1 standard error. Surface gradients (0%-level to 15% uphill) are 
tabulated left to right. Values listed above bars indicate percentage difference in 
powered versus unpowered walking for each condition. Asterisks indicate a 
statistically significant difference between powered and unpowered walking 
(ANOVA, p < 0.05). 
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Figure 4.5  Exoskeleton performance. Bars indicate nine subject mean (A) 
change in net metabolic power (powered - unpowered) due to powered 
assistance from bilateral ankle exoskeletons (B) exoskeleton average positive 
(dark gray), negative (white) and net (light gray) mechanical power over a stride 
for powered walking and (C) exoskeleton performance index. Performance index 
indicates the fraction of average exoskeleton positive mechanical power that 
results in a reduction in net metabolic power, assuming that artificial muscle work 
directly replaces biological muscle work. Exoskeleton performance index = 1.0 
would suggest that all of the exoskeleton average mechanical power replaces 
underlying biological muscle work. For all panels, surface inclines increase from 
left (0%-level) to right (15%-uphill). All metabolic power values are normalized by 
subject mass. Error bars are ± 1 standard error.  
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Figure 4.6  Soleus electromyography. Nine subject mean (thick curves) + 1 
standard deviation (thin curves) of soleus normalized linear enveloped (high-pass 
cutoff frequency = 20 Hz and low-pass cutoff frequency = 10 Hz) muscle activity 
over the stride from heel-strike (0%) to heel-strike (100%). Thick curves are 
unpowered walking (black) and powered walking (gray) and normalized to the 
peak value during unpowered walking for the 15%-grade condition. Surface 
inclination increases from top (0% grade-level) to bottom (15% grade-uphill). Left 
and right legs are averaged for each subject. Stance phase is ~0%-60% and 
swing ~60%-100% of the stride. 
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Figure 4.7  Ankle joint muscle root mean square electromyography. 
Subplots are soleus (top), medial gastrocnemius, lateral gastrocnemius, and 
tibialis anterior (bottom). In each subplot, bars are nine subject mean stance 
phase root mean square average muscle activation. Error bars are ± 1 standard 
error. Surface gradients increase from left (0%-level) to right (15%-uphill) with 
unpowered walking (minutes 4-6) in white and powered walking (minutes 4-6) in 
gray. Values listed above bars indicate percentage difference in powered versus 
unpowered condition. Asterisks indicate a statistically significant difference 
between powered and unpowered walking (ANOVA, p < 0.05).  
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Table 4.1  Gait kinematics. Table lists mean ± standard error for step length, 
step width, step period and double support period during unpowered and 
powered walking at 1.25 m/s on each surface gradient. Surface gradients are 
listed in columns (0%-level to 15%-uphill from left to right). Results of repeated 
measures ANOVA (n = 9 subjects) comparing pooled unpowered and powered 
walking data between surface gradients are summarized in the rightmost column. 
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Chapter V 

 

Conclusion 
 

Accomplishments 
 

 The overall goal of this dissertation was to examine the mechanics, 

energetics and neural control of human walking at the level of the lower-limb 

joints. I built bilateral ankle exoskeletons powered using artificial pneumatic 

muscles and controlled with the user's own soleus (an ankle plantar flexor) 

electromyography (EMG) signal to command torque and drive ankle extension 

during the push-off phase of walking. I addressed the following questions: 

 

1) Can powered ankle exoskeletons reduce the metabolic cost of level 

steady speed walking? Just as most new motor skills do, walking with lower-

limb robotic exoskeletons requires a period of adaptation and learning. My results 

(Chapter II) showed that over three thirty minute practice sessions, each 

separated by three days, subjects progressed from a ~7% increase to a ~10% 

decrease in net metabolic power during walking with powered ankle 

exoskeletons. Subjects reduced their metabolic energy consumption by altering 

soleus EMG to adjust the timing and amplitude of the commanded torque 
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assistance in order to eliminate negative work performed (energy absorbed) by 

the exoskeletons over the stride. After practice, exoskeletons transferred distinct 

bursts of positive power (i.e. 63% of the ankle joint and 22% of the total joint 

average positive mechanical power) to the users’ ankles at push-off. During 

powered walking, ankle, knee and hip kinematics were close to normal, and 

ankle extensor EMG was reduced by up to 30% in soleus and up to 10% in 

medial and lateral gastrocnemius. 

 

2) Is powered assistance more effective at reducing the metabolic cost of 

walking under conditions of increased workload? Powered exoskeletons 

could be particularly useful for preventing rapid fatigue during tasks that require 

high power outputs. I used increasing (1) step length (Chapter III) and (2) surface 

gradient (Chapter IV) to study how exoskeleton performance changes under 

conditions of increased external workload. Subjects used exoskeletons to 

produce similar torques but higher mechanical power outputs during higher 

workload tasks. This was due to natural changes in joint range of motion and 

angular velocity. Although absolute reductions in net metabolic cost were larger 

for higher workloads, relative reductions in net metabolic cost were similar for 

powered walking with longer steps and on steeper inclines. Reductions in net 

metabolic power ranged from 8%-13%. 

 

3) What is the ‘apparent efficiency’ and relative metabolic cost of ankle 

joint positive mechanical work? Classic experiments on isolated muscle have 
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established that the efficiency of positive muscle work is ~0.25 ; (Fenn, 1924; Hill, 

1939). That is, isolated skeletal muscle consumes 4 Joules of metabolic energy 

for every 1 Joule of positive mechanical work it generates. The ‘apparent 

efficiency’ (or ratio of the average mechanical power input by the exoskeletons to 

the net metabolic savings of the user) of ankle joint positive mechanical work can 

be compared with that of isolated muscle to give insight into the underlying 

mechanical function of the muscle-tendon units spanning a joint. My results 

indicate that the ankle joint ‘apparent efficiency’ of positive mechanical work is 

~0.5-0.6 for preferred step length walking on level ground at 1.25 m/s. ‘Apparent 

efficiency’ values higher than 0.25 suggest an underlying role for passive tendon 

stretch and recoil. ‘Apparent efficiency’ values of 0.5-0.6 indicate that the Achilles 

tendon stores elastic energy and then returns it to produce a portion of the ankle 

joint positive mechanical power at reduced metabolic cost. We estimate that 

Achilles tendon performs >50% of the ankle joint push off positive work during 

level preferred step length walking. Because Achilles tendon work is relative 

cheap metabolically speaking, the ankle joint can perform 35% of the lower-limb 

positive mechanical work but consume only 18%-20% of the net metabolic 

energy for walking at preferred step length on level ground (Chapter II). 

 Under conditions of increased workload ankle joint ‘apparent efficiency’ is 

reduced. For walking between 80%-140% of the preferred step length the 

‘apparent efficiency’ of ankle joint work decreases from 1.39 for the shortest 

steps to 0.38 for the longest steps. This suggests that muscles rather than the 

Achilles tendon perform more and more ankle joint positive mechanical work as 
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the demand for external power is elevated. As a consequence, the net metabolic 

cost of ankle joint positive mechanical work increases from ~7%-26% as step 

length increases from 80% to 140% of the preferred step length (Chapter III). 

Ankle joint ‘apparent efficiency’ decreases from 0.53 to 0.39 as surface gradient 

increases from 0%-level to 15%-uphill (Chapter IV). 

 From a basic science standpoint, these results suggest that the Achilles 

tendon elastic energy return allows the ankle joint to perform positive mechanical 

work with very little metabolic energy. Thus, the metabolic cost of walking may be 

dominated by muscle positive mechanical work at the knee and hip joints. 

 From an applied science standpoint, these results will help guide the 

design of powered, wearable robotic devices for reducing metabolic cost of 

walking. Assisting more proximal joints (e.g. knee, hip) that are less efficient (i.e. 

where muscles do much and tendons do little positive work) should yield larger 

reductions net metabolic power of walking. 
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Table A.1.  Chapter two subject characteristics. 
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Table A.2.  Chapter two net metabolic power and statistics. 
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Power 
(W/kg)

Period
p-value; 
THSD

Session
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THSD
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p-value;

THSD

Session
p-value;
THSD

p=0.09p=0.03*
Powered<Unpowered

0.172.990.203.220.103.250.113.31
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Metabolic 

Power 
(W/kg)

Session 
3

n=9, See Materials and Methods for calculations.
THSD=Tukey Honestly Significant Difference Test Results; SE=Standard Error
Condition: Unpowered, Powered; Period: Beginning, End; Session: S1,S2,S3
p<0.05 indicates statistical significance. 
* indicates statistical power >0.65; ** indicates statistical power >0.80.
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p=0.09p=0.03*
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0.10

SE

Net 
Metabolic 

Power 
(W/kg)

3.84

Mean
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Table A.3.  Chapter two exoskeletons performance metrics and statistics.
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p=0.004**
End>Beginning
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Positive 
Exoskeletons 
Mechanical 

Power    
(W/kg)

n=9, See Materials and Methods for calculations.
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Table A.4.  Chapter two root mean square electromyography and statistics.
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Session 
3

n=9, See Materials and Methods for calculations.
Sol=Soleus, TA=tibialis anterior, MG=medial gastrocnemius, LG=lateral gastrocnemius.
Values are root mean square (RMS) average from stance phase only normalized to Unpowered Beginning condition. 
THSD=Tukey Honestly Significant Difference Test Results; SE=Standard Error
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THSD=Tukey Honestly Significant Difference Test Results; SE=Standard Error
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0.12

SE

1.00

Mean



190 

Table A.5.  Chapter two gait kinematics and statistics.
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p=0.01*
End<Beginning

p=0.34
p=0.002**

End<Beginning

p=0.01*
S3>S1
S2>S1

Step Width (mm)

p=0.79p=0.48
p=0.02*

End>Beginning
p=0.46Step Length (mm)

Period
p-value;

THSD

Session
p-value;

THSD

Period
p-value;

THSD

Session
p-value;
THSD

p=0.38p=0.475138614061386138Double Support Period (ms)

p=0.87p=0.949575957875788575Step Period (ms)

p=0.01*p=0.051212013126910411123Step Width (mm)

p=0.93p=0.01*1471713725973411732Step Length (mm)

Session 
3

n=9, See Materials and Methods for calculations.
THSD=Tukey Honestly Significant Difference Test Results; SE=Standard Error
Condition: Unpowered, Powered; Period: Beginning, End; Session: S1,S2,S3
p<0.05 indicates statistical significance. * indicates statistical power >0.65; ** indicates statistical power >0.80.

STATISTICS

METRIC

p=0.94p=0.97
p=0.02*

End>Beginning
p=0.36Step Period (ms)

p=0.52p=0.08p=0.55
p=0.005**
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Double Support Period (ms)

p=0.49p=0.061272012721107299729Step Length (mm)

Session 
2
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p=0.98p=0.569574857775758574Step Period (ms)

p=0.88p=0.01*5138614161356132Double Support Period (ms)

PoweredUnpowered

EndBeginningEndBeginning

p=0.16

p=0.93

p<0.0001**

p=0.006**

Condition
p-value

151

580

119

717

Mean

9

8

11

17

SE

p=0.13

p=0.02*

p=0.10

p=0.08

Period
p-value

Session 
1

614181419140Double Support Period (ms)

757575836573Step Period (ms)

8127810010105Step Width (mm)

741

Mean

9

SE
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SE

Step Length (mm) 713

Mean

10

SE

724

Mean

p=0.01*
End<Beginning

p=0.34
p=0.002**

End<Beginning

p=0.01*
S3>S1
S2>S1

Step Width (mm)

p=0.79p=0.48
p=0.02*
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Period
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THSD
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THSD

Period
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p=0.38p=0.475138614061386138Double Support Period (ms)

p=0.87p=0.949575957875788575Step Period (ms)

p=0.01*p=0.051212013126910411123Step Width (mm)

p=0.93p=0.01*1471713725973411732Step Length (mm)

Session 
3

n=9, See Materials and Methods for calculations.
THSD=Tukey Honestly Significant Difference Test Results; SE=Standard Error
Condition: Unpowered, Powered; Period: Beginning, End; Session: S1,S2,S3
p<0.05 indicates statistical significance. * indicates statistical power >0.65; ** indicates statistical power >0.80.
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9
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SE
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Mean
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SE

724

Mean



192 

Table A.6.  Chapters three and four subject characteristics.
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80.3
±

14.7

85.5

72.6

79.4

70.3

89.7

109.1

73.5

82.6

70.3

Body 
Mass                
(kg)

179
±
3

185

177

180

180

185

189

170

174

173

Height 
(cm)

92          
±
2

98

91

90

94

98

100

84

88

89

Leg 
Length 

(cm)

10.6
±

0.9

9.0

10.8

11.0

11.8

11.0

9.8

11.5

9.5

10.8

Moment 
Arm 

Length 
(cm)

45.6
±

2.2

46.0

45.3

46.0

47.3

48.8

47.0

41.5

45.5

43.0

Artificial 
Muscle 
Length 

(cm)

1.18
±

0.11

1.14

1.06

1.16

1.20

1.22

1.43

1.04

1.20

1.14

Exoskeleton 
Mass                
(kg)

OS-m

OK-f

AK-f

ME-m

FA-f

MEAN            
±

SD

WD-m

FD-m

TB-m

CA-f

Subject ID 
(m/f)

80.3
±

14.7

85.5

72.6

79.4

70.3

89.7

109.1

73.5

82.6

70.3

Body 
Mass                
(kg)

179
±
3

185

177

180

180

185

189

170

174

173

Height 
(cm)

92          
±
2

98

91

90

94

98

100

84

88

89

Leg 
Length 

(cm)

10.6
±

0.9

9.0

10.8

11.0

11.8

11.0

9.8

11.5

9.5

10.8

Moment 
Arm 

Length 
(cm)

45.6
±

2.2

46.0

45.3

46.0

47.3

48.8

47.0

41.5

45.5

43.0

Artificial 
Muscle 
Length 

(cm)

1.18
±

0.11

1.14

1.06

1.16

1.20

1.22

1.43

1.04

1.20

1.14

Exoskeleton 
Mass                
(kg)

OS-m

OK-f

AK-f

ME-m

FA-f

MEAN            
±

SD

WD-m

FD-m

TB-m

CA-f

Subject ID 
(m/f)
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Table A.7.  Chapter three net metabolic power and statistics.
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n=9, See Materials and Methods for calculations.
THSD=Tukey Honestly Significant Difference Test Results; SE=Standard Error
Condition: Unpowered, Powered; Step Length: 0.8xL*, 1.0xL*,1.2xL*,1.4xL* 
L* is preferred step length at 1.25 m/s.
p<0.05 indicates statistical significance. 
* indicates statistical power >0.65; ** indicates statistical power >0.80.

p<0.0001
1.4>1.2,1.0,0.8

1.2>1.0,0.8
1.0>0.8

Net 
Metabolic 

Power  
(W/kg)

Net 
Metabolic 

Power 
(W/kg)

Net 
Metabolic 

Power 
(W/kg)

Net 
Metabolic 

Power 
(W/kg)

Net 
Metabolic 

Power 
(W/kg)

METRIC

7.18

4.22

3.13

2.49

Mean

Without

0.50

0.18

0.13

0.14

SE SEMeanSEMean

Condition
p-value; 

THSD

PoweredUnpowered

p=0.001**
Without<Unpowered
Powered<Unpowered

0.134.040.224.62
1.2 x 

Preferred 
Step Length

Gradient
p-value; 

THSD

p=0.003**
Powered<Unpowered, Without0.296.190.326.89

1.4 x 
Preferred 

Step Length

p=0.001**
Without<Unpowered
Powered<Unpowered

0.103.000.113.39
1.0 x 

Preferred 
Step Length

p=0.008**
Without<Unpowered

0.12
0.8 x 

Preferred 
Step Length

0.07 2.652.86

n=9, See Materials and Methods for calculations.
THSD=Tukey Honestly Significant Difference Test Results; SE=Standard Error
Condition: Unpowered, Powered; Step Length: 0.8xL*, 1.0xL*,1.2xL*,1.4xL* 
L* is preferred step length at 1.25 m/s.
p<0.05 indicates statistical significance. 
* indicates statistical power >0.65; ** indicates statistical power >0.80.

p<0.0001
1.4>1.2,1.0,0.8

1.2>1.0,0.8
1.0>0.8

Net 
Metabolic 

Power  
(W/kg)

Net 
Metabolic 

Power 
(W/kg)

Net 
Metabolic 

Power 
(W/kg)

Net 
Metabolic 

Power 
(W/kg)

Net 
Metabolic 

Power 
(W/kg)

METRIC

7.18

4.22

3.13

2.49

Mean

Without

0.50

0.18

0.13

0.14

SE SEMeanSEMean

Condition
p-value; 

THSD

PoweredUnpowered

p=0.001**
Without<Unpowered
Powered<Unpowered

0.134.040.224.62
1.2 x 

Preferred 
Step Length

Gradient
p-value; 

THSD

p=0.003**
Powered<Unpowered, Without0.296.190.326.89

1.4 x 
Preferred 

Step Length

p=0.001**
Without<Unpowered
Powered<Unpowered

0.103.000.113.39
1.0 x 

Preferred 
Step Length

p=0.008**
Without<Unpowered

0.12
0.8 x 

Preferred 
Step Length

0.07 2.652.86
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Table A.8.  Chapter three exoskeletons performance metrics and statistics.
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p=0.01
1.4>0.8

0.100.650.100.560.060.410.120.18

Exoskeletons 
Performance 

Index     
(W/kg)

0.13

0.00

0.02

SE

-0.57

-0.02

0.25

Mean

Powered 
1.2 x 

Preferred 
Step Length

Step Length 
p-value;

THSD

Powered 
1.4 x 

Preferred 
Step Length

Powered 
1.0 x 

Preferred 
Step Length

Powered 
0.8 x 

Preferred 
Step Length

METRIC

-0.38

-0.02

0.23

Mean

0.07

0.00

0.02

SE

-0.70

-0.04

0.25

Mean

0.12

0.01

0.02

SE

n=9, See Materials and Methods for calculations.
THSD=Tukey Honestly Significant Difference Test Results; SE=Standard Error 
∆=Powered-Unpowered
Step Length: 0.8xL*, 1.0xL*, 1.2xL*, 1.4xL*; L* is preferred step length at 1.25 m/s.
p<0.05 indicates statistical significance. 
* indicates statistical power >0.65; ** indicates statistical power >0.80.

p=0.002**
1.4<0.8
1.2<0.8

0.06-0.21

∆Net 
Metabolic 

Power    
(W/kg)

p=0.270.00-0.03

Negative 
Exoskeletons 
Mechanical 

Power    
(W/kg)

0.02

SE

0.20

Mean

p=0.01**
1.4>0.8
1.2>0.8

Positive 
Exoskeletons 
Mechanical 

Power    
(W/kg)

p=0.01
1.4>0.8

0.100.650.100.560.060.410.120.18

Exoskeletons 
Performance 

Index     
(W/kg)

0.13

0.00

0.02

SE

-0.57

-0.02

0.25

Mean

Powered 
1.2 x 

Preferred 
Step Length

Step Length 
p-value;

THSD

Powered 
1.4 x 

Preferred 
Step Length

Powered 
1.0 x 

Preferred 
Step Length

Powered 
0.8 x 

Preferred 
Step Length

METRIC

-0.38

-0.02

0.23

Mean

0.07

0.00

0.02

SE

-0.70

-0.04

0.25

Mean

0.12

0.01

0.02

SE

n=9, See Materials and Methods for calculations.
THSD=Tukey Honestly Significant Difference Test Results; SE=Standard Error 
∆=Powered-Unpowered
Step Length: 0.8xL*, 1.0xL*, 1.2xL*, 1.4xL*; L* is preferred step length at 1.25 m/s.
p<0.05 indicates statistical significance. 
* indicates statistical power >0.65; ** indicates statistical power >0.80.

p=0.002**
1.4<0.8
1.2<0.8

0.06-0.21

∆Net 
Metabolic 

Power    
(W/kg)

p=0.270.00-0.03

Negative 
Exoskeletons 
Mechanical 

Power    
(W/kg)

0.02

SE

0.20

Mean

p=0.01**
1.4>0.8
1.2>0.8

Positive 
Exoskeletons 
Mechanical 

Power    
(W/kg)
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Table A.9.  Chapter three root mean square electromyography and statistics.
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n=9, See Materials and Methods for calculations.
THSD=Tukey Honestly Significant Difference Test Results; SE=Standard Error
Sol=Soleus; TA=Tibialis Anterior; MG=Medial Gastrocnemius; LG=Lateral Gastrocnemius; 
Values are stance phase root mean square (RMS) amplitude normalized to Unpowered 1.4 x preferred step length 
Condition: Unpowered, Powered; Step Length: 0.8xL*, 1.0xL*, 1.2xL*, 1.4xL* 
L* is preferred step length at 1.25 m/s.
p<0.05 indicates statistical significance. * indicates statistical power >0.65; ** indicates statistical power >0.80.

p=0.006**
Powered<Unpowered

p=0.36p=0.06p=0.21
LG

RMS
(unitless)

1.4 x Preferred Step 
Length

1.2 x Preferred Step 
Length

1.0 x Preferred Step 
Length

0.8 x Preferred Step 
Length

0.03

0.05

0.04

0.05

0.03

0.04

0.04

0.07

0.08

0.08

0.05

0.04

0.05

0.04

0.37

0.64

0.55

0.52

0.48

0.70

0.62

0.05

0.02

0.03

0.56

0.74

0.64

0.71

0.82

0.85

0.030.540.65 0.02 0.830.03

0.04

0.02

0.04

0.02

0.66

0.75

0.73

0.66

SE SE SE SE SE SE

0.04

0.03

0.07

0.03

SE

0.87

0.87

0.87

0.81

Mean

Powered

Mean MeanMean MeanMean

1.2 x Preferred Step 
Length 

Condition
p-value; 
THSD

Powered

p=0.009**
Powered<Unpowered

p=0.003**
Powered<Unpowered

p<0.0001**
Powered<Unpowered

UnpoweredPowered

p=0.35

p=0.46

p=0.002**
Powered<Unpowered

1.0 x Preferred Step 
Length 

Condition
p-value; 
THSD

UnpoweredPowered

p=0.32

p=0.22

p=0.28

0.8 x Preferred Step 
Length 

Condition
p-value; 

THSD

0.41

0.68

0.48

0.58

Mean

Unpowered

p=0.0001**
Powered<Unpowered

Sol
RMS

(unitless)

p=0.08
TA

RMS
(unitless)

p=0.002**
Powered<Unpowered

MG
RMS

(unitless)

SEMean

Step Length
p-value; 
THSD

Unpowered
METRIC

p<0.0001**
1.4>1.2,1.0,0.8

1.2>0.8
0.001.00

MG
RMS

(unitless)

1.4 x Preferred Step 
Length 

Condition
p-value; 
THSD

p<0.0001**
1.4>1.2,1.0,0.8

1.2>1.0,0.8
1.0>0.8

0.001.00
LG

RMS
(unitless)

p<0.0001**
1.4>1.2,1.0,0.8

1.2>1.0,0.8
1.0>0.8

0.001.00
TA 

RMS
(unitless)

0.00
Sol

RMS
(unitless)

p<0.0001**
1.4>1.2,1.0,0.8

1.2>1.0,0.8
1.0>0.8

1.00

n=9, See Materials and Methods for calculations.
THSD=Tukey Honestly Significant Difference Test Results; SE=Standard Error
Sol=Soleus; TA=Tibialis Anterior; MG=Medial Gastrocnemius; LG=Lateral Gastrocnemius; 
Values are stance phase root mean square (RMS) amplitude normalized to Unpowered 1.4 x preferred step length 
Condition: Unpowered, Powered; Step Length: 0.8xL*, 1.0xL*, 1.2xL*, 1.4xL* 
L* is preferred step length at 1.25 m/s.
p<0.05 indicates statistical significance. * indicates statistical power >0.65; ** indicates statistical power >0.80.

p=0.006**
Powered<Unpowered

p=0.36p=0.06p=0.21
LG

RMS
(unitless)

1.4 x Preferred Step 
Length

1.2 x Preferred Step 
Length

1.0 x Preferred Step 
Length

0.8 x Preferred Step 
Length

0.03

0.05

0.04

0.05

0.03

0.04

0.04

0.07

0.08

0.08

0.05

0.04

0.05

0.04

0.37

0.64

0.55

0.52

0.48

0.70

0.62

0.05

0.02

0.03

0.56

0.74

0.64

0.71

0.82

0.85

0.030.540.65 0.02 0.830.03

0.04

0.02

0.04

0.02

0.66

0.75

0.73

0.66

SE SE SE SE SE SE

0.04

0.03

0.07

0.03

SE

0.87

0.87

0.87

0.81

Mean

Powered

Mean MeanMean MeanMean

1.2 x Preferred Step 
Length 

Condition
p-value; 
THSD

Powered

p=0.009**
Powered<Unpowered

p=0.003**
Powered<Unpowered

p<0.0001**
Powered<Unpowered

UnpoweredPowered

p=0.35

p=0.46

p=0.002**
Powered<Unpowered

1.0 x Preferred Step 
Length 

Condition
p-value; 
THSD

UnpoweredPowered

p=0.32

p=0.22

p=0.28

0.8 x Preferred Step 
Length 

Condition
p-value; 

THSD

0.41

0.68

0.48

0.58

Mean

Unpowered

p=0.0001**
Powered<Unpowered

Sol
RMS

(unitless)

p=0.08
TA

RMS
(unitless)

p=0.002**
Powered<Unpowered

MG
RMS

(unitless)

SEMean

Step Length
p-value; 
THSD

Unpowered
METRIC

p<0.0001**
1.4>1.2,1.0,0.8

1.2>0.8
0.001.00

MG
RMS

(unitless)

1.4 x Preferred Step 
Length 

Condition
p-value; 
THSD

p<0.0001**
1.4>1.2,1.0,0.8

1.2>1.0,0.8
1.0>0.8

0.001.00
LG

RMS
(unitless)

p<0.0001**
1.4>1.2,1.0,0.8

1.2>1.0,0.8
1.0>0.8

0.001.00
TA 

RMS
(unitless)

0.00
Sol

RMS
(unitless)

p<0.0001**
1.4>1.2,1.0,0.8

1.2>1.0,0.8
1.0>0.8

1.00
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Table A.10.  Chapter three gait kinematics and statistics.
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n=9, See Materials and Methods for calculations.
THSD=Tukey Honestly Significant Difference Test Results; SE=Standard Error
Condition: Unpowered, Powered; Step Length: 0.8xL*, 1.0xL*, 1.2xL*, 1.4xL*
L* is preferred step length at 1.25 m/s.
p<0.05 indicates statistical significance. * indicates statistical power >0.65; ** indicates statistical power >0.80.

p=0.96p=0.87p=0.63p=0.27

Double 
Support 
Period 
(ms)

1.4 x Preferred Step 
Length

1.2 x Preferred Step 
Length

1.0 x Preferred Step 
Length

0.8 x Preferred Step 
Length

5

6

12

5

5

10

5

6

12

9

5

5

8

6

144

570

127

565

133

570

111

4

6

6

132

570

111

116

568

107

12715723 8 85410

3

6

10

13

117

565

113

841

SE SE SE SE SE SE

4

4

9

9

SE

106

566

125

967

Mean

Powered

Mean MeanMean MeanMean

1.2 x Preferred Step 
Length 

Condition
p-value; 
THSD

Powered

p=0.57

p=0.37

p=0.07

UnpoweredPowered

p=0.81

p=0.90

p=0.04
Powered<Unpowered

1.0 x Preferred Step 
Length 

Condition
p-value; 

THSD

UnpoweredPowered

p=1.00

p=0.57

p=0.09

0.8 x Preferred Step 
Length 

Condition
p-value; 
THSD

146

570

123

572

Mean

Unpowered

p=0.01
Step 

Length
(mm)

p=0.71
Step 

Width 
(mm)

p=0.47
Step 

Period 
(ms)

SEMean

Step Length
p-value; 
THSD

Unpowered

METRIC

p=0.135568
Step 

Period 
(ms)

1.4 x Preferred Step 
Length 

Condition
p-value; 
THSD

p<0.0001**
1.4<1.2,1.0,0.8

1.2<1.0,0.8
1.0<0.8

3106

Double 
Support 
Period 
(ms)

p=0.002**
1.4>1.2,1.0

1.2<0.8
1.0<0.8

11123
Step 

Width 
(mm)

12
Step 

Length
(mm)

p<0.0001**
1.4>1.2,1.0,0.8

1.2>1.0,0.8
1.0>0.8

980

n=9, See Materials and Methods for calculations.
THSD=Tukey Honestly Significant Difference Test Results; SE=Standard Error
Condition: Unpowered, Powered; Step Length: 0.8xL*, 1.0xL*, 1.2xL*, 1.4xL*
L* is preferred step length at 1.25 m/s.
p<0.05 indicates statistical significance. * indicates statistical power >0.65; ** indicates statistical power >0.80.

p=0.96p=0.87p=0.63p=0.27

Double 
Support 
Period 
(ms)

1.4 x Preferred Step 
Length

1.2 x Preferred Step 
Length

1.0 x Preferred Step 
Length

0.8 x Preferred Step 
Length

5

6

12

5

5

10

5

6

12

9

5

5

8

6

144

570

127

565

133

570

111

4

6

6

132

570

111

116

568

107

12715723 8 85410

3

6

10

13

117

565

113

841

SE SE SE SE SE SE

4

4

9

9

SE

106

566

125

967

Mean

Powered

Mean MeanMean MeanMean

1.2 x Preferred Step 
Length 

Condition
p-value; 
THSD

Powered

p=0.57

p=0.37

p=0.07

UnpoweredPowered

p=0.81

p=0.90

p=0.04
Powered<Unpowered

1.0 x Preferred Step 
Length 

Condition
p-value; 

THSD

UnpoweredPowered

p=1.00

p=0.57

p=0.09

0.8 x Preferred Step 
Length 

Condition
p-value; 
THSD

146

570

123

572

Mean

Unpowered

p=0.01
Step 

Length
(mm)

p=0.71
Step 

Width 
(mm)

p=0.47
Step 

Period 
(ms)

SEMean

Step Length
p-value; 
THSD

Unpowered

METRIC

p=0.135568
Step 

Period 
(ms)

1.4 x Preferred Step 
Length 

Condition
p-value; 
THSD

p<0.0001**
1.4<1.2,1.0,0.8

1.2<1.0,0.8
1.0<0.8

3106

Double 
Support 
Period 
(ms)

p=0.002**
1.4>1.2,1.0

1.2<0.8
1.0<0.8

11123
Step 

Width 
(mm)

12
Step 

Length
(mm)

p<0.0001**
1.4>1.2,1.0,0.8

1.2>1.0,0.8
1.0>0.8

980
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Table A.11.  Chapter four net metabolic power and statistics.
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SEMeanSEMean

Condition
p-value; 
THSD

PoweredUnpowered
METRIC

p<0.0001**
Powered<Unpowered

0.196.550.157.41

Net 
Metabolic 

Power 
(W/kg)

10% 
Grade

p<0.0001**
15%>10%,5%,0%

10%>5%,0%
5%>0%

Net Metabolic 
Power 
(W/kg)

Gradient
p-value; 
THSD

p<0.0001** 
Powered<Unpowered0.268.800.239.79

Net 
Metabolic 

Power 
(W/kg)

15% 
Grade

n=9, See Materials and Methods for calculations.
THSD=Tukey Honestly Significant Difference Test Results; SE=Standard Error
Condition: Unpowered, Powered; Gradient: 0%,5%,10%,15%
p<0.05 indicates statistical significance. 
* indicates statistical power >0.65; ** indicates statistical power >0.80.

p<0.0001**
Powered<Unpowered

0.154.650.135.23

Net 
Metabolic 

Power 
(W/kg)

5% 
Grade

p=0.0002**
Powered<Unpowered

0.130% 
Grade 0.13

Net 
Metabolic 

Power 
(W/kg)

2.913.36

SEMeanSEMean

Condition
p-value; 
THSD

PoweredUnpowered
METRIC

p<0.0001**
Powered<Unpowered

0.196.550.157.41

Net 
Metabolic 

Power 
(W/kg)

10% 
Grade

p<0.0001**
15%>10%,5%,0%

10%>5%,0%
5%>0%

Net Metabolic 
Power 
(W/kg)

Gradient
p-value; 
THSD

p<0.0001** 
Powered<Unpowered0.268.800.239.79

Net 
Metabolic 

Power 
(W/kg)

15% 
Grade

n=9, See Materials and Methods for calculations.
THSD=Tukey Honestly Significant Difference Test Results; SE=Standard Error
Condition: Unpowered, Powered; Gradient: 0%,5%,10%,15%
p<0.05 indicates statistical significance. 
* indicates statistical power >0.65; ** indicates statistical power >0.80.

p<0.0001**
Powered<Unpowered

0.154.650.135.23

Net 
Metabolic 

Power 
(W/kg)

5% 
Grade

p=0.0002**
Powered<Unpowered

0.130% 
Grade 0.13

Net 
Metabolic 

Power 
(W/kg)

2.913.36
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Table A.12.  Chapter four exoskeletons performance metrics and statistics.
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p=0.02*
15%>0%
10%>0%

0.060.660.060.680.060.540.050.47

Exoskeletons 
Performance 

Index     
(W/kg)

0.06

0.01

0.03

SE

-0.86

-0.03

0.33

Mean

Powered 
10% Grade

Gradient 
p-value;

THSD

Powered 
15% Grade

Powered 
5% Grade

Powered 
0% GradeMETRIC

-0.58

-0.01

0.28

Mean

0.07

0.00

0.02

SE

-0.98

-0.02

0.37

Mean

0.12

0.00

0.03

SE

n=9, See Materials and Methods for calculations.
THSD=Tukey Honestly Significant Difference Test Results; SE=Standard Error 
∆=Powered-Unpowered
Gradient: 0%, 5%, 10%, 15%
p<0.05 indicates statistical significance. 
* indicates statistical power >0.65; ** indicates statistical power >0.80.

p<0.0001**
15%<5%,0%
10%<5%,0%

0.07-0.45

∆Net 
Metabolic 

Power    
(W/kg)

p=0.520.01-0.02

Negative 
Exoskeletons 
Mechanical

Power    
(W/kg)

0.02

SE

0.23

Mean

p<0.0001**
15%>10%,5%,0%

10%>5%,0%
5%>0%

Positive 
Exoskeletons 
Mechanical 

Power    
(W/kg)

p=0.02*
15%>0%
10%>0%

0.060.660.060.680.060.540.050.47

Exoskeletons 
Performance 

Index     
(W/kg)

0.06

0.01

0.03

SE

-0.86

-0.03

0.33

Mean

Powered 
10% Grade

Gradient 
p-value;

THSD

Powered 
15% Grade

Powered 
5% Grade

Powered 
0% GradeMETRIC

-0.58

-0.01

0.28

Mean

0.07

0.00

0.02

SE

-0.98

-0.02

0.37

Mean

0.12

0.00

0.03

SE

n=9, See Materials and Methods for calculations.
THSD=Tukey Honestly Significant Difference Test Results; SE=Standard Error 
∆=Powered-Unpowered
Gradient: 0%, 5%, 10%, 15%
p<0.05 indicates statistical significance. 
* indicates statistical power >0.65; ** indicates statistical power >0.80.

p<0.0001**
15%<5%,0%
10%<5%,0%

0.07-0.45

∆Net 
Metabolic 

Power    
(W/kg)

p=0.520.01-0.02

Negative 
Exoskeletons 
Mechanical

Power    
(W/kg)

0.02

SE

0.23

Mean

p<0.0001**
15%>10%,5%,0%

10%>5%,0%
5%>0%

Positive 
Exoskeletons 
Mechanical 

Power    
(W/kg)
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Table A.13.  Chapter four root mean square electromyography and statistics.
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n=9, See Materials and Methods for calculations.
THSD=Tukey Honestly Significant Difference Test Results; SE=Standard Error
Sol=Soleus; TA=Tibialis Anterior; MG=Medial Gastrocnemius; LG=Lateral Gastrocnemius; 
Values are stance phase root mean square (RMS) average amplitude normalized to Unpowered 15%
Condition: Unpowered, Powered; Gradient: 0%, 5%, 10%, 15%
p<0.05 indicates statistical significance. * indicates statistical power >0.65; ** indicates statistical power >0.80.

p=0.001**
Powered<Unpowered

p=0.07
p=0.006**

Powered<Unpowered
p=0.002**

Powered<Unpowered

LG
RMS

(unitless)

15% Grade10% Grade5% Grade0% Grade

0.02

0.04

0.10

0.03

0.04

0.12

0.04

0.03

0.13

0.03

0.06

0.03

0.13

0.04

0.48

0.60

0.84

0.57

0.64

0.73

0.90

0.04

0.03

0.09

0.73

0.82

1.04

0.85

0.93

1.02

0.030.710.86 0.04 0.890.02

0.04

0.03

0.07

0.03

0.79

0.87

0.94

0.75

SE SE SE SE SE SE

0.03

0.04

0.07

0.02

SE

0.85

0.95

0.92

0.82

Mean

Powered

Mean MeanMean MeanMean

10% Grade
Condition
p-value; 
THSD

Powered

p=0.08

p=0.41

p<0.0001**
Powered<Unpowered

UnpoweredPowered

p=0.01**
Powered<Unpowered

p=0.04
Powered<Unpowered

p=0.0007**
Powered<Unpowered

5% Grade
Condition
p-value; 

THSD

UnpoweredPowered

p=0.34

p=0.16

p=0.0008**
Powered<Unpowered

0% Grade
Condition
p-value; 
THSD

0.64

0.64

0.93

0.76

Mean

Unpowered

p<0.0001**
Powered<Unpowered

Sol
RMS

(unitless)

p=0.22
TA 

RMS
(unitless)

p=0.21
MG

RMS
(unitless)

SEMean

Gradient
p-value; 
THSD

Unpowered

METRIC

p<0.0001**
15%>10%,5%,0%

10%>5%,0%
5%>0%

0.001.00
MG

RMS
(unitless)

15% Grade
Condition
p-value; 
THSD

p<0.0001**
15%>10%,5%,0%

10%>5%,0%
5%>0%

0.001.00
LG

RMS
(unitless)

p=0.510.001.00
TA 

RMS
(unitless)

0.00
Sol

RMS
(unitless) 

p<0.0001**
15%>10%,5%,0%

10%>0%
5%>0%

1.00

n=9, See Materials and Methods for calculations.
THSD=Tukey Honestly Significant Difference Test Results; SE=Standard Error
Sol=Soleus; TA=Tibialis Anterior; MG=Medial Gastrocnemius; LG=Lateral Gastrocnemius; 
Values are stance phase root mean square (RMS) average amplitude normalized to Unpowered 15%
Condition: Unpowered, Powered; Gradient: 0%, 5%, 10%, 15%
p<0.05 indicates statistical significance. * indicates statistical power >0.65; ** indicates statistical power >0.80.

p=0.001**
Powered<Unpowered

p=0.07
p=0.006**

Powered<Unpowered
p=0.002**

Powered<Unpowered

LG
RMS

(unitless)

15% Grade10% Grade5% Grade0% Grade

0.02

0.04

0.10

0.03

0.04

0.12

0.04

0.03

0.13

0.03

0.06

0.03

0.13

0.04

0.48

0.60

0.84

0.57

0.64

0.73

0.90

0.04

0.03

0.09

0.73

0.82

1.04

0.85

0.93

1.02

0.030.710.86 0.04 0.890.02

0.04

0.03

0.07

0.03

0.79

0.87

0.94

0.75

SE SE SE SE SE SE

0.03

0.04

0.07

0.02

SE

0.85

0.95

0.92

0.82

Mean

Powered

Mean MeanMean MeanMean

10% Grade
Condition
p-value; 
THSD

Powered

p=0.08

p=0.41

p<0.0001**
Powered<Unpowered

UnpoweredPowered

p=0.01**
Powered<Unpowered

p=0.04
Powered<Unpowered

p=0.0007**
Powered<Unpowered

5% Grade
Condition
p-value; 

THSD

UnpoweredPowered

p=0.34

p=0.16

p=0.0008**
Powered<Unpowered

0% Grade
Condition
p-value; 
THSD

0.64

0.64

0.93

0.76

Mean

Unpowered

p<0.0001**
Powered<Unpowered

Sol
RMS

(unitless)

p=0.22
TA 

RMS
(unitless)

p=0.21
MG

RMS
(unitless)

SEMean

Gradient
p-value; 
THSD

Unpowered

METRIC

p<0.0001**
15%>10%,5%,0%

10%>5%,0%
5%>0%

0.001.00
MG

RMS
(unitless)

15% Grade
Condition
p-value; 
THSD

p<0.0001**
15%>10%,5%,0%

10%>5%,0%
5%>0%

0.001.00
LG

RMS
(unitless)

p=0.510.001.00
TA 

RMS
(unitless)

0.00
Sol

RMS
(unitless) 

p<0.0001**
15%>10%,5%,0%

10%>0%
5%>0%

1.00
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Table A.14.  Chapter four gait kinematics and statistics.
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n=9, See Materials and Methods for calculations.
THSD=Tukey Honestly Significant Difference Test Results; SE=Standard Error
Condition: Unpowered, Powered; Gradient: 0%, 5%, 10%, 15%
p<0.05 indicates statistical significance. * indicates statistical power >0.65; ** indicates statistical power >0.80.

p=0.39p=0.93p=0.94p=0.79

Double 
Support 
Period
(ms)

15% Grade10% Grade5% Grade0% Grade

6

9

11

4

6

12

5

5

13

8

4

3

12

4

136

574

106

722

137

576

109

5

9

11

137

575

107

138

570

112

11731734 7 72313

6

12

8

16

137

572

114

718

SE SE SE SE SE SE

6

12

6

16

SE

138

562

120

709

Mean

Powered

Mean MeanMean MeanMean

10% Grade
Condition
p-value; 
THSD

Powered

p=0.85

p=0.71

p=0.70

UnpoweredPowered

p=0.94

p=0.74

p=0.73

5% Grade
Condition
p-value; 

THSD

UnpoweredPowered

p=0.84

p=0.20

p=0.30

0% Grade 
Condition
p-value; 
THSD

136

573

99

729

Mean

Unpowered

p=0.73
Step 

Length
(mm)

p=0.63
Step 

Width
(mm)

p=0.75
Step 

Period
(ms)

SEMean

Gradient
p-value; 
THSD

Unpowered

METRIC

p=0.04*
15%<5%

11559
Step 

Period
(ms)

15% Grade
Condition
p-value; 
THSD

p=0.905135

Double 
Support 
Period
(ms)

p=0.004**
15%>0%

9118
Step 

Width
(mm)

13
Step 

Length
(mm)

p=0.02*
15%<5%

712

n=9, See Materials and Methods for calculations.
THSD=Tukey Honestly Significant Difference Test Results; SE=Standard Error
Condition: Unpowered, Powered; Gradient: 0%, 5%, 10%, 15%
p<0.05 indicates statistical significance. * indicates statistical power >0.65; ** indicates statistical power >0.80.

p=0.39p=0.93p=0.94p=0.79

Double 
Support 
Period
(ms)

15% Grade10% Grade5% Grade0% Grade

6

9

11

4

6

12

5

5

13

8

4

3

12

4

136

574

106

722

137

576

109

5

9

11

137

575

107

138

570

112

11731734 7 72313

6

12

8

16

137

572

114

718

SE SE SE SE SE SE

6

12

6

16

SE

138

562

120

709

Mean

Powered

Mean MeanMean MeanMean

10% Grade
Condition
p-value; 
THSD

Powered

p=0.85

p=0.71

p=0.70

UnpoweredPowered

p=0.94

p=0.74

p=0.73

5% Grade
Condition
p-value; 

THSD

UnpoweredPowered

p=0.84

p=0.20

p=0.30

0% Grade 
Condition
p-value; 
THSD

136

573

99

729

Mean

Unpowered

p=0.73
Step 

Length
(mm)

p=0.63
Step 

Width
(mm)

p=0.75
Step 

Period
(ms)

SEMean

Gradient
p-value; 
THSD

Unpowered

METRIC

p=0.04*
15%<5%

11559
Step 

Period
(ms)

15% Grade
Condition
p-value; 
THSD

p=0.905135

Double 
Support 
Period
(ms)

p=0.004**
15%>0%

9118
Step 

Width
(mm)

13
Step 

Length
(mm)

p=0.02*
15%<5%

712


