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Abstract

Older adults walk with greater metabolic energy consumption than younger for reasons that are 

not well understood. We suspect that a distal-to-proximal redistribution of leg muscle demand, 

from muscles spanning the ankle to those spanning the hip, contributes to greater metabolic energy 

costs. Recently, we found that when younger adults using biofeedback target smaller than normal 

peak propulsive forces (FP), they do so via a similar redistribution of leg muscle demand during 

walking. This alludes to an experimental paradigm that emulates characteristics of elderly gait 

independent of other age-related changes relevant to metabolic energy cost. Thus, our purpose was 

to quantify the metabolic and limb- and joint-level mechanical energy costs associated with 

modulating propulsive forces during walking in younger adults. Walking with larger FP increased 

net metabolic power by 47% (main effect, p=0.001), which was accompanied by small by 

relatively uniform increases in hip, knee, and ankle joint power and which correlated with total 

joint power (R2=0.151, p=0.019). Walking with smaller FP increased net metabolic power by 58% 

(main effect, p<0.001), which was accompanied by higher step frequencies and increased total 

joint power due to disproportionate increases in hip joint power. Increases in hip joint power when 

targeting smaller than normal FP accounted for more than 65% of the variance in the measured 

changes in net metabolic power. Our findings suggest that walking with a diminished push-off 

exacts a metabolic penalty because of higher step frequencies and more total limb work due to an 

increased demand on proximal leg muscles.
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1. Introduction

Compared to younger adults walking at the same speed, older adults exhibit ~20% greater 

metabolic energy costs for reasons that are poorly understood (Ortega and Farley, 2007). 

Simultaneously, older adults exert smaller peak anterior (i.e., propulsive) ground reaction 

forces (FP) and exhibit higher step frequencies and a characteristic distal-to-proximal 

redistribution of leg muscle demand (Browne and Franz, 2017; Cofré et al., 2011; DeVita 

and Hortobagyi, 2000; Franz and Kram, 2014; Kerrigan et al., 1998). Specifically, older 

adults tend to rely more on hip muscle-tendon units (MTU) for power generation with each 

step (DeVita and Hortobagyi, 2000), which likely serves to compensate for reduced 

mechanical output from their plantarflexor MTUs. Similar compensatory patterns are also 

evident in gait pathologies such as in Parkinson’s Disease (Skinner et al., 2015) and 

following stroke (Farris et al., 2015). We suspect that more proximal leg muscles, with 

longer fascicles and shorter tendons, are less economical for powering the mechanical 

demands of walking than the plantarflexor muscles with shorter fascicles and longer tendons 

(Farris et al., 2015; Franz, 2016; Huang et al., 2015; Zelik et al., 2014). Accordingly, a 

distal-to-proximal redistribution of leg muscle demand may contribute to increased 

metabolic energy cost. However, no empirical evidence exists to support this premise.

We are not the first to investigate the veracity of specific biomechanical explanations for the 

greater metabolic energy cost of walking in older adults. We know that the positive 

mechanical work used to support and accelerate the body’s center of mass is closely related 

to whole-body metabolic energy cost during bipedal locomotion (Donelan et al., 2001; 

Donelan et al., 2002a). However, Ortega and Farley (2007) found no age-related difference 

in total stance phase positive mechanical work, despite greater metabolic costs in older 

adults (Ortega and Farley, 2007). Those authors subsequently proposed an alternative 

explanation - an increased metabolic cost of lateral stability. Although plausible, they 

measured no difference in the change in metabolic energy cost between young and older 

adults when the demands for lateral stability were alleviated via lateral support (Ortega et 

al., 2008). Older adults do walk with greater levels of antagonist muscle coactivation than 

young adults - a neuromuscular consequence of aging that may serve to increase joint 

stiffness and stability (Franz and Kram, 2013; Hortobagyi et al., 2011; Mian et al., 2006; 

Peterson and Martin, 2010). Hortobagyi et al. (Hortobagyi et al., 2011) found that 

approximately one-third of the greater metabolic energy cost of walking in older adults can 

be explained by increased activation of antagonistic leg muscles. However, a significant 

amount of the variance in the greater metabolic energy cost in older adults is left 

unexplained.

The distal-to-proximal redistribution of leg muscle demand is one of the most common 

observations in studies of age-related differences in walking biomechanics. Although some 

exceptions do exist (Lim et al., 2013), reduced ankle joint kinetics in older adults are 

routinely accompanied by increases in leading leg hip extensor moment, angular impulses, 

and/or power generation in early stance (DeVita and Hortobagyi, 2000; Savelberg et al., 

2007; Silder et al., 2008) and an increase in trailing leg hip flexor moments, angular 

impulses, and/or power generation during swing initiation (Cofré et al., 2011; Judge et al., 

1996; Kerrigan et al., 1998). But, the extent to which these changes in joint power 
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generation and the greater demand on proximal muscles contributes to greater metabolic 

energy cost has yet to be systematically explored. Indirect evidence from Huang et al. (2015) 

reveals that experimental reductions in ankle power output in walking are accompanied by 

larger mechanical output from proximal leg muscles and a dramatic increase in metabolic 

energy cost (Huang et al., 2015). However, while providing some support for these cause-

and-effect relations, that study restricted ankle joint rotation and elicited exaggerated flexion 

across all leg joints which may confound our interpretations.

A major challenge for testing the basis of individual factors potentially explaining increased 

metabolic energy cost in older adults is the multi-factorial nature of age-related changes 

relevant to walking economy. One potential way to overcome such challenges is to use an 

experimental manipulation that, when applied in younger adults, elicits biomechanical 

changes representative of elderly gait. We recently used a real-time biofeedback paradigm to 

reveal that younger adults targeting smaller than normal FP do so by redistributing demand 

from distal to proximal leg muscles (Browne and Franz, 2017). Conversely, when targeting 

larger than normal FP, younger adults increase stance phase ankle, knee, and hip joint work 

proportionally. Similar experimental paradigms can be extended to study how altered 

patterns of joint power generation contribute to increased metabolic energy cost in the 

absence of other age-related changes.

Therefore, our purpose was to quantify the metabolic and limb- and joint-level mechanical 

energy costs associated with modulating propulsive forces during walking in young adults. 

We first hypothesized that when walking with larger than normal FP, metabolic energy costs 

would increase in a manner explained by (i.e., accompanied by) proportional increases hip, 

knee, and ankle joint positive leg joint work. Conversely, second, we hypothesized that when 

walking with smaller than normal FP, metabolic energy costs would increase in a manner 

explained by (i.e., accompanied by) a redistribution to muscles spanning the hip for power 

generation. We would interpret support for this final hypothesis as evidence that the distal-

to-proximal redistribution during walking, a hallmark biomechanical feature of elderly gait, 

exacts a metabolic penalty. We include joint angular impulses as a complementary measure 

of cumulative muscle demand considered relevant in associating the mechanics and 

energetics of walking (Helseth et al., 2008). Moreover, because of the important interplay 

between positive and negative mechanical work during walking, we include both in our 

attempt to present a more comprehensive description of biofeedback-induced changes to 

motivate continued study.

2. Methods

2.1 Participants

Twelve unimpaired young adults (8F/4M) participated after providing written, informed 

consent according to the University of North Carolina Biomedical Sciences IRB. Subjects 

had a mean ± standard deviation age of 23±3 years, height of 1.74±0.12 m, body mass of 

74.7±14.3 kg, and preferred overground walking speed of 1.37±0.15 m/s. Subjects were free 

of neurologic impairments and had no musculoskeletal injuries within the prior 6 months.
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2.2 Experimental Protocol

Using a photo cell timing system, we determined each subjects’ preferred overground 

walking speed (i.e., PWS) as the average of 3 times taken to walk 30 m. After completing a 

5-minute standing trial (details below), subjects walked on a dual-belt, force-measuring 

treadmill (Bertec, Columbus, OH) for 5 minutes at their PWS while we collected ground 

reaction force (GRF) data using a custom Matlab (Mathworks, Natick, MA) script. We 

identified individual steps using a 20 N vertical GRF threshold as a reference for heel-

strikes. For each step, we recorded the peak anterior (i.e., propulsive) ground reaction force 

(FP) and the trial average was determined to be the subject’s habitual FP. Using another 

custom Matlab script, subjects viewed their step-by-step FP as a dot projected on a screen in 

front of the treadmill and completed an exploration trial of at least 3 minutes to become 

familiar with the biofeedback paradigm. To elicit naturally emerging biomechanical patterns 

associated with modulating FP, we explained the timing of push-off and that if they pushed 

harder or softer with their foot, the dot would rise or fall, respectively. Subjects then 

completed a series of trials where they were asked to match their instantaneous FP data to 

targets representing ±20%, and ±40% of their habitual value in randomized order (Fig. 1). 

Subjects also targeted their own habitual FP in this randomized order to test the effects of 

biofeedback alone. Subjects were given at least 2 minutes of seated rest between conditions.

2.3 Measurement and Analysis

A 16-camera motion capture system (Motion Analysis Corporation, Santa Rosa, CA) 

operating at 100 Hz recorded pelvis and lower extremity kinematics via 17 anatomical 

markers and an additional 14 tracking markers affixed using rigid clusters. A standing trial, 

as well two unilateral hip circumduction trials used to estimate functional hip joint centers 

(Piazza et al., 2001), also included markers placed on the left and right medial knee and 

malleoli. During all trials, subjects wore a portable metabolic system (COSMED, Rome, 

Italy) that collected oxygen consumption (V
.
O2) and carbon dioxide production (V

.
CO2) on a 

breath-by-breath basis. The flow rates were normalized to body mass (i.e., mL*kg−1*min−1).

For all outcomes, we analyzed the last 2 minutes of each 5 minute trial (Hortobagyi et al., 

2011). First, we calculated net (i.e., walking-standing) rates of oxygen consumption and 

used standard procedures to estimate net metabolic power (Brockway, 1987). Marker 

trajectories and GRF data were filtered using 4th order low-pass Butterworth filters with 

cutoff frequencies of 6 Hz and 20 Hz, respectively. We used the static standing calibration 

and functional hip joint centers to scale a seven segment, 18 degree-of-freedom model of the 

pelvis and right and left legs (Arnold et al., 2010). We used the filtered marker and force 

data to estimate joint angles, moments, and powers of the lower limb joints using an inverse 

dynamics routine described in detail previously (Browne and Franz, 2019). We extracted our 

kinetic and kinematic outcome measures of interest from the bilateral, stride-averaged 

profiles. Positive and negative joint work and angular impulses were calculated by 

integrating the respective area under the joint power and moment profiles, respectively. We 

normalized those values by average stride time for each trial to estimate the cumulative 

muscular demand per unit time. Accordingly, we report average mechanical powers (i.e., 

work rates) in W/kg and angular impulses in Nm/kg/s. Finally, we calculated total leg joint 
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power and angular impulse as the sum of the respective ankle, knee, and hip joint values. 

Negative joint work and angular impulse outcomes are summarized in our appendix.

2.4 Statistical Analysis

Shapiro-Wilks tests confirmed normal distributions. A paired sample t-test evaluated the 

effects of biofeedback alone (i.e., targeting normal FP) on metabolic cost. We used a 

repeated-measures analysis of variance (ANOVA) to test for significant main effects of 

biofeedback on FP; net metabolic power; and stance phase hip, knee, and ankle joint powers 

and angular impulses. In addition, we calculated Pearson correlations between positive joint 

powers and net metabolic power. Consistent with our hypotheses, statistical tests were 

performed separately for targeting larger than normal FP (i.e., Norm, +20%, +40%) and 

targeting smaller than normal FP (i.e., Norm, −20%, −40%). When a significant main effect 

was found, we focused pairwise post-hoc comparisons versus normal walking values. Here, 

we defined significance using a Bonferroni-adjusted level of significance to account for 

those two comparisons (α=0.025). We report effect sizes as partial eta square and Cohen’s d 

for the ANOVA and t-tests, respectively, and interpret 0.2, 0.5, and 0.8 effect sizes as small, 

medium, and large, respectively (Cohen, 1988).

3. Results

3.1. Targeting larger than normal peak propulsive forces

Subjects walked normally with a net metabolic cost of 3.92±0.87 W/kg, which was invariant 

when targeting their normal FP via biofeedback (p=0.990, d<0.01; Fig. 2). Compared to that 

when walking normally, net metabolic power increased by an average of up to 47% (+1.83 

W/kg) when targeting larger than normal FP (main effect, p<0.001, ηp
2=0.93; Fig. 2). 

During stance, this metabolic response was accompanied by up to an 13% increase in total 

positive leg joint power (main effect, p=0.017, ηp
2=0.31; Fig. 3) and increases in positive 

angular impulse at the ankle and in total (main effects, p<0.001, ηp
2≥0.60; Fig. 4). During 

leg swing, positive leg joint power decreased at the hip and in total compared to walking 

normally (main effects, p<0.001, ηp
2≥0.57; Fig. 3), as did positive hip, knee, and total joint 

angular impulses (main effects, p<0.001, ηp
2≥0.59; Fig. 4). Over the entire stride, we found 

no significant changes in positive or negative joint powers when targeting larger than normal 

FP (main effects, p≥0.082, ηp
2≤0.20; Fig. 3). However, over the same period, positive 

angular impulse at the ankle in total increased significantly compared to walking normally 

(main effects, p≤0.003, ηp
2≥0.52). Subjects also decreased their stride frequency by up to 

10% compared to walking normally (Table 2).

3.2. Targeting smaller than normal peak propulsive forces

Conversely, when targeting smaller than normal FP, net metabolic power increased by up to 

58% (2.26 W/kg) (main effect, p<0.001, ηp
2=0.58; Fig. 2) but without accompanying 

changes in total positive leg joint power (main effect, p=0.693, ηp
2=0.02; Fig. 3) or total 

positive leg joint angular impulse (main effect, p=0.37, ηp
2=0.09, Fig.4) during the stance 

phase. Rather, this metabolic response was accompanied by up to an 31% increase in 

positive stance phase hip joint power (main effect, p=0.001, ηp
2=0.58; Fig. 3) and significant 

increases in positive stance phase angular impulses at the knee and hip (main effect, 
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p≤0.015, ηp
2≥0.32; Fig. 4). During leg swing, positive leg joint power increased at the hip 

and in total (main effects, p≤0.001, ηp
2≥0.83, Fig. 3) but decreased at the ankle and knee 

(main effects, p≤0.039, ηp
2≥0.25, Fig. 3). Conversely, all positive joint angular impulse 

outcomes increased during leg swing compare to walking normally (main effect, p≤0.012, 

ηp
2≥0.33; Fig. 4). Over the entire stride, positive leg joint power (main effects, p≤0.022, 

ηp
2≥0.43, Fig. 3) and positive angular impulse (main effect, p≤0.029, ηp

2≥0.34; Fig. 4) 

increased significantly in total, due to disproportionate increases at the hip. Subjects also 

increased their stride frequency by up to 33% (Table 2).

3.3. Correlations between joint mechanics and metabolic outcomes.

When targeting larger than normal FP, net metabolic power exhibited a modest but 

significant correlation with total limb positive power (R2=0.151, p=0.019) due in large part 

to positive correlations during stance (R2=0.216, p=0.004) (Table 1). Conversely, when 

targeting smaller than normal FP, net metabolic power exhibited moderate to strong 

correlations with hip (R2=0.652, p<0.001) and total limb (R2=0.436, p<0.001) positive 

power due to positive correlations during both during stance and leg swing (Table 1).

4. Discussion

Reduced ankle joint moment and power generation, for example due to aging , are routinely 

accompanied by higher step frequencies and compensatory increases in leading leg hip 

extensor moment, angular impulses, and/or power generation in early stance (DeVita and 

Hortobagyi, 2000; Savelberg et al., 2007; Silder et al., 2008) and an increase in trailing leg 

hip flexor moments, angular impulses, and/or power generation during swing initiation 

(Cofré et al., 2011; Judge et al., 1996; Kerrigan et al., 1998). Consistent with our first 

hypothesis, walking with larger than normal FP increased net metabolic power in a manner 

consistent with small but relatively uniform increases in hip, knee, and ankle joint positive 

power generation. Moreover, in support of the important role that ankle extensor muscles 

play in generating push-off power, we found that walking with larger than normal FP 

increased positive ankle and thus total joint angular impulses. Consistent with our second 

hypothesis, we found that when walking with smaller than normal FP, subjects increased net 

metabolic power with increases in total limb power due to disproportionate increases in 

positive hip joint power and positive hip and knee joint angular impulses. Stride-average 

profiles suggest that the timing of those more proximal effects coincided with that of 

diminished peak ankle power contributions to push-off and swing initiation. Indeed, 

increases in hip joint mechanical power when targeting smaller than normal FP accounted 

for more than 65% of the variance in the measured changes in net metabolic power. 

Ultimately, we interpret our outcomes to suggest that walking with a diminished push-off 

exacts a metabolic penalty because of higher step frequencies and more total limb work due 

to an increased demand on proximal leg muscles.

Our metabolic measurements during normal walking at an average speed of 1.37 m/s agree 

with published values (Donelan et al., 2001; Donelan et al., 2002b). Moreover, net metabolic 

power was at its minimum when subjects walked normally – namely, when producing their 

preferred FP magnitude while walking at their preferred speed. Humans are known to walk 
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at their preferred speed with a combination of step lengths, frequencies, and widths that 

minimize net metabolic energy cost (Bertram, 2005; Bertram and Ruina, 2001; Donelan et 

al., 2001; Sutherland, 1997). We add that metabolic cost may also be shaped by modulating 

propulsive force in younger adults. Furthermore, and perhaps surprisingly, the increase in net 

metabolic power when targeting smaller than normal FP was comparable, if not modestly 

greater in magnitude than that when targeting larger FP.

The biomechanical mechanisms by which subjects increased their net metabolic power 

differed between targeting larger and smaller than usual FP. Consistent with our previously 

published work (Browne and Franz, 2018), targeting larger than normal FP elicited 

significant and predictable increases in total stance phase positive leg joint power and, 

presumably because of the fixed treadmill speed, in negative knee joint power. Those 

changes were accompanied by larger positive (i.e., extensor) ankle and positive total leg joint 

angular impulses. These positive joint angular impulse changes are comparable to those 

reported by Lewis and Ferris (2008), who asked participants to increase push-off intensity 

via verbal encouragement (Lewis and Ferris, 2008). During leg swing, joint powers and 

angular impulses decreased in a manner consistent with those reported by Lewis and Ferris 

(2008) and which surprisingly served to offset the contribution of stance phase increases to 

stride-averaged values. These findings underscore the complex associations between 

walking mechanics and energetics, and may arise from differences in the metabolic cost of 

operating muscles during phases of isometric, eccentric, or concentric action. Ultimately, at 

least from a joint mechanics perspective, the metabolic cost of walking with larger than 

normal FP appears relatively well shared among muscles spanning the hip, knee, and ankle. 

This interpretation is also supported by our finding that, only total limb mechanical power 

rather than that at individual joints correlated with net metabolic power when walking with 

larger than normal FP.

Although walking with smaller than normal FP elicited a similar whole-body metabolic 

response to that of walking with larger than normal FP, doing so had a different 

biomechanical basis at the limb and joint levels. Our data show that younger adults walk 

with smaller than normal FP with higher step frequencies and a disproportionate demand on 

muscle-tendon units spanning the hip, in particular during the periods of push-off and swing 

initiation. We know that older adults often compensate for insufficient ankle push-off power 

not only via increased demand on contralateral hip extensors during early stance, but also on 

ipsilateral hip flexors to facilitate swing initiation with concomitant increases in step 

frequencies (Cofré et al., 2011). Compared to walking normally, subjects that walked with 

smaller FP were compelled to increase positive hip joint power and thus total joint power 

along with positive hip, knee, and total joint angular impulses – changes that were contrasted 

by more modest reductions at the ankle that did not reach significance. Thus, the higher step 

frequencies and greater mechanical output from more proximal leg muscles to power 

walking with smaller than normal FP provide likely explanations for the measured and 

significant increases in whole-body net metabolic power. First, it is well established that the 

rate of cyclic force generation that would accompany higher step frequencies can increase 

metabolic cost (Doke et al., 2005). Second, we (Fickey et al., 2018) and others before us 

(Farris et al., 2015; Huang et al., 2015; Roberts et al., 1997; Zelik et al., 2014) have 

suspected that differences in anatomical architecture between muscle-tendon units spanning 
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the ankle and those spanning the hip could play a role in the economy of force generation 

within the leg. Architecturally, the plantarflexor MTUs have relatively short muscle fascicles 

and long series elastic tendons. The Achilles tendon, for example, exhibits substantial 

elongation during the stance phase, which facilitates the storage and return of elastic energy 

as well as economical, relatively isometric muscle action during force generation (Ishikawa 

et al., 2005). Conversely, MTUs spanning the hip have relatively longer fascicles and shorter 

series elastic tendons. Those muscles are likely to undergo larger fascicle excursions while 

performing greater positive mechanical work and less economical muscle actions with a 

greater ATP utilization to produce a given force (Huang et al., 2015; Roberts et al., 1997). 

Because a redistribution to more proximal leg muscles in older adults can present even in 

older adults that walk with step frequencies indistinguishable from those in young adults, 

these anatomical differences between lower limb MTUs provided at least some of the 

motivation for our hypotheses and certainly guided our interpretations. However, 

disproportionate increases in hip joint power output also elicited larger total limb mechanical 

power for these conditions. Thus, we are unable to objectively partition the extent to which 

these anatomical differences serve to explain the observed results in this study.

Individuals who habitually walk with diminished push-off intensity walk with higher step 

frequencies and disproportionate demand on proximal leg muscles for powering locomotion, 

both of which are accompanied by higher metabolic costs. Indeed, older adults and many 

individuals with gait pathology (e.g., Parkinson’s, stroke) exhibit greater metabolic energy 

costs during walking that reduce independence and quality of life (Farris et al., 2015; Ortega 

and Farley, 2007). Biomechanically, compared to young adults or healthy controls who 

exhibit an effective and robust ankle push-off, older adults also often exhibit higher step 

frequencies and an increased demand on more proximal leg muscles for push-off and swing 

initiation during walking (Cofré et al., 2011; DeVita and Hortobagyi, 2000; Judge et al., 

1996; Kerrigan et al., 1998; Silder et al., 2008). Accordingly, our results should inspire 

continued research into the independent effects of disproportionately operating those 

proximal leg muscles on metabolic energy cost. Though, such efforts may benefit from 

inclusion of paradigms that also control for step frequency.

There are several opportunities for continued study. For example, it is not possible to 

quantify individual muscle metabolic energy costs in human subjects during functional 

activities such as walking. Moreover, integrating joint power curves has been shown to 

underestimate mechanical power at the muscle-tendon unit level (Sasaki et al., 2009). 

Fortunately, advancements in musculoskeletal modeling and bioenergetic simulation (Song 

and Geyer, 2018; Umberger and Rubenson, 2011) can be leveraged to overcome these 

challenges. In addition, the accumulation of research implicating the distal-to-proximal 

redistribution as a basis for greater metabolic energy costs during walking could inform the 

development and targeted prescription of wearable assistive technologies (e.g., 

exoskeletons). Moreover, biofeedback systems, such as that used here, have translational 

potential through the use of wearable sensors for daily use. Indeed, Browne and Franz 

(2019) found that use of ankle power biofeedback can reverse the distal-to-proximal 

redistribution in older adults; which lends itself well to low-cost sensor solutions (Pieper et 

al., 2020).
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We acknowledge several limitations. First, we did not ask participants to fast prior to their 

laboratory visit, and eating can alter metabolic cost. However, those effects peak roughly 60 

minutes after consumption (Visser et al., 1995), a time period surpassed for all subjects prior 

to data collection. The randomized trial order in our repeated-measures design further 

mitigated those effects. We also report effects in younger adults which controlled for other 

age- and disease-related factors known to influence metabolic cost. Nevertheless, it is 

unclear whether our results will generalize to other cohorts. Analogous measurements in 

older adults are fully warranted. Another limitation is our lack of electromyographic 

recordings. Muscle activity would have provided supplementary evidence for changes 

relevant to metabolic cost.

Taken together, our experimental manipulations and metabolic measurements in young 

adults provide novel biomechanical insight to explain associations between walking with 

altered push-off intensity and changes in metabolic energy cost. With specific translational 

implications for older adults or those with gait pathology, our findings suggest that walking 

with a diminished push-off exacts a metabolic penalty because of higher step frequencies 

and more total limb work due to increased demand on proximal leg muscles. Ultimately, this 

research has the potential to inform the design of physical therapy interventions and the 

prescription of targeted wearable assistive devices to reduce metabolic energy cost and thus 

enhance independence and quality of life.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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APPENDIX

The following summarized our findings for negative joint powers and angular impulses. 

Because of the important interplay between positive and negative mechanical work during 

walking, we include both in our attempt to present a more comprehensive description of 

biofeedback-induced changes to motivate continued study.

Targeting larger than normal peak propulsive forces

Negative joint powers and angular impulse outcomes generally mirrored changes in their 

respective positive power and angular impulse outcomes. Compared to that during the stance 

phase of normal walking, we found significant increases in negative joint powers at the knee 

and in total (main effects, p≤0.022, ηp
2≥0.29; Fig. 3) and significant decreases in negative 

hip joint angular impulse (main effect, p<0.001, ηp
2≤0.50; Fig. 4). During leg swing, 

negative joint powers at the ankle, knee, and in total decreased compared to normal walking 

(main effects, p≤0.029, ηp
2≥0.28; Fig. 3), as did all negative angular impulse outcomes 

(main effect, p≤0.040, ηp
2≥0.25). Over the entire stride, negative hip and total limb angular 
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impulse decreased compared to walking normally (main effect, p≤0.005, ηp
2≥0.46). Joint 

moment and power curves across all conditions from which these joint mechanics were 

derived are presented in Figure 5.

Targeting smaller than normal peak propulsive forces

Compared to those when targeting larger than normal FP, negative joint power and negative 

angular impulse responses to walking with smaller than normal FP were more varied and 

summarized in Figures 3 and 4 and in our supplementary data document.
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Figure 1. 
(A) Real-time peak anterior ground reaction force (FP) biofeedback paradigm. Subjects 

walked on a dual-belt treadmill while receiving visual feedback of their FP on a step-by-step 

basis. A custom Matlab script displayed the participant’s ground reaction force on a screen 

in front of the participant while they walked. (B) Group average FP stride profiles for each 

biofeedback trial are shown. Asterisks (*) represent significant main effects of speed on 

reduced FP.
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Figure 2. 
Group average (standard deviation) net metabolic power. Conditions included biofeedback 

trials at targeted −40%, −20%, 0%, +20%, +40% peak trailing limb propulsion (FP). 

Asterisks (*) indicate a significant pairwise comparison versus normal walking (p<0.05).
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Figure 3. 
Group average (standard deviation) positive and negative joint powers (i.e., work rates) for 

the ankle, knee, and hip. Data were calculated from the time integral of the instantaneous 

power curves normalized by average stance time to estimate the cumulative muscular 

demand per unit time. Conditions included biofeedback trials at targeted −40%, −20%, 0%, 

+20%, +40% peak trailing limb propulsion (FP). Letters represent a significant pairwise 

comparison from the normal walking condition (p<0.05) for ankle (A), knee (K), and hip 

(H). Asterisks (*) indicate a significant pairwise comparison for total (i.e., Ankle + Knee + 

Hip) joint power versus normal walking (p<0.05).

Pieper et al. Page 15

J Biomech. Author manuscript; available in PMC 2022 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Group average (standard deviation) positive and negative joint angular impulse. Conditions 

included biofeedback trials at targeted −40%, −20%, 0%, +20%, +40% peak trailing limb 

propulsion (FP). Letters represent a significant pairwise comparison from the normal 

walking condition (p<0.05) for ankle (A), knee (K), and hip (H). Asterisks (*) indicate a 

significant pairwise comparison for total (i.e., Ankle + Knee + Hip) angular impulse versus 

normal walking (p<0.05).

Pieper et al. Page 16

J Biomech. Author manuscript; available in PMC 2022 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Group average profiles for (A) joint power generation and (B) joint moments for each 

experimental condition plotted across an averaged gait cycle, from heel-strike to heel-strike. 

Conditions included biofeedback trials at targeted −40%, −20%, 0%, +20%, +40% peak 

trailing limb propulsion values in comparison to normal walking.
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Table 2.

Average stride length and frequency across experimental conditions

Experimental Condition

−40% −20% Norm 20% 40%

Stride Length (m) 1.07 1.22 1.41 1.47 1.59

Stride Frequency (Hz) 1.29 1.13 0.97 0.94 0.87
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