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Amputees using passive ankle-foot prostheses tend to expend more metabolic energy during walking
than non-amputees, and reducing this cost has been a central motivation for the development of active
ankle–foot prostheses. Increased push-off work at the end of stance has been proposed as a way to
reduce metabolic energy use, but the effects of push-off work have not been tested in isolation. In this
experiment, participants with unilateral transtibial amputation (N ¼6) walked on a treadmill at a constant speed while wearing a powered prosthesis emulator. The prosthesis delivered different levels of
ankle push-off work across conditions, ranging from the value for passive prostheses to double the value
for non-amputee walking, while all other prosthesis mechanics were held constant. Participants completed six acclimation sessions prior to a data collection in which metabolic rate, kinematics, kinetics,
muscle activity and user satisfaction were recorded. Metabolic rate was not affected by net prosthesis
work rate (p¼ 0.5; R2 ¼0.007). Metabolic rate, gait mechanics and muscle activity varied widely across
participants, but no participant had lower metabolic rate with higher levels of push-off work. User
satisfaction was affected by push-off work (p¼0.002), with participants preferring values of ankle pushoff slightly higher than in non-amputee walking, possibly indicating other beneﬁts. Restoring or augmenting ankle push-off work is not sufﬁcient to improve energy economy for lower-limb amputees.
Additional necessary conditions might include alternate timing or control, individualized tuning, or
particular subject characteristics.
& 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
Lower-limb amputation affects more than one million people in
the United States (Ziegler-Graham et al., 2008), leading to
restricted mobility (Zidarov et al., 2009). Lower-limb amputation is
typically accompanied by an increase in metabolic energy expenditure during walking (Waters and Mulroy, 1999). Reducing the
energy cost of amputee gait may therefore be beneﬁcial.
Differences between the mechanical function of biological
ankles and passive-elastic prostheses could be responsible for
observed increases in metabolic rate. The intact ankle joint produces a large burst of mechanical work during terminal stance
(Winter, 1991), also known as ‘push-off’, which is diminished in
passive-elastic ankle prostheses (e.g. Gitter et al., 1991). This leads
to several arguments that increasing prosthetic ankle push-off
work could reduce metabolic rate.
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Increasing prosthetic ankle push-off work might provide a
beneﬁt by more closely matching biological ankle function. Imitating some aspect of non-amputee gait is a frequent goal of active
prostheses (Au et al., 2007; Goldfarb et al., 2013). Perhaps if
prostheses behaved more like biological joints, they would better
fulﬁll their role in walking, leading to reduced effort. This leads to
the hypothesis that metabolic rate should be minimized when
prosthesis push-off matches the value for non-amputee gait, for
example following a quadratic relationship.
Increasing prosthetic ankle push-off work might be beneﬁcial
by supplying a greater portion of the energy used in walking. If the
mechanical energy requirements of walking were ﬁxed, performing more work with the prosthesis would leave less work to be
performed by the human, which might lead to less metabolic
energy consumption. This principle has been proposed as a
guideline for augmenting gait (the ‘Augmentation Factor’, Mooney
et al., 2014), leading to the hypothesis that metabolic rate will
decrease linearly as net prosthesis work increases.
Increasing prosthesis push-off work might also provide a beneﬁt
by reducing the mechanical work requirements of walking. Simple
dynamical models of gait suggest that trailing-limb push-off work
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during double support reduces dissipation in ‘collision’ of the
leading limb, thereby reducing positive center-of-mass work overall
(Kuo et al., 2005). Reduced push-off would be expected to increase
collision, requiring more positive work elsewhere in the gait cycle,
such as through hip work during single support. This has been
suggested as a reason for increased energy expenditure with passive prostheses (Houdijk et al., 2009). Increasing prosthesis push-off
would decrease collision losses until they were eliminated, resulting
in diminishing returns for additional prosthesis work (Collins and
Kuo, 2010). This leads to the hypothesis that metabolic rate will
decrease exponentially as prosthesis push-off work increases, with
corresponding decreases in collision work and center-of-mass work.
Studies comparing powered and passive ankle-foot prostheses
suggest that increased push-off can reduce the metabolic cost of
walking for amputees, but have not isolated this effect. Herr and
Grabowski (2012) found that an active ankle–foot prosthesis
reduced metabolic rate compared to passive-elastic prostheses,
consistent with each of the above hypotheses. The device restored
ankle push-off with net work from a motor, differentiating it from
devices that increase push-off through elastic energy storage and
return (Segal et al., 2012). However, many other features differed
between the active and passive prostheses tested, including mass,
stiffness and dynamical properties, which might also affect
metabolic rate. A more controlled experiment could discern
whether net prosthesis work was responsible for the observed
reduction in metabolic rate.
Controlled studies in simulation and among non-amputees
suggest that metabolic rate decreases exponentially with increasing ankle push-off work. Handford and Srinivasan (2016) optimized coordination patterns in a musculoskeletal model of
amputee gait, and found that metabolic rate decreased exponentially as prosthesis work increased. However, accurate model
prediction of human response to new mechanical conditions is
challenging (Fregly et al., 2012). Caputo and Collins (2014b) varied
push-off work with a prosthesis emulator, worn by non-amputees
using a simulator boot, and found that metabolic rate decreased
exponentially with net prosthesis work. However, differences
between amputees and non-amputees can confound comparisons
of the same hardware between populations (Zelik et al., 2011). A
controlled experiment performed among amputees would provide
clinical relevance.
The goal of this study was to determine the relationship
between prosthetic ankle push-off work and metabolic energy
expended by unilateral transtibial amputees during walking. We
varied push-off work over a wide range using an ankle-foot prosthesis emulator, without changing any other prosthesis features,
and measured metabolic rate. Based on prevailing approaches to
active prosthesis design, we hypothesized that metabolic rate
would have one of three relationships with net prosthesis work
rate: quadratic, with a minimum near the value for normal walking;
decreasing linearly; or decreasing exponentially. A secondary goal
was to investigate the underlying mechanisms affecting energy cost.
We therefore measured center-of-mass mechanics, joint mechanics
and muscle activity and tested for trends predicted by prior studies
and models. We expected these results to provide empirical data to
guide the design of active prostheses.

2. Methods
Six participants with unilateral transtibial amputation walked on a treadmill
using a powered prosthesis emulator. Participants completed seven conditions
characterized by different levels of ankle push-off work, which they experienced in
six acclimation and training sessions before the ﬁnal data collection. Metabolic rate,
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kinematics, kinetics, muscle activity and user satisfaction data were analyzed for an
effect of net prosthesis work.
2.1. Participants
Six individuals with unilateral, transtibial amputation participated (N ¼ 6; male;
age¼47 76 yrs; weight¼ 87.8 7 8.5 kg; height ¼ 1.79 7 0.04 m; mean 7s.d.; K3 as
determined by prosthetist; Table 1). Participants were amputees for at least one
year and had the ability to walk unaided at varying speeds. All participants provided written informed consent prior to participation. The protocol was approved
by the Carnegie Mellon University Institutional Review Board.
2.2. Prosthesis emulator hardware and control
In push-off work conditions, participants used a powered ankle-foot prosthesis
emulator (Caputo and Collins, 2014a) in place of their prescribed prosthetic foot
(Fig. 1). The emulator had a torque-controlled forefoot and a passive spring heel
(Fig. S1; Supplementary materials). Forefoot torque about the ankle joint was
controlled by off-board motor and control hardware (Zhang et al., 2015). The
emulator is capable of high peak torque and power, allowing a wide range of pushoff work values to be applied without changing any other aspects of hardware
between conditions.
Desired levels of net prosthesis work were achieved by controlling the relationship between ankle angle and ankle torque (Caputo and Collins, 2014b). During
dorsiﬂexion, the ankle acted as a stiffening spring. During plantarﬂexion, the ankle
acted like a spring with a different torque-angle curve. This resulted in torqueangle work loops similar to those of other active prostheses (Herr and Grabowski,
2012; Shultz et al., 2013). We chose the shape of the plantarﬂexion curve to achieve
desired levels of net prosthesis work for each condition.
The timing of the onset of push-off corresponded to the transition between
ankle dorsiﬂexion and ankle plantarﬂexion, dictated by subject movements. Dorsiﬂexion behavior was held constant across conditions, which tends to result in
consistent push-off timing (Caputo and Collins, 2014b). Push-off was expected to
occur primarily during double support, the optimal timing observed in an experiment with non-amputees (Malcolm et al., 2015).
2.3. Experimental protocol
2.3.1. Experimental conditions
Participants completed two baseline conditions and seven push-off work
conditions. In the Quiet Standing condition, participants stood neutrally. In the
Prescribed condition, participants walked using their prescribed prosthesis. In
powered push-off conditions, which we refer to as having Negative, Low, MediumLow, Medium, Medium-High, High, and Highest push-off work, participants walked
while the prosthesis emulator applied different levels of net prosthesis work on
each step. Net prosthesis work was deﬁned as the integral of instantaneous ankle
power, such that negative work during dorsiﬂexion reduced net work while positive work during push-off increased it. Net prosthesis work rate was deﬁned as net
prosthesis work divided by stride period.
In powered push-off conditions, positive push-off work ranged from about half
to double the value for non-amputee walking, corresponding to a net prosthesis
work rate of about  2 to 10 times the value for non-amputee walking. This
encompassed values for dynamic-elastic response prostheses, at the lower end of
the range, and commercially available active prostheses, in the upper half of the
range. A wide range of push-off work values were applied so as to distinguish
between quadratic, linear and exponential trends in metabolic rate at the high end
of the spectrum. Many push-off values were tested to avoid overﬁtting.
2.3.2. Acclimation period
Upon enrollment, participants underwent a three-day acclimation period with
the prosthesis emulator. On the ﬁrst day, a certiﬁed prosthetist ﬁt and aligned the
emulator according to standard procedures. During alignment, the emulator was
programmed to behave like a dynamic-elastic prosthesis. Treadmill speed was
gradually increased to 1.25 m s  1 over several walking bouts. One participant
(Subject 2) could not sustain walking at this speed and instead walked at 1.1 m s  1.
Emulator work was gradually increased over several additional walking bouts to
acclimate participants to active ankle push-off. The prosthesis was then realigned if
necessary. On the second and third acclimation days, participants experienced the
full range of emulator work conditions for three minutes per condition. This
allowed participants to become comfortable walking on the treadmill in the
laboratory with the prosthesis emulator.
2.3.3. Training period
After acclimation, participants completed two training sessions on separate
days. Training consisted of Quiet Standing for 3.5 min; Prescribed walking for

3454

R.E. Quesada et al. / Journal of Biomechanics 49 (2016) 3452–3459

Table 1
Characteristics of the six study participants.

Participant
Participant
Participant
Participant
Participant
Participant

1
2
3
4
5
6

Age (yrs)

Height (m)

Mass (kg)

Amputee (yrs)

Cause

K level

Side

Prescribed prosthesis

57
45
48
39
42
49

1.78
1.78
1.82
1.83
1.78
1.73

86.1
86.0
95.1
98.7
86.9
74.2

7
1
11
8
8
45

Trauma
Trauma
Trauma
Trauma
Trauma
Congenital

K3
K3
K3
K3
K3
K3

Left
Right
Left
Right
Right
Right

Ottobock 1C61 Triton Vertical Shock
Össur Vari-Flex
BiOM T2
Fillauer Wave Sport
Fillauer Wave Sport
Freedom Innovations Renegade A  T

motion capture, force plate, electromyography, and survey data were collected. The
ﬁrst collection day allowed participants to become comfortable with this equipment. Data presented are from the ﬁnal collection day.
2.4. Outcome measures
2.4.1. Prosthesis mechanics
Prosthetic ankle angle was measured with an encoder, and was differentiated
and low-pass ﬁltered with a cutoff frequency of 60 Hz to obtain ankle velocity.
Prosthetic ankle torque was calculated based on deﬂection of a series spring
(Caputo and Collins, 2014a). Prosthetic ankle power was calculated as the product
of velocity and torque. Net prosthesis work was calculated as the integral of ankle
power. We present these values as work divided by stride time to facilitate comparison with metabolic rate, and normalized to body mass to facilitate comparison
across subjects. Results are presented with units of J kg  1 s  1, rather than W kg  1,
to avoid confusion with instantaneous ankle joint power.
2.4.2. Metabolic rate
Metabolic rate was measured using indirect calorimetry. Subjects fasted for
four hours prior to data collection. Rates of oxygen uptake and carbon dioxide
production were measured during the ﬁnal three minutes of each trial by a commercial respirometry system (Oxycon Mobile, CareFusion), and then averaged.
Energy consumption was calculated using a standard equation (Brockway, 1987).
Change in metabolic rate was calculated by subtracting the value for Prescribed.
Values were normalized to body mass to facilitate comparison across subjects. Data
were not obtained for Subject 3 in the Highest condition due to a hardware
malfunction.
2.4.3. Center of mass mechanics
Ground reaction forces were measured using a commercial instrumented splitbelt treadmill (Bertec). We used the individual limbs method (Donelan et al., 2002)
to calculate center-of-mass power for each leg. We deﬁned phases of center-ofmass power based on gait events and percent stride, rather than periods of continuous positive or negative power, because subjects exhibited irregular patterns.
We deﬁned center-of-mass ‘push-off’ as net trailing leg work during double support, ‘collision’ as net leading leg work during double support, and ‘rebound’ as net
stance leg work during the ﬁrst portion of single support. We calculated the biological contribution to positive center of mass work as total positive center of mass
work over the entire stride minus positive prosthesis work.
2.4.4. Joint mechanics
Joint kinematics were recorded by a commercial motion capture system with
seven cameras (MX40, Vicon). Reﬂective markers were placed at 17 bony landmarks on the pelvis, lower limbs and prosthesis (Supplementary materials). Inverse
dynamics analysis (Winter, 1990) was used to calculate joint moments and powers.
Derivatives of marker data were low-pass ﬁltered with a cutoff frequency of 7.5 Hz.
Segment mass properties were estimated using anthropometry (Drillis et al., 1964;
de Lava, 1996) and emulator mass properties were determined empirically.
Fig. 1. Subjects with unilateral transtibial amputation wore the tethered ankle–foot
prosthesis emulator while walking on a treadmill. A description of the emulator
and photograph of the prosthesis are provided as Supplementary materials (Fig.
S1). Ankle push-off work was varied while metabolic rate, gait mechanics, muscle
activity and user satisfaction were recorded.

5 min; and each emulator push-off work condition, presented in random order,
while walking for 6 min each. Participants and experimenters interacting with
participants were blinded to emulator conditions. Participants were given 5 min of
rest between trials. Training sessions allowed participants to adapt to each push-off
work condition.

2.4.5. Muscle activity
Muscle activity was measured using a commercial surface electromyography
system (Trigno Wireless, Delsys) from biceps femoris, rectus femoris, and vastus
medialis for both legs and gastrocnemius medialis and lateralis, soleus, and tibialis
anterior for the intact leg. Data were high-pass ﬁltered with a cutoff frequency of
20 Hz, rectiﬁed, and low-pass ﬁltered with a cutoff frequency of 6 Hz in post processing (Ferris et al., 2006). Erroneous signals due to sensor malfunction,
accounting for 8% of all electromyographic data, were discarded. Muscle activity
was normalized to the maximum value recorded during Prescribed walking for
each muscle. Muscle activity during periods of interest was integrated and compared across conditions.

2.3.4. Collection period
After training, subjects completed two collection sessions on different days. The
protocol was identical to the training period, except that indirect calorimetry,

2.4.6. User satisfaction
Participants were asked to rate each push-off work condition on a scale of 1 to
5, with 1 being worst and 5 being best, directly following that condition.

Highest
High
Med-High
Med
Med-Low
Low
Negative
Prescribed

Prosthetic Ankle Power (W.kg-1)

3

2

1

0

Change in Metabolic Rate (W.kg-1)
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Fig. 2. Peak prosthetic ankle power during push-off ranged from about half to
about double the value for subjects’ Prescribed feet. Negative power, push-off
onset, and the timing of peak power were consistent across emulator conditions.
The onset of positive power was earlier than with Prescribed feet, consistent with
other active prostheses (Esposito et al., 2015). Power shown here was estimated
using inverse-dynamics analysis to facilitate comparisons. Values from onboard
sensors are provided in Fig. S2.

2.5. Statistical analysis
Statistical comparisons were made of metabolic rate, joint mechanics, centerof-mass mechanics, muscle activity, and user satisfaction. Mechanics and muscle
activity trajectories were divided into strides, normalized to stride length, and
averaged across strides. Scalar values, such as work, were calculated for individual
strides, then averaged. Data were then averaged across participants, and study
means and inter-subject variability reported.
We tested for a main effect of net prosthesis work rate on each outcome using
repeated measures ANOVA with a signiﬁcance level of pr0.05. All p-values refer to
ANOVA. Regression was used to characterize the relationship between mean values
of net prosthesis work rate, metabolic rate and user satisfaction. Reﬂecting the three
hypothesized relationships, we ﬁt quadratic, linear and exponential models and
report results for the model that explained the most variance (Tukey et al., 1984).

3. Results
3.1. Prosthesis mechanics
Positive ankle push-off work rate ranged from 0.08 to
0.39 J kg  1 s  1, or from about half to about double the value from
non-amputee walking. Net prosthesis work rate ranged from  0.06 to
0.26 J kg  1 s  1, or about  2 to 10 times the value from non-amputee
walking. One participant (Subject 6) adapted to the emulator in a way
that prevented large amounts of work production, but still experienced a range of net prosthesis work. Prosthetic ankle power (Fig. 2)
and torque-angle curves (Fig. S3) had patterns similar to the intact
ankle and other active prostheses. Push-off onset and peak timing
were consistent within 3% across conditions. Negative work rate was
unchanged (p¼0.7), while stride period was always within 0.02 s of
the value for Prescribed (1.13 s). Thus, changes in positive push-off
work were equivalent to changes in net prosthesis work rate.
3.2. Metabolic rate
Net prosthesis work rate did not signiﬁcantly affect metabolic
rate (Fig. 3; p ¼0.5). Regression showed no relationship (quadratic
ﬁt: R2 ¼ 0.007; exponential ﬁt: R2 ¼ 0.002; linear ﬁt: R2 ¼0.0003).
Effects were inconsistent across participants, but no participant
tended towards lower metabolic rate with increasing prosthetic
ankle push-off work (Fig. 4). Only one participant consistently
exhibited lower metabolic rate than with their Prescribed foot,

Fig. 3. Metabolic rate was not affected by prosthesis push-off work. Net prosthesis
work rate spanned a wide range, including values approximating those of subjects’
prescribed feet in this study (Prescribed, dashed line at left), the normal biological
ankle (dashed line at center; from Caputo and Collins, 2014b) and the BiOM active
ankle-foot prostheses (dashed line at right; from Herr and Grabowski, 2012). Change
in metabolic rate compared to Prescribed was not affected by net prosthesis work
rate. Regression to mean data using a quadratic model (solid line) accounted for
almost none of the variance in metabolic rate. Dots are means. Whiskers denote
standard error in metabolic rate (vertical) and net prosthesis work rate (horizontal).

achieved with about zero net prosthesis work (Fig. 4, Subject 6).
Metabolic rate in Prescribed was 2.8 70.6 J kg  1 s  1.
3.3. Gait mechanics and muscle activity
Center-of-mass push-off work rate was strongly affected by net
prosthesis work rate (Fig. 5; p ¼8x10  8), but intact-limb collision
work rate was unaffected (p ¼0.9). Intact-limb rebound work rate
decreased (p ¼2x10  3) and total positive center-of-mass work rate
attributed to the human decreased substantially (p ¼3x10  3) with
increasing push-off. Consistent trends were observed in ground
reaction forces (Fig. S5).
Positive prosthesis-side hip power during swing initiation
decreased substantially with increasing prosthesis work (Fig. 6;
p¼ 0.06). The pattern of prosthesis-side knee power during swing
seems to have been altered (Fig. S4), but negative knee work
during swing was unchanged (p ¼1.0).
Biceps femoris activity in the prosthesis-side limb during pushoff increased substantially with increasing push-off work (Fig. 7;
p¼ 0.07). Biceps femoris activity in the intact limb during early
intact stance decreased slightly with increasing push-off work
(Fig. 8; p ¼7x10  3).
Center-of-mass power (Fig. 5), joint mechanics (Figs. S6–8), and
muscle activity (Fig. S9–10) showed no other trends, but varied
widely across subjects (Fig. S11).
3.4. User satisfaction
User rating was strongly affected by net prosthesis work rate
(p ¼9x10  4), well characterized by a quadratic model (Fig. 9;
R2 ¼0.97). Linear and exponential models ﬁt less well (R2 ¼ 0.5,
both). Satisfaction was maximized by Medium-Low net prosthesis
work, followed closely by Medium.
3.5. Supplementary data
Complete results from this experiment are provided in a Supplementary Data ﬁle archive.
4. Discussion
We hypothesized that prosthetic ankle push-off work would
affect the metabolic cost of walking for unilateral transtibial
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Fig. 4. The effects of prosthesis push-off work on metabolic rate varied across subjects, but no subjects exhibited lower metabolic rate with higher levels of push-off. A
quadratic model was ﬁt to data from each participant (solid lines) with corresponding R2 values provided. Only Subject 6 had consistently lower metabolic rate in active
push-off conditions than with their prescribed foot, but metabolic rate was minimized for slightly negative net prosthesis work.
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Fig. 5. Center-of-mass power (top) for prosthesis-side (blue) and intact-side (red) limbs. Prosthesis-side center-of-mass push-off work rate was strongly affected by net
prosthesis work rate, but intact-side collision work rate was not. Intact-side rebound work rate was reduced with increasing net prosthesis work rate, as was total positive
center-of-mass work attributed to the human over the entire stride. Rebound was deﬁned to begin at single support and to end at 82% stride, based on typical periods of
positive power. Bars are mean integrals over the indicated regions, error bars are standard deviations. Results of statistical tests (ANOVA) for an effect of net prosthesis work
rate on net work during each phase are shown above corresponding bars. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article).

amputees. Our results do not support this hypothesis; a wide
range of push-off work was applied, but metabolic rate was not
signiﬁcantly affected. Restoring or augmenting ankle push-off
work is therefore not sufﬁcient to improve energy economy for
lower-limb amputees. Other factors such as prosthesis control,
push-off timing, training, or subject characteristics must be
involved with, or independently responsible for, the apparent
beneﬁts of active prostheses.
4.1. Underlying causes
Metabolic rate did not covary with push-off work despite
underlying trends that would suggest beneﬁcial changes in gait

mechanics. As net prosthesis work rate increased, we measured
reductions in the human contribution to total positive center of
mass work, hip work associated with prosthesis-side swing initiation, and biceps femoris activity in the intact limb during prosthesis
push-off. Additional costs might have been incurred in the
prosthesis-side knee during swing initiation, indicated by increased
biceps femoris activity, but both overall knee work and knee ﬂexion
moment were unchanged. The complex relationships between
prosthesis behavior, gait mechanics, muscle activity and metabolic
energy consumption remain an important area of research.
Net prosthesis work rate does not deﬁne all prosthesis
mechanics, and the effects of push-off work on metabolic rate
might differ with alternate baseline mechanics. Ankle power and
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ANOVA p = 0.07
6

4

2

0
Fig. 6. Positive power at the prosthesis-side hip during early swing decreased with
increasing net prosthesis work. This suggests a reduction in effort associated with
swing initiation. Bars are mean integrals over the indicated region, error bars are
standard deviations.

torque-angle curves in this study were similar to those in prior
studies of active prostheses, but with some differences. Consistent
with prior active devices (Esposito et al., 2015), inverse-dynamics
analysis showed less negative prosthesis work and earlier onset of
positive work than with prescribed feet (Fig. 2). However, onboard
measurements of power (Fig. S2) and torque-angle curves (Fig. S3)
depicted a smoother increase in power during push-off (Au, 2007)
and a more circular work loop (Herr and Grabowski, 2012) than
prior active devices. The effects of these features on metabolic cost
should be explored in future studies.
4.2. Study limitations
This study was designed to observe population-wide trends in
metabolic rate with push-off work, but individual responses did
not suggest a consistent trend. A study design that instead optimized prosthesis function for each user and then measured net
prosthesis work in optimized conditions would provide additional
insights. Such a process might be responsible for previouslymeasured beneﬁts with active prostheses whose control properties were hand-tuned for each user during ﬁtting (Herr and Grabowski, 2012). Nonetheless, mean data in the present study do not
show a trend, supporting the conclusion that increasing ankle
push-off work with a powered prosthesis does not necessarily
reduce metabolic rate.
Participants seem to have been provided sufﬁcient time to train
in each push-off work condition, but alternate training might have
altered results. Participants were given six days of acclimation and
training before data collection, accumulating more than 30 min of
walking under each push-off work condition and more than
200 min of walking with the prosthesis emulator. In studies with
active exoskeletons, 20 min of training has been sufﬁcient to reach

Fig. 7. Prosthesis-side biceps femoris activity increased during swing initiation and
early swing as net prosthesis work increased. This might indicate resistance to
excessive leg swing, although such compensation seems to be at odds with joint
mechanics data at the hip (Fig. 6) and knee (Fig. S4). Bars are mean integrals over
the indicated region, error bars are standard deviations.

steady state (Gordon and Ferris, 2007; Galle et al., 2013). To verify
that participants had received sufﬁcient training, we conducted
additional collections with one subject (Subject 1; Fig. S12) for a
total of 10 data collections. At the end of this period, the relationship between push-off work and metabolic rate was unchanged.
Nevertheless, it is possible that more training, enforced exploration
or coaching could have led participants to use push-off work more
effectively. In prior studies with active prostheses, participants had
acclimation periods of several weeks (Herr and Grabowski, 2012;
Esposito et al., 2015). Future work should address accommodation
time and other factors affecting adaptation.
Only six participants were tested due to recruitment challenges. Despite this relatively small sample size, a post-hoc analysis showed statistical power of 70% to discriminate 20% changes
in metabolic rate. A larger sample size would have strengthened
our ﬁndings, but it is unlikely that our results would be reversed
because no participant exhibited the hypothesized trends.
4.3. Hypotheses revisited
Although Medium levels of ankle push-off work resulted in a
better approximation of this aspect of biological ankle function,
doing so did not improve energy cost. Perhaps an imitation of
some other aspect of ankle function would provide a beneﬁt.
However, altered actuation, sensing and control as a result of
amputation make completely biomimetic function difﬁcult and
possibly undesirable. For example, coordination between ankle
and knee joints is afforded by biarticular musculature but not
ankle prostheses, which can lead to differences in theoretically
optimal control patterns (Handford and Srinivasan, 2016). As
another example, loading the residual limb in a manner similar to
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Fig. 8. Intact-limb biceps femoris muscle activity decreased during early stance as
net prosthesis work increased. This might indicate a reduced reliance on a hip
powering strategy during the period of prosthetic ankle push-off. Bars are mean
integrals over the indicated region, error bars are standard deviations. 0% stride
refers to prosthesis-side heel strike.
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non-amputee walking may cause pain, leading to effortful compensations. This is inconsistent with the hypothesis that matching
normal ankle work is energetically optimal.
Increasing net prosthesis work reduced positive work performed by the human, but did not reduce metabolic rate. The
connection between mechanical work and metabolic rate during
steady walking is complex; tendons perform a substantial portion
of joint work (Ishikawa et al., 2005), while muscles consume
energy for functions other than work production (Umberger et al.,
2003). Reducing limb work therefore need not reduce metabolic

rate (Jackson and Collins, 2015). This might help explain ﬁndings
of powered ankle-foot prostheses not reducing metabolic rate
during the work-intensive task of walking uphill (Esposito et al.,
2015). Complementarily, the energy cost of walking can be
reduced with entirely passive devices (Collins et al., 2015). These
results conﬂict with the hypothesis that augmentation arises in
proportion to net energy input, offset by the cost of carried mass
(Mooney et al., 2014).
Increased prosthesis push-off work did not reduce intact-limb
collision work, contrary to predictions based on simple models.
Inverted pendulum models require a relationship between push-off
and collision impulses, but humans have other means of directing
the center of mass during single support. As a result, prior studies
have shown that push-off can be inhibited (Vanderpool et al., 2008)
or augmented (Kerkum et al., 2015) without affecting metabolic
rate. Likewise, the human contribution to center-of-mass work rate
decreased with increasing push-off, but this did not reduce metabolic rate. The connections between mechanical work and metabolic energy use are complex. For example, changes in objectives
could alter amputee muscle activity and metabolic rate even if joint
kinematics and kinetics were to remain ﬁxed (Fey et al., 2012). This
conﬂicts with the hypothesis that reducing center-of-mass work
reduces metabolic rate.
Our results do not conﬁrm the relationship between push-off
work and metabolic rate that might be inferred from prior comparisons of active and passive prostheses. Restoring push-off work,
by itself, is insufﬁcient to normalize metabolic rate. Active push-off
might only be effective in the presence of other prosthesis features
or control, such as high mass or positive force feedback. Active
prostheses might provide beneﬁts only to amputees with particular deﬁcits. For example, high-ﬁtness amputees using passive
prostheses need not have higher metabolic rate than nonamputees (Esposito et al., 2014) despite having no active pushoff. It is even possible that other factors are entirely responsible for
previously observed beneﬁts. Balance provides one possible
explanation. Controllers that enhance balance by varying prosthesis push-off work on each step can substantially reduce metabolic rate compared to static controllers with the same average
push-off work (Kim and Collins, 2015). Reﬂex-like controllers used
in other active prostheses (Eilenberg et al., 2010) provide
enhanced balance in simulation (Song and Geyer, 2015). Future
research should identify which features are responsible for the
beneﬁts of active prostheses.
Our results are inconsistent with the relationship between
push-off work and metabolic rate observed for non-amputees
using a prosthesis simulator. Population differences, particularly
in limb mass properties, musculature, proprioception, socket
loading and control, and pain, are likely responsible for the qualitative differences in observed trends. On the basis of this and
other comparisons (Zelik et al., 2011) it is ill-advised to interpret
simulated amputation results as relevant to amputees.
4.4. Motivations revisited
Reducing the metabolic cost of amputee gait would improve
mobility, but is not the only important objective of prosthesis
design. In the present study, push-off work did not affect metabolic rate but strongly affected user satisfaction, indicating alternate beneﬁts that might relate to sense of effort, balance, comfort
or appearance. The potential for active prostheses to enhance
these outcomes should receive more attention during their design.
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