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EXOSKELETONS

Removing energy with an exoskeleton reduces
the metabolic cost of walking
Michael Shepertycky1*, Sarah Burton2, Andrew Dickson2, Yan-Fei Liu2, Qingguo Li1*
Evolutionary pressures have led humans to walk in a highly efficient manner that conserves energy,
making it difficult for exoskeletons to reduce the metabolic cost of walking. Despite the challenge,
some exoskeletons have managed to lessen the metabolic expenditure of walking, either by adding or
storing and returning energy. We show that the use of an exoskeleton that strategically removes
kinetic energy during the swing period of the gait cycle reduces the metabolic cost of walking
by 2.5 ± 0.8% for healthy male users while converting the removed energy into 0.25 ± 0.02 watts of
electrical power. By comparing two loading profiles, we demonstrate that the timing and magnitude of
energy removal are vital for successful metabolic cost reduction.
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Exoskeletons have been developed to assist
the lower-limb muscles in restoring dissipated
kinetic energy to improve walking efficiency.
Active (powered) exoskeletons use actuators,
such as electric motors, to perform a portion
of the positive joint work that is naturally
done by concentric muscle contractions (9, 10).
These devices essentially add energy to the
human-device system to supplement the metabolic energy required for walking (fig. S1).
Passive (unpowered) exoskeletons use elastic mechanisms to aid users’ muscle-tendon
units in storing and transferring energy from
one gait phase to another. By assisting energy
recycling, these devices decrease the force that
muscle-tendon units must hold during isometric contractions (11).
Although existing devices assist users by
adding or recycling energy, is it possible to
improve walking efficiency by purely removing

Fig. 1. Energy-removing exoskeleton. (A) A participant walking on the split-belt force-sensing treadmill while wearing the exoskeleton and measurement equipment.
(B) Outer view of the device. (C) View of the device’s internal components.
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umans are exceptional walkers, with
our gait continuously adapting over
evolutionary (1) and developmental time
scales (2). In the absence of frictional
losses, walking on level ground at a constant speed theoretically requires no energy
input (3), as passive mechanisms permit the
exchange of kinetic and potential energy (4, 5).
In reality, however, walking is metabolically expensive. Walking requires more energy
than any other activity of daily living (6, 7).
During walking, humans expend metabolic
energy, in part, to restore dissipated kinetic
energy (8).

energy? This would require a different design
approach: Instead of assisting muscles in concentric or isometric contractions, devices would
need to assist muscles in producing force during eccentric contractions. The strategy of
removing energy is similar to those employed
by some biomechanical energy harvesters optimized to produce electrical power (12–14). Unfortunately, these devices have not been able to
provide their users with a metabolic benefit
over carrying their own weight, let alone an
advantage over normal walking [(12–14); also
see supplementary materials]. Because the
metabolic cost of walking can be explained primarily by the cost of actively generating muscle force (15), we hypothesized that we could
optimize these devices for metabolic cost reduction by designing them with the aim of decreasing muscle activation instead of producing
electrical power.
Assisting muscles in producing force during
eccentric contractions is challenging. Substantial negative joint work during walking results
from the passive deformation of soft tissues
(8), such as ligaments. These tissues do not require metabolic energy and so cannot be metabolically assisted. Furthermore, some soft tissues
store and return energy that would otherwise
be dissipated (5, 8); thus, disrupting these energy return mechanisms could lead to a substantial energetic penalty because the body
must compensate through concentric contractions. Because eccentric muscle contractions
are already metabolically efficient compared
with concentric contractions (16), assisting
muscles in eccentric contractions should yield
only a small energetic advantage. Therefore, assisting muscles in eccentric contractions may
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require the exoskeleton to apply a load more
accurately and precisely, regarding both magnitude and timing, than is required for concentric
contraction and powered exoskeletons (9, 10, 17).
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Fig. 2. Right leg sagittal plane knee kinematics, kinetics, and muscle activation averaged across participants. (A) Knee joint angles over a gait cycle for
the three walking activities: normal walking (gray), traditional profile (blue),
and muscle-centric profile (red). (B) Average stride lengths. (C) Net knee moment
over a gait cycle normalized to body mass. (D) Average estimated negative muscle
moment contribution during the swing period. (E) Moment applied by the device
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during the swing period. (H) Hamstring muscle activity over a gait cycle. (I) Average
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Fig. 3. Net metabolic rate. The
average net metabolic rate for
the three walking activities (gray,
normal walking; blue, traditional
profile; red, muscle-centric
profile) is normalized to the
participant’s body mass (mean ±
SEM). The left vertical axis
represents the net metabolic
rate (means and error bars;
watts per kilogram). The right
vertical axis represents the
metabolic rate as a percent
change from normal walking
(NW; means and scatter). As
such, no scatter is included for
the normal walking condition.
Net metabolic rate significantly
differed between walking
conditions (*P < 0.05, **P < 0.01). Each yellow circle represents one participant.
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on results of Whittington et al. (22), from the
net knee moment profile. We then scaled the
magnitude of the resultant profile to the user’s
body mass. The control system and loading
profiles are described in the supplementary
materials, figs. S2 and S3, and data S4.
We conducted treadmill-walking experiments with 10 healthy male participants to
determine the metabolic and biomechanical
effects of the muscle-centric profile compared
with both a traditional harvesting profile and
normal walking. Minimal changes in both
knee joint angles and net joint moments indicate that neither loading profile hindered
normal knee function (Fig. 2, A to C), which
can cause deviations from normal walking
such as a stiff knee gait (14). The lack of effect
on normal knee function was further confirmed by a lack of changes in spatial-temporal
parameters such as stride length and ground
contact time. The average angles, moments,
and powers for the ankle, knee, and hip joints
are presented in fig. S4 and data S5 and S6.
One difference between the two loading profiles (Fig. 2E) was that the moment applied
about the user’s knee by the traditional profile
peaked during mid-swing (80.1 ± 0.5% gait
cycle, mean ± SEM), whereas that applied by
the muscle-centric profile peaked during terminal swing (90.7 ± 0.2% gait cycle). Both loading profiles significantly reduced the estimated
average muscle contribution to the negative
net knee moment during the swing period [n =
10 participants; repeated-measures analysis
of variance (ANOVA), F2,18 = 17.806, P < 0.001,
hp2 = 0.664], with the traditional profile reducing it by 11.0 ± 1.8% [least significant difference (LSD) post hoc analysis: P < 0.001] and
the muscle-centric profile reducing it by 12.0 ±
2.0% (P = 0.001; Fig. 2D).
Although both profiles removed a similar
amount of mechanical power (traditional:
2.01 ± 0.12 W, muscle-centric: 1.98 ± 0.09 W;
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forward during the swing period, the swinging
leg’s input cable is unspooled and drives the
input pulley. These pulleys work in combination with a gear train and roller clutches to
convert the cables’ linear movements into
rotational motion while simultaneously amplifying and integrating the cables’ motions before engaging a single generator. During stance,
the clutches decouple the input pulleys from
the gear train, allowing the cables to be gathered
back onto the input pulleys by returning springs.
The clutches also enable the device to apply
mechanical load only during the swing period,
leaving the lower limbs unencumbered by the
exoskeleton during the stance period. The back
electromotive force of the generator applies the
mechanical load to the input cables and, in turn,
to the user (further described in the supplementary materials, movies S1 and S2, and data S3).
Biomechanical energy harvesters traditionally apply a mechanical loading profile onto
their users that is proportional to the motion
input into the device (12–14). This technique is
simple to implement because it requires no
active control, but it may sacrifice user assistance. In this study, we implemented an active
control system that enabled our device to apply a controllable mechanical load by regulating the generator’s back electromotive force.
Exoskeletons have successfully reduced the
metabolic energy requirement of walking by
using assistive loading profiles that mimic
either natural joint moment or power profiles
(18–21). However, these profiles do not account for the contribution of passive elements
that cannot be assisted. To specifically target
the hamstrings and avoid interfering with
natural energy return mechanisms, we implemented a profile that resembles the muscles’
contribution to the net knee moment during
the terminal swing phase. We derived this
muscle-centric profile by subtracting the estimated contribution of passive elements, based

Fig. 2F) and applied a similar percentage of the
muscles’ angular impulses (traditional: 17.4 ±
1.3%, muscle-centric: 17.4 ± 1.5%; Fig. 2G), the
muscle-centric profile reduced the energy requirement of walking by 2.5 ± 0.8% [n = 10;
one-way repeated-measures ANOVA; F2,18 =
12.714, P < 0.001, hp2 = 0.586; LSD post hoc analysis: mean diff. (MD) = −0.082 ± 0.024 W kg−1,
P = 0.008, 95% CI (−0.137, −0.027)], whereas
the traditional profile increased the energy
requirement by 3.1 ± 1.1% [MD = 0.106 ±
0.039 W kg−1, P = 0.024, 95% CI (0.018, 0.195)].
The difference between profiles was 0.19 ±
0.05 W kg −1 [MD = 0.188 ± 0.046 W kg −1 ,
P = 0.003, 95% CI (0.085, 0.291); Fig. 3 and
table S1].
Because active skeletal muscles are the primary consumers of metabolic energy during
walking (23), the decrease in metabolic cost
observed with the muscle-centric profile was
accompanied by an 11.2 ± 3.8% reduction in
average hamstring activation from normal
walking (n = 10; repeated-measures ANOVA,
F2,18 = 4.506, P = 0.026, hp2 = 0.334; LSD post
hoc analysis: P = 0.035; Fig. 2, H and I). This
decrease primarily occurred during terminal
swing (87 to 100% gait cycle; n = 10; one-way
repeated-measures ANOVA; F2,18 = 4.022, P =
0.036, hp2 = 0.309; LSD post hoc analysis: P =
0.021) but continued into the initial contact and
loading response phases (0 to 12% gait cycle;
n = 10; one-way repeated-measures ANOVA;
F1.255,11.293 = 5.178, P = 0.037, hp2 = 0.365; LSD
post hoc analysis: P = 0.026). By contrast, the
traditional profile did not significantly alter
hamstring activity (P = 0.102).
Improper energy extraction could increase
antagonistic muscle activity, as the body would
need to perform positive muscle work to counteract the negative work performed by the device and recoup lost energy or provide joint
stability. However, there was no significant
change in overall average quadriceps activity
in either loading condition, indicating that
neither profile interfered with natural energy
return mechanisms. Data for the quadriceps
muscle group and individual muscles are presented in figs. S5 and S6 and data S5 and S6.
In addition to decreasing the metabolic cost
of walking by using the muscle-centric profile, the device also converted the removed
kinetic energy into 0.25 ± 0.02 W of electrical
power. When applying the traditional profile,
the exoskeleton produced twice the amount
of electrical power (0.53 ± 0.03 W), albeit at a
metabolic disadvantage.
The increase in metabolic cost associated
with the traditional profile was not unexpected,
but the cause is unclear. Although both profiles
yielded similar reductions in average muscle
joint moments, the traditional profile may not
have reduced the muscle force and, consequently, the muscles’ energy consumption to
the same extent as the muscle-centric profile.
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notable corollary to the present findings is
that metabolic cost is likely not the only variable involved in gait adaptation, given that
we observed little impact of our exoskeleton
on gait parameters while reducing metabolic
cost. Our findings highlight the importance of
characterizing how muscles consume metabolic energy to perform mechanical tasks so
that researchers can better understand activities such as walking and produce more efficient assistive devices.

23. M. J. Joyner, D. P. Casey, Physiol. Rev. 95, 549–601 (2015).
24. M. G. Hoy, F. E. Zajac, M. E. Gordon, J. Biomech. 23, 157–169
(1990).
25. B. R. Umberger, K. G. M. Gerritsen, P. E. Martin, Comput. Methods
Biomech. Biomed. Engin. 6, 99–111 (2003).
26. E. M. Arnold, S. R. Hamner, A. Seth, M. Millard, S. L. Delp,
J. Exp. Biol. 216, 2150–2160 (2013).
27. S. L. Delp, A. S. Arnold, R. A. Speers, C. A. Moore,
J. Orthop. Res. 14, 144–151 (1996).
28. D. J. Farris, G. S. Sawicki, J. Appl. Physiol. 113, 1862–1872
(2012).
29. O. N. Beck, L. K. Punith, R. W. Nuckols, G. S. Sawicki,
Exerc. Sport Sci. Rev. 47, 237–245 (2019).
30. T. M. Griffin, T. J. Roberts, R. Kram, J. Appl. Physiol. 95,
172–183 (2003).

RE FERENCES AND NOTES

AC KNOWLED GME NTS

1. M. D. Sockol, D. A. Raichlen, H. Pontzer, Proc. Natl. Acad.
Sci. U.S.A. 104, 12265–12269 (2007).
2. H. Forssberg, Exp. Brain Res. 57, 480–493 (1985).
3. M. Gomes, A. Ruina, Phys. Rev. E 83, 032901 (2011).
4. T. McGeer, Int. J. Robot. Res. 9, 62–82 (1990).
5. R. M. Alexander, Am. Zool. 24, 85–94 (1984).
6. K. R. Westerterp, G. Plasqui, Curr. Opin. Clin. Nutr. Metab. Care
7, 607–613 (2004).
7. K. R. Westerterp, Front. Physiol. 4, 90 (2013).
8. K. E. Zelik, A. D. Kuo, J. Exp. Biol. 213, 4257–4264 (2010).
9. L. M. Mooney, E. J. Rouse, H. M. Herr, J. Neuroeng. Rehabil. 11,
151 (2014).
10. J. Kim et al., Science 365, 668–672 (2019).
11. S. H. Collins, M. B. Wiggin, G. S. Sawicki, Nature 522, 212–215
(2015).
12. L. C. Rome, L. Flynn, E. M. Goldman, T. D. Yoo, Science 309,
1725–1728 (2005).
13. J. M. Donelan et al., Science 319, 807–810 (2008).
14. M. Shepertycky, Q. Li, PLOS ONE 10, e0127635 (2015).
15. R. Kram, C. R. Taylor, Nature 346, 265–267 (1990).
16. T. W. Ryschon, M. D. Fowler, R. E. Wysong, A. Anthony,
R. S. Balaban, J. Appl. Physiol. 83, 867–874 (1997).
17. S. Galle, P. Malcolm, S. H. Collins, D. De Clercq, J. Neuroeng.
Rehabil. 14, 35 (2017).
18. P. Malcolm, W. Derave, S. Galle, D. De Clercq, PLOS ONE 8,
e56137 (2013).
19. L. M. Mooney, H. M. Herr, J. Neuroeng. Rehabil. 13, 4
(2016).
20. M. Grimmer et al., J. Biomech. 83, 76–84 (2019).
21. B. T. Quinlivan et al., Sci. Robot. 2, eaah4416 (2017).
22. B. Whittington, A. Silder, B. Heiderscheit, D. G. Thelen,
Gait Posture 27, 628–634 (2008).

We thank K. Deluzio for supplying experimental equipment in the
Queen’s University Human Mobility Research Laboratory and
T. Bryant, C. Soutar, and P. Grenier for providing editorial
feedback. Funding: This work was supported by grants from
NSERC to Q.L. (RGPIN-2020-04771) and Y.-F.L. (RGPIN-201906635) and an NSERC Postgraduate Scholarship to M.S. Author
contributions: M.S. and Q.L. designed the mechanical system.
M.S. fabricated the device. M.S., S.B., A.D., and Y.-F.L. designed the
electrical and control systems. M.S. and Q.L. designed and
conducted experiments and processed and analyzed the data. All
authors prepared, reviewed, and approved the manuscript.
Competing interests: M.S., Y.-F.L., and Q.L. are the assignees on
the patent of an energy harvesting technology related to the work in
this manuscript (US Patent 9,407,125 B2). The authors declare no
other competing interests. Data and materials availability: All data
are included in the manuscript and supplementary materials.

28 May 2021

SUPPLEMENTARY MATERIALS

science.sciencemag.org/content/372/6545/957/suppl/DC1
Materials and Methods
Supplementary Text
Figs. S1 to S8
Tables S1 to S4
References (31–91)
Movies S1 and S2
Data S1 to S6
View/request a protocol for this paper from Bio-protocol.
21 January 2020; resubmitted 27 October 2020
Accepted 8 March 2021
10.1126/science.aba9947

4 of 4

Downloaded from http://science.sciencemag.org/ on May 27, 2021

This is because the muscle-tendon moment
arms of the hamstrings are not directly proportional to muscle joint moments throughout
gait (24). Additionally, the force generation
and energy consumption of muscles depend
on multiple parameters, including operating
length and contractile velocity, which vary
throughout the gait cycle (25, 26). Furthermore,
hamstrings are maximally extended during
terminal swing, owing to simultaneous hip
flexion and knee extension (27). As such, force
production may be most metabolically costly
during this stage. Therefore, force production
may be more readily assisted during terminal
swing relative to other swing phases (see supplementary materials). Additionally, the two
profiles’ different effects on the hip may have
contributed to the observed differences in metabolic cost (see supplementary materials). Our
results provide further evidence of the disconnect between lower-limb joint dynamics and
metabolic expenditure (11, 28). On the basis of
these findings, we advocate for exoskeletons
that use muscle-specific parameters and profiles to provide metabolic assistance (29).
We have demonstrated that exclusively removing energy is a viable method for reducing
the metabolic cost of walking. Although greater
metabolic cost reductions have been achieved
through assisting concentric and isometric
muscle contractions, our results demonstrate
that assisting eccentric contractions is possible
and can yield the concurrent benefit of electrical
power production. These results indicate that
lower-limb muscles can be assisted during the
swing period of gait, despite previous assumptions that this period is primarily passive,
requiring little to no muscle activity (30). A
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Store energy and save energy
Many devices have been developed to harvest energy from walking or running, but their use often comes at cost
to the wearer in the form of increased metabolic demand. Shepertycky et al. designed a device that can harvest
mechanical energy from a natural walking gait and convert it to useable electrical energy while also reducing the
metabolic energy consumption of the user (see the Perspective by Riemer et al.). The key to achieving ''something from
nothing'' comes from designing the device to use muscle-centric control of the knee exoskeleton resistance to reduce
active muscle force during the late part of the leg swing cycle.
Science, aba9947, this issue p. 957; see also abh4007, p. 909

