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EXOSKELETONS

Removing energy with an exoskeleton reduces
the metabolic cost of walking

Michael Shepertycky, Sarah Burton?, Andrew Dickson?, Yan-Fei Liu?, Qingguo Li'*

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.

umans are exceptional walkers, with

our gait continuously adapting over

evolutionary (7) and developmental time

scales (2). In the absence of frictional

losses, walking on level ground at a con-
stant 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 metabolical-
ly 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).
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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 meta-
bolic energy required for walking (fig. S1).
Passive (unpowered) exoskeletons use elas-
tic 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 iso-
metric contractions (71).

Although existing devices assist users by
adding or recycling energy, is it possible to
improve walking efficiency by purely removing
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energy? This would require a different design
approach: Instead of assisting muscles in con-
centric or isometric contractions, devices would
need to assist muscles in producing force dur-
ing eccentric contractions. The strategy of
removing energy is similar to those employed
by some biomechanical energy harvesters op-
timized to produce electrical power (12-14). Unfortu-
nately, 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 pri-
marily by the cost of actively generating mus-
cle force (15), we hypothesized that we could
optimize these devices for metabolic cost re-
duction by designing them with the aim of de-
creasing muscle activation instead of producing
electrical power.

Assisting muscles in producing force during
eccentric contractions is challenging. Substan-
tial negative joint work during walking results
from the passive deformation of soft tissues
(8), such as ligaments. These tissues do not re-
quire metabolic energy and so cannot be meta-
bolically assisted. Furthermore, some soft tissues
store and return energy that would otherwise
be dissipated (5, 8); thus, disrupting these en-
ergy return mechanisms could lead to a sub-
stantial energetic penalty because the body
must compensate through concentric contrac-
tions. 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, as-
sisting muscles in eccentric contractions may
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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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require the exoskeleton to apply a load more
accurately and precisely, regarding both magni-
tude and timing, than is required for concentric
contraction and powered exoskeletons (9, 10, 17).

We built a lightweight, backpack-mounted
exoskeleton (1.059 kg; Fig. 1) to assist the ham-
strings in producing force by applying a knee
flexion moment during the terminal swing
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Fig. 2. Right leg sagittal plane knee kinematics, kinetics, and muscle acti-
vation 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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phase of the gait cycle. This device consists of
cables that are attached by harnesses to the
user’s lower legs and extend upward to connect
to input pulleys. As the user’s knee extends
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about the user's knee over a gait cycle. (F) Average mechanical power removed by
the device. (G) Percentage of the negative muscle impulse applied by the device
during the swing period. (H) Hamstring muscle activity over a gait cycle. (I) Average
hamstring muscle activity for an entire gait cycle and specific gait phases (right
groupings). *P < 0.05, ***P < 0.001. Data are presented as means + SEMs. Flex.,
flexion; Ext., extension; Int., initial; resp., response.
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Fig. 3. Net metabolic rate. The
average net metabolic rate for r
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

) 3.4}
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

3.2}

Net metabolic rate [W kg™']

Change in net metabolic rate [% NW]

the normal walking condition.
Net metabolic rate significantly
differed between walking

Normal

Traditional Muscle-centric

conditions (*P < 0.05, **P < 0.01). Each yellow circle represents one participant.

forward during the swing period, the swinging
leg’s input cable is unspooled and drives the
input pulley. These pulleys work in combina-
tion with a gear train and roller clutches to
convert the cables’ linear movements into
rotational motion while simultaneously ampli-
fying and integrating the cables’ motions be-
fore 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 supplemen-
tary materials, movies S1 and S2, and data S3).

Biomechanical energy harvesters tradition-
ally 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 assis-
tance. In this study, we implemented an active
control system that enabled our device to ap-
ply a controllable mechanical load by regulat-
ing 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 ac-
count for the contribution of passive elements
that cannot be assisted. To specifically target
the hamstrings and avoid interfering with
natural energy return mechanisms, we imple-
mented 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 esti-
mated contribution of passive elements, based
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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 experi-
ments 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 in-
dicate 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 (74). The lack of effect
on normal knee function was further con-
firmed 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 pro-
files (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 ter-
minal swing (90.7 + 0.2% gait cycle). Both load-
ing profiles significantly reduced the estimated
average muscle contribution to the negative
net knee moment during the swing period [ =
10 participants; repeated-measures analysis
of variance (ANOVA), F, 15 = 17.806, P < 0.001,
np” = 0.664], with the traditional profile reduc-
ing it by 11.0 + 1.8% [least significant differ-
ence (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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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 re-
quirement of walking by 2.5 + 0.8% [n = 10;
one-way repeated-measures ANOVA; Fy 15 =
12.714, P < 0.001, n,” = 0.586; LSD post hoc anal-
ysis: mean diff. (MD) = —0.082 + 0.024 W kg7,
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 Wkg™, P = 0.024, 95% CI (0.018, 0.195)].
The difference between profiles was 0.19 +
0.05 W kg™ ' [MD = 0.188 + 0.046 W kg !,
P = 0.003, 95% CI (0.085, 0.291); Fig. 3 and
table S1].

Because active skeletal muscles are the pri-
mary 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,
Fy 15 = 4.506, P = 0.026,1,> = 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; F, g = 4.022, P =
0.036, 1,> = 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;
Fos511.003 = 5.178, P = 0.037,1,> = 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 coun-
teract the negative work performed by the de-
vice 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 pre-
sented in figs. S5 and S6 and data S5 and S6.

In addition to decreasing the metabolic cost
of walking by using the muscle-centric pro-
file, the device also converted the removed
Kkinetic 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, conse-
quently, the muscles’ energy consumption to
the same extent as the muscle-centric profile.
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This is because the muscle-tendon moment
arms of the hamstrings are not directly pro-
portional 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 sup-
plementary materials). Additionally, the two
profiles’ different effects on the hip may have
contributed to the observed differences in meta-
bolic cost (see supplementary materials). Our
results provide further evidence of the discon-
nect between lower-limb joint dynamics and
metabolic expenditure (17, 28). On the basis of
these findings, we advocate for exoskeletons
that use muscle-specific parameters and pro-
files to provide metabolic assistance (29).

We have demonstrated that exclusively re-
moving 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 assump-
tions that this period is primarily passive,
requiring little to no muscle activity (30). A

Shepertycky et al., Science 372, 957-960 (2021)

notable corollary to the present findings is
that metabolic cost is likely not the only var-
iable 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 meta-
bolic energy to perform mechanical tasks so
that researchers can better understand activ-
ities such as walking and produce more effi-
cient assistive devices.
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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
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