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Abstract— Researchers have found that the walking
economy can be enhanced by recycling ankle metabolic
energy using an unpowered ankle exoskeleton. However,
how to regulate multiarticular energy to enhance the over-
all energy efficiency of humans during walking remains a
challenging problem, as multiarticular passive assistance
is more likely to interfere with the human body’s natural
biomechanics. Here we show that the metabolic energy of
the hip and knee musculature can be regulated to a more
energy-effective direction using a multiarticular unpowered
exoskeleton that recycles negative mechanical energy of
the knee joint in the late swing phase and transfers the
stored energy to assist the hip extensors in performing
positive mechanical work in the stance phase. The biarticu-
lar spring-clutch mechanism of the exoskeleton performs a
complementary energy recycling and energy transfer func-
tion for hip and knee musculature. Through the phased
regulation of the hip and knee metabolic energy, the tar-
get muscle activities decreased during the whole assistive
period of the exoskeleton, which was the direct reason
for 8.6 ± 1.5% (mean ± s.e.m) reduction in metabolic rate
compared with that of walking without the exoskeleton.
The proposed unpowered exoskeleton enhanced the user’s
multiarticular energy efficiency, which equals improving
musculoskeletal structure by adding a complementary loop
for efficient energy recycling and energy transfer.

Index Terms— Multiarticular unpowered exoskeleton,
metabolic energy, energy transfer, human walking, human
response.
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I. INTRODUCTION

WALKING is the most common means of locomotion
in human daily life. With evolution occurring over

generations and humans having taken thousands of steps a day,
the human musculoskeletal system is considered to be well
adapted to walking [1]. However, the apparent efficiencies of
the ankle, knee and hip musculature in converting metabolic
energy to positive mechanical work during walking are still
not perfect, only 61%, 24% and 24% respectively [2]. Low
efficiency is also one of the major factors limiting locomotion
performance. Although it is difficult to alter the human mus-
culoskeletal structure, people are searching for other ways to
regulate human metabolic energy to a more energy-efficient
manner using wearable exoskeletons.

In the past six years, researchers have made advance-
ments in enhancing the walking economy by regulating
metabolic energy using unpowered and powered exoskele-
tons [3]. Moreover, researchers have found that biological joint
power can be partly replaced by external power input using
autonomous powered exoskeletons [4]–[7], thus reducing the
overall metabolic energy of walking. In addition, the para-
meters sweeping [8]–[10] and human-in-the-loop optimization
studies [11], [12] on tethered powered exoskeletons have also
demonstrated the potential to further reduce the metabolic cost
of walking by optimizing assistive parameters. Although the
powered exoskeletons can provide humans with substantial
mechanical energy in replace of the biological mechanical
work, there is a trade-off between assistance duration and
metabolic penalty caused by the mass of the batteries and
motor combinations [9], [13], [14].

As alternatives, unpowered exoskeletons, which can get
rid of the external energy source and metabolic penal-
ties of exoskeleton mass, seek another way of improv-
ing human-exoskeleton efficiency overall [13], [15]–[17].
Researchers have found that the walking economy can be
enhanced by reducing the muscle effort needed to generate
force using an unpowered ankle exoskeleton [15]. However,
how to regulate multiarticular metabolic energy remains a
challenging problem. First, the assistance effect is more likely
to be offset by the metabolic penalty of exoskeleton mass.
The structures of multiarticular unpowered exoskeletons are
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more complex than those of single joint exoskeletons, which
means that the exoskeleton mass and inertia are higher for
the lower limb [16]. The mass and inertia added on the lower
limb, especially on the distal joint, will affect joint kinetics
and cause metabolic penalty [18], which are more likely to
offset the assistance effect. A quasi-passive exoskeleton has
been proposed to augment human load carrying capacity by
transferring the load to the ground while providing assis-
tive torque for each joint, but the experiment also showed
a 10% metabolic increase due to the metabolic penalty of
extra inertia and mass added on lower limb [16]. Moreover,
the multiarticular assistance is more likely to interfere with
the natural biomechanics and natural energy transfer of the
lower limb during human walking. Humans not only exploit
biological tendons to recycle energy for enhancing the energy
efficiency of a single joint but also transfer energy between
joints through lower limb segments and bi-articular muscles
to enhance the overall energy efficiency of multiple joints [19].
However, researchers mainly focused on the energy recy-
cling function of multiarticular unpowered exoskeletons in
earlier studies [13], [16], neglecting natural energy transfer in
lower limb musculature. In a previous study, an multiarticular
exoskeleton assisted the hip and ankle joints to recycle energy
in a coupled manner [13]. Although the exoskeleton reduced
biological joint torques, the metabolic cost increased, possibly
due to the interference in the natural energy storage and energy
transfer of the human tendons and bi-articular muscles [13].
In fact, recent studies have demonstrated the potential of
facilitating energy transfer using bi-articular tethered powered
knee-ankle exoskeleton [20] and quasi-passive knee-ankle
exoskeleton [21]. The results showed that the biological effort
of ankle muscles could be further reduced with the additional
energy collected from the knee joint by the exoskeleton. There-
fore, when developing multiarticular unpowered exoskeletons,
we should not only simplify the exoskeleton structure to
minimize the metabolic penalty caused by the exoskeleton
mass and inertia but also attach importance to the energy
transfer function of the exoskeleton.

Regarding the musculature of the human lower limb,
in addition to biological tendons, bi-articular muscles are
also essential contributors to walking economy, and play an
important role in recycling and transferring energy during
human locomotion [19]. Bi-articular muscles can not only
act like biological tendons to recycle energy but also transfer
energy produced by mono-articular muscle from proximal
joint to distal joint [22], [23]. For example, during leg exten-
sion, mechanical energy produced by the gluteus maximus
(mono-articular hip extensor) is transferred through hamstrings
(bi-articular muscles) to the knee joint [24], [25]. Besides,
the transfer of energy from the proximal joint to the distal
joint makes the muscle volume distribution more concentrated
at proximal joint, thus reducing the energy consumption of
moving leg [24]. Furthermore, the double joint actuation
of bi-articular muscles allows negative joint power, partly
dissipated due to friction of muscle bundles, to be utilized
at the adjacent joint that requires positive power [26], [27].
In conclusion, bi-articular muscles are essential contributors
to walking economy due to their functions of tendon-action,

energy transfer and double joint actuation. These functional
characteristics make it possible to recycle and transfer energy
among multiple joints in different gait phases, thus enhancing
multiarticular energy efficiency. In turn, exoskeletons with
complementary double actuation and energy transfer capabili-
ties may also be effective in regulating multiarticular metabolic
energy.

To regulate multiarticular energy and enhance the overall
walking economy, we first analyzed the energy characteristics
and power curves of lower limb joints. Then, we developed
a hip-knee unpowered exoskeleton that can transfer energy
between the hip and knee in a complementary manner (Fig. 1).
The bi-articular spring-clutch of the exoskeleton assists the
user to recycle negative mechanical energy from the knee
joint in the late swing phase. In the stance phase of the
next gait cycle, the stored energy was released to assist the
gluteus maximus (mono-articular hip extensor) in performing
positive mechanical work, ultimately regulating multiarticular
energy across different gait phases. To evaluate the human
response to the proposed multiarticular assistance principle,
we measured and statistically evaluated metabolic rate, muscle
activity and joint mechanics under different spring stiffness
conditions in nine healthy adults (Fig. 2). We also performed
speed experiments to evaluate the generality of this assistance
principle within a range of walking speeds.

II. MATERIALS AND METHODS

A. Analysis of Human Walking Biomechanics
As mentioned above, the apparent efficiencies of hip and

knee joints are nearly 24% [2], which are much lower than that
of ankle joint. Learning from the anatomy and kinesiology of
the lower limb, the ankle plantar flexors have short fibers and
work with long elastic tendons. This muscle-tendon architec-
ture shows a characteristic of high fixed-end compliance [28],
storing and returning energy in an economical way. In contrast,
hip extensors and knee muscles, which do not work with long
elastic tendons, are more suitable for performing muscle fiber
work but at low efficiency [29]. The peak energy efficiency
of positive muscle work is merely 25%, which is much
lower than the efficiencies of producing negative muscle work
(nearly -120%) and generating isometric force [30]. This may
suggest that there is much room for improvement in the energy
efficiency of the knee and hip musculature. The simulation
results showed that the muscle efficiency can be enhanced by
3% and metabolic cost can be reduced by 7.1% by assisting
hip flexion with an elastic hip exoskeleton [31]. It was found
that the metabolic cost of older adults can be reduced with
the assistance of an elastic hip flexion device [32]. Haufe et al
found that the biological hip power and muscle activity of
soleus were reduced with the assistance of passive hip springs
during walking [33]. So, in addition to ankle unpowered
exoskeleton [15], the elastic exoskeleton may also be used
to assist hip and knee musculature to improve the efficiency
of the human–machine system as a whole.

During walking, hip and knee musculature shows a dif-
ferent energy consumption characteristic. The major function
of knee muscle-tendons is energy absorption (i.e. negative
work). The previous study on harvesting negative mechanical
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Fig. 1. Multiarticular passive exoskeleton design. (a) The bi-articular spring-clutch acts in parallel with target gluteus maximus and biceps femoris.
(b) The mechanical clutch is composed of ratchet wheel and ratchet pawl that engage the spring when the hip joint is in flexion and disengage it
when the hip joint is in extension. (c) Mechanical structure of the multiarticular exoskeleton. The exoskeleton is composed of rigid frames attached
to human waist, thigh and shank. (d) The assistive principle of the exoskeleton. During phase I, the spring absorbs negative mechanical energy of
knee joint with knee extension while providing hip joint with extension torque passively. During phase II, knee rope will be slack as the knee joint
flexes and engagement of clutch prevent ratchet wheel from rotating in reverse direction. So, the energy stored in spring will be released to only
assist hip joint with hip extension. When the hip joint extends to up-right position, the pawl control string begins to pull the ratchet pawl to disengage
the clutch and allow free movement of hip and knee joint. The detailed working process of mechanical clutch is presented in Materials and Methods.

Fig. 2. Participant wearing the multiarticular exoskeleton. The exoskele-
ton is composed of rigid frames attached to human waist, thigh and
shank. Muscle activities, lower limb motion and spring force were mea-
sured.

energy of knee joint to generate electricity found that it
would cost less energy penalty compared to harvesting positive
mechanical energy [34], which also means that exoskele-
ton may recycle energy from negative mechanical energy
of knee joint with minimal penalty. In contrast, the major

function of hip muscle-tendons is energy production (i.e.
positive work). The amount of positive work produced by hip
muscle-tendons is nearly equal to that of ankle joint but with
a low efficiency. Therefore, we can exploit the exoskeleton to
assist knee musculature to absorb energy and then transfer
the stored energy to assist hip musculature to do positive
mechanical work, thus reducing metabolic energy for positive
mechanical work. Specifically, the knee joint negative power
reaches its peak in the late swing phase (Fig. 1d). During this
phase, the hamstrings and gastrocnemius (bi-articular muscles)
mainly do negative mechanical work on the knee joint to slow
down knee extension for coming heel strike. In the following
stance phase of the same leg, positive mechanical power of
the hip joint reaches its peak (Fig. 1d), which is also the
major energy consumption period of hip extensors [35]. The
gluteus maximus (mono-articular hip extensor) and hamstrings
(bi-articular muscle) mainly provide hip joint with extension
torque and do positive mechanical work to pull the leg.

B. Assistive Principle of Hip-Knee Unpowered
Exoskeleton

According to the analysis above, we proposed a hip-knee
unpowered exoskeleton (Fig. 1c) that exploits the bi-articular
clutch-spring mechanism to regulate metabolic energy of hip
and knee in different gait phases. As shown in Fig. 1d,
the knee extension stretches spring during the late swing
phase while the hip angle nearly remains constant. During
this phase (phase I), the exoskeleton spring passively stores
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TABLE I
UNPOWERED HIP-KNEE EXOSKELETON MASS DISTRIBUTION

part of negative mechanical energy of knee joint while pro-
viding the hip with extension torque. Between phase I and II,
the mechanical clutch changes the target assistance joint from
hip and knee joints to hip joint, thus equivalently completing
the function of energy transfer. In the next stance phase
(phase II), the spring releases the stored energy to only assist
hip extensors in performing positive mechanical work on
hip joint. The clutch is an important controller to fulfill the
phased regulation function of proposed exoskeleton. If the
exoskeleton spring works without the clutch, the exoskeleton
will only couple to assist hip extension and knee flexion during
the whole assistive period. The exoskeleton will provide the
knee joint with flexion torque during the energy releasing
phase, which may interfere with the natural biological knee
extension torque. In all, the exoskeleton provides humans
with a complementary loop that passively recycles negative
mechanical energy of knee joint to assist hip extensor in
doing positive mechanical work. Through energy recycling and
energy transfer, the exoskeleton aims to regulate the metabolic
energy of hip and knee musculature to an energy-effective
direction.

C. Design of Hip-Knee Unpowered Exoskeleton
As shown in Fig. 1c, the exoskeleton has three main parts:

waist frame, thigh segments and shank segments. The waist
frame connects to the thigh segment by two hinge joints in
serial, which enable flexion/extension and adduction/abduction
of hip joint. As the flexion and extension of knee joint are
not simple rotation movement [36], the thigh segment and
shank segment of our exoskeleton are set apart to prevent
the undesired forces due to misalignment between biological
knee joint and exoskeleton joint, which was emphasized by
Mooney et al. [4]. For our exoskeleton, the lever arm of the
hip joint was set as 30 cm, which is five times of lever arm at
the knee joint. During phase I, the exoskeleton spring spans
across the hip and knee, simultaneously providing assistive
torque on both joints. On the one hand, the lever arm of the
hip joint changes the direction of the spring force direction to
increase the exoskeleton torque on the hip joint. On the other
hand, the short lever arm of knee joint reduces the exoskeleton
torque that hinders knee extension during leg swing. The
detailed mass distribution is present in Table I. Most exoskele-
ton mass is concentrated near the waist, minimizing the
metabolic penalty of external mass. The detailed exoskeleton
mechanism is presented in the Supplementary Material.

D. Detailed Working Process of Mechanical Clutch
The mechanical design of the clutch was inspired by [15].

As shown in Fig. 1b, the mechanical clutch is composed of the
ratchet wheel and ratchet pawl. When the clutch is engaged,
the ratchet wheel can only rotate in a clockwise direction.
The engagement of the clutch is controlled by the hip joint
angle during walking. Specifically, the proximal end of the
pawl control string is connected to the rod (Point A, Fig. 1d)
on the waist frame and the distal end of the pawl control
string is connected to the ratchet pawl at point B (Fig. 1b).
The initial tight position of the pawl control string is the hip
up-right position. When the hip joint is in extension position,
the distance between A and B is longer than the length of pawl
control string and ratchet pawl will be pulled to be disengaged.
When the hip joint is in flexion position, the clutch is always
engaged. The proximal end of the spring is connected to lever
arm on the waist, and the distal end of spring is connected
to ratchet wheel at point C through a hip rope. The proximal
end of the knee rope is connected to ratchet wheel at point
C and distal end of knee rope is connected to shank frame at
Point D. As shown in Fig. 1d, the initial tight position (initial
tight) of the knee rope and hip rope is at maximum flexion
position of knee joint during the leg swing. During the energy
storage phase (phase I), the hip angle nearly remains constant
and the knee extension stretches spring. The spring stores part
of the knee mechanical energy and assists knee flexors to
slow down knee extension for coming heel strike. Meanwhile,
the spring passively applies extension torque for hip joint.
At the end of phase I, the knee joint extends to its maximum
angle, and the distance between C and D reaches its maximum
length. After the heel strike, the knee joint naturally flexes to
cushion the loads, and the distance between C and D decreases.
As the clutch is engaged and the ratchet wheel cannot rotate
in an anticlockwise direction, the knee rope is slack. Thus, the
spring torque only applies to hip joint during energy releasing
phase (Phase II). The stored energy is released to assist hip
extensors in performing positive mechanical work with hip
extension movement. When the hip joint extends to the upright
position, the pawl control string begins to pull the ratchet
pawl, and the clutch is disengaged. As the torsional spring is
embedded in the ratchet wheel (Fig. 1b), point C returns to the
initial position when the clutch disengages. The knee rope is
still under small force applied by torsional spring. When the
hip joint flexes to flexion position, the torsion spring in the
pawl will reset the clutch to be engaged. For each participant,
we will first measure the maximum knee flexion angle and
hip angle at the same time before experiment. As shown
in Fig.1d, we will adjust the initial length of hip rope and
knee rope in this posture (beginning of Phase I). The pawl
control string is only controlled by hip angle, so we adjust
the initial length of pawl control string in the hip upright
posture. The biarticular spring-clutch is based on the specific
working process of our exoskeleton. For different assistive
principles, different mechanical or electronic clutches based
on the traditional ratchet mechanism, may be customized. The
detailed design parameters of our clutch are presented in the
Supplementary Material.
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E. Experimental Protocol
Nine healthy male adults (N = 9, age 24.9 ± 3.7 years,

weight 66.9 ± 8.7 kg, height 1.76 ± 0.05m) participated in the
experiment. No statistical methods were used to predetermine
sample size, and it was selected according to standard practice
for locomotion research. The participants were recruited ran-
domly with no need to consider the particular body size (e.g.
height and weight), as the connection parts of the exoskeleton
can be adjusted in size. Blinding was not practical in this
protocol. The timing of the experiments, such as morning,
afternoon, or evening, is a potential source of bias. All par-
ticipants provided written consent before the experiments and
completed the experiments only once. There was no missing
data in the formal experiment. The study was approved by the
ethics committee of the Tongji Medical College.

In the preliminary assessment of metabolic energy in the
conference paper [37], we tested a series of spring stiffness
and found the inflection point where the metabolic energy
changes with the spring stiffness. To find the relationship
between the spring stiffness and net metabolic rate, we added
experimental conditions for springs with greater stiffness.
We also synchronously measured the metabolic rate, EMG
and kinematic data in the selected spring stiffness conditions.

The experimental protocol involved three sessions: walking
habituation (session I), walking with different spring stiffness
on the treadmill (session II), walking on the force plate at
preferred speed (session III). Each session was performed
on a separate day to avoid fatigue effects. The stiffness of
springs was selected based on the preliminary experimental
result [37] within the range of biological stiffness of hip
and knee joints [38], [39]. The stiffnesses of the spring
were 1.5, 3.0, 4.0, 4.8 kN m−1. As the length of the lever
arm was 0.3 m, the equivalent rotational stiffnesses for hip
joint were 135, 270, 360, 432 N·m Rad−1. In session I,
participants adapted themselves to each stiffness twice, and
each waking trial lasted 6 minutes on the treadmill at the speed
of 1.5 m s−1. Participants could rest 5 minutes between the
habituation trials. In session II, participants walk with different
spring stiffness to test the effect of assistance magnitude on
metabolic rate. Before the formal test, participants stand still
for basic metabolic rate measurement. After that, participants
adapted themselves to spring stiffnesses and each stiffness
for two minutes in random order. After a 5-minute break,
the participants began formal experiments. The formal test
involves six 6-minute conditions: 4 spring stiffness conditions,
one walking with exoskeleton but no assistance condition
(NA, k = 0 N·m Rad−1) and one walking with no exoskeleton
condition (NE). Participants rested 5 minutes between each
condition. The walking conditions were in random order
to minimize the learning effect. The last 2-minute data of
each condition were analyzed. After all participants complete
session II, they were recruited to walking with the optimal
spring stiffness at preferred speed on the force plate (session
III). This session aims to test whether the exoskeleton
significantly changes the human natural walking gait,
including preferred walking speed and joint mechanics. This
session included two conditions: walking with optimal spring

stiffness at the preferred speed, walking with no exoskeleton
at preferred speed on the force plate. The subjects walked on
the force plate at preferred speed for twenty gait cycles and
we used 10 steady-state gait cycles for analysis.

As human walks at different speeds in daily life,
we recruited the same 9 participants to perform speed exper-
iments to demonstrate the generality of the proposed pas-
sive method for different walking speeds. Participants first
performed a 6-minute standing trial for basic metabolic rate
data and warm-up trials. In the walking testing session, the
warm-up trials involved four 2-minute walking trials with the
optimal spring stiffness for different walking speeds. After a
5-minute break, participants performed four 6-minute testing
trials for metabolic data: 1 m s−1, 1.25 m s−1, 1.5 m s−1,
1.75 m s−1 conditions, and another four matched group: walk-
ing with no exoskeleton at these four speeds. The participants
took a 5-minute rest between each testing trial. The order
of experimental conditions was randomized to minimize the
effect of order. We analyzed the experimental data in the last
2 minutes of each trial.

F. Biomechanical and Metabolic Measurements
We used an indirect calorimetry system (Oxycon Mobile,

CareFusion) to measure oxygen consumption and carbon
dioxide production during walking. Lower limb motions were
measured by a reflective marker motion capture system (Vicon,
Oxford Metrics; 100Hz). Lower limb muscle activity (soleus,
medial gastrocnemius, anterior tibialis, rectus femoris, biceps
femoris muscle, gluteus maximus) was recorded by an elec-
tromyography system (SX230, Biometrics, Newport, UK). The
spring force was measured by a single-axis load cell (FL25,
Forsentek). The ground reaction force was measured by the
force plate (AMTI, Watertown, MA, USA).

We used the measured lower limb segments motion and
reaction force measured by the force plate to calculate the
lower limb joint torque and joint power through inverse
dynamics algorithm [40] (PlugInGait, Vicon). The biological
torque and power of hip and knee joints were obtained by
subtracting exoskeleton torque/power on the hip and knee
joint from the total hip and knee joint torque/power. Muscle
activities of each trial were rectified and low-pass filtered
(fourth-order Butterworth, cut-off frequency 6 Hz) in the
software (MATLAB 2018b, Mathworks). The metabolic rate
was calculated from the average carbon dioxide and oxygen
rate in the last 2 minutes using a Brockway equation [41]. The
net metabolic rate was obtained by subtracting the metabolic
rate of quiet standing from total metabolic rate of walking.

The spring force, joint angle, joint torque, joint power and
muscle activity of each trial were divided into gait cycles,
defined as the subsequent heel strikes of the same leg. We first
obtained an average curve for each person and condition.
For each participant, average muscle activity and average
exoskeleton torque were calculated as the time integral of
muscle activity and exoskeleton torque divided by time of
gait cycle for each condition. Average muscle activity and
exoskeleton torque during the assistive period were calculated
as the time integral of muscle activity and exoskeleton torque
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during assistive period divided by the time of the gait cycle.
We normalized muscle activity of each muscle by dividing
maximum value during NE condition. After obtaining the
average spring force, muscle activity, and joint angle for each
person, the data were averaged across participants for each
condition.

G. Statistics
As the net metabolic rate, average muscle activity and peak

extension/flexion angle data followed the normal distribution
according to Jarque-Bera test (all p > 0.05; Matlab 2018b),
mixed-model, two-way ANOVA (random effect: participant;
fixed effects: spring stiffness) was conducted on net metabolic
reduction, average muscle activity and peak extension/flexion
angle data across conditions to verify the effect of spring stiff-
ness (significance level α = 0.05; Matlab 2018b, Mathworks).
For each condition, means and standard errors of net metabolic
rate, average muscle activity and peak extension/flexion angle
were calculated across participants. After the ANOVA test, we
used a two-sided paired t-test with Holm-Šidák correction to
compare spring conditions to no exoskeleton (NE) condition
to find which spring condition showed a significant change.
A least-squares regression was used to fit a second-order
polynomial (quadratic) function relating mean metabolic rate
to spring stiffness. We also performed F-test on the regression
model to determine whether the mean metabolic rate and
spring stiffness had a significant quadratic relationship.

III. RESULTS

As shown in Fig. 3, the energy storage phase of the
exoskeleton (phase I) started at nearly 89% gait cycle (GC)
and covered the biceps femoris muscle activation interval.
With the regulation of bi-articular energy by the exoskeleton,
the target biceps femoris and gluteus maximus average activity
(bi-articular muscle, major hip extensor and knee flexors)
decreased ( p = 0.011, p = 0.036) during the whole gait cycle
(Fig. 3e-f). During Phase I, the exoskeleton spring spanning
hip and knee joints recycles energy from the knee joint,
passively providing knee and hip with flexion and exten-
sion torque respectively. The target biceps femoris activity
(bi-articular muscle, major hip extensor and knee flexors)
mainly decreased ( p < 0.001) in this phase. The gluteus
maximus activity (mono-articular muscle, major hip extensor)
mainly decreased when the stored energy was released to assist
hip extension. The exoskeleton torque on hip and knee joint
increased with the increasing spring stiffness (p < 0.01).
The average positive exoskeleton power on hip joint (p <
0.01) and average negative exoskeleton power on knee joint
(p < 0.01) increased with the increasing spring stiffness.
Unexpectedly, the exoskeleton performs negative mechanical
work on hip joint before the energy storage phase due to
pretension of spring and tension of ratchet torsion spring.
The exoskeleton also performs a little amount of negative
mechanical work on hip joint during energy releasing phase.
The negative mechanical work of exoskeleton may partly
offset the assistance effect.

As shown in Fig. 4, the biological joint torque and joint
power were reduced with the assistance, which showed the

same trend as the reduced target muscle activities in treadmill
experiment. Both average negative power of knee joint and
average positive power were reduced (p < 0.001, p = 0.043)
during the assistive period. The reduction of target muscle
activities and joint mechanics indicated that the bi-articular
metabolic energy was regulated by the exoskeleton toward a
more energy-effective direction, which was the direct reason
for overall metabolic reduction during walking. The exoskele-
ton only performs positive work on the hip joint during
assistive period, but the exoskeleton also performs negative
mechanical work on hip joint before the energy storage
phase due to pretension of spring and tension of ratchet
torsion spring. Future work may include reducing the negative
mechanical work on hip joint by selecting springs with smaller
pretension.

The metabolic rate was reduced with the assistance of the
exoskeleton with proper spring stiffness. As shown in Fig. 5a,
the net metabolic rates showed a U shape in exoskeleton
conditions within the tested range of spring stiffness. The
relationship between the spring stiffness and net metabolic rate
can be best fit to a quadratic model (N = 9; y = 0.0658x2 -
0.3401x + 3.8949; y (W/kg), x (N·m Rad−1); R2 = 0.95;
ANOVA with quadratic model, p = 0.046). The optimal
spring stiffness of the exoskeleton was 270 N·m Rad−1,
corresponding to 8.6 ± 1.5% (mean ± s.e.m; paired t-test,
p < 0.001) metabolic reduction compared to walking without
exoskeleton. The net metabolic rate of NA did not show a
significant increase compared to NE condition (p = 0.1),
which indicated that exoskeleton mass did not cause significant
metabolic penalty. In the speed experiment, as shown in
Fig. 5b, the results showed that the net metabolic rate can
be reduced with the assistance compared to walking with no
exoskeleton at speed of 1.25 m s−1, 1.5 m s−1 and 1.75 m s−1

(p = 0.001; p < 0.001; p < 0.001), which indicated that
the proposed assistive principle could be applied at different
walking speeds.

Although the exoskeleton only assisted hip and knee joints,
the mechanics of lower limb joints were also altered as a
whole. As shown in Fig. 3g, the gastrocnemius (bi-articular
muscle, major ankle plantar-flexor and knee flexor) activity
increased in the late stance phase ( p = 0.0208). However,
soleus activity, which is also the major ankle plantar-flexor,
did not show a significant difference under the assistance
(p > 0.05). In the force plate experiment, the ankle joint
torque and power of optimal stiffness was increased compared
to NE condition, which is the same trend as gastrocnemius
activity changes. The activity of anterior tibialis (major ankle
dorsiflexor) and rectus femoris (major hip flexor) remained
unchanged (p > 0.5, p > 0.5).

As shown in Fig. 6, except the peak knee extension angle
remained unchanged ( p = 0.08), the other peak joint angles
showed a significant difference across walking conditions in
the treadmill experiment. For the optimal stiffness of 270 N·m
Rad−1, the peak hip flexion angle decreased (paired t-test,
p < 0.01), peak hip extension angle increased (paired t-test,
p = 0.016), peak ankle plantarflexion angle increased (paired
t-test, p = 0.027) compared to NE condition. In the force plate
experiment, the preferred walking speed of 270 N·m Rad−1
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Fig. 3. Exoskeleton torque and muscle activity in the treadmill experiment. (a)-(d) Exoskeleton torque and power (normalized to body weight) on
hip joint and knee in a gait cycle for each spring stiffness condition, averaged across participants. Shaded intervals represent approximate assistive
intervals. Bar graphs on the right are the averages of the exoskeleton torque and power in the assistive interval. With the increasing spring stiffness,
the exoskeleton torque and spring preload increased. Exoskeleton spring torque was generated at 70% GC due to the pretension force of spring
stretched by slow extension of knee joint. We set the inflection point of the rising torque curve as the start timing of energy storage phase. (e)-(h)
Muscle activities in gluteus maximus (GM), biceps femoris (BF), gastrocnemius (GAS), soleus (SOL). Bar graphs on the right are the averages of
the muscle activities in the whole gait cycle. The biceps femoris (bi-articular muscle) and gluteus maximus (mono-articular) activity decreased in the
assistive conditions compared to NE condition, mainly in assistive interval. The gastrocnemius (major ankle plantar-flexor, bi-articular muscle) activity
increased in assistive conditions compared to NE condition, mainly during push-off. The soleus (mono-articular muscle) which is also major ankle
plantar-flexor showed no significant change. N = 9; error bars, s.e.m; p values are the results of ANOVA tests on spring stiffness effect. NE, walking
with no exoskeleton. Asterisks indicate significant differences relative to the NE condition (two-sided paired t-test with Holm-Šidák correction).

was 1.09 ± 0.02 m s−1, similar to 1.10 ± 0.03 m s−1 of
walking without exoskeleton (p > 0.5).

IV. DISCUSSIONS

Previous studies have demonstrated that the metabolic rates
of walking and running can be reduced with the assistance of
mono-articular unpowered exoskeletons [15], [42] compared to
walking/running without exoskeleton. In this paper, the pro-
posed exoskeleton regulated hip and knee energy by recycling
negative mechanical energy and transferring it to assist hip
extension. The proposed exoskeleton regulated energy in a
complementary manner that may not be exhibited by bi-
articular muscles. By regulating hip and knee energy effec-
tively, the overall metabolic energy of walking was reduced
by 8.6 ± 1.5% compared to walking without exoskeleton.

In the previous study on unpowered multiarticular exoskele-
ton, the researchers found that the natural biomechanics
of ankle joint was significantly altered with the coupled

assistance of exoskeleton [13], possibly due to the fact that
exoskeleton only focused on the function of energy recycling
for multiple joints. In the recent study, people attach more
importance on the energy transfer assistance of multiarticular
prostheses [43], multiarticular powered exoskeleton [10] and
(quasi-)passive exoskeletons [8], [21], [44]. It has been shown
that the joint torque of the biological ankle joint can be
reduced by transferring the energy from the knee joint to
the ankle joint [21]. The experimental results also indicated
that the metabolic cost can be reduced compared to wearing
the exoskeleton with no assistance condition [44]. However,
even the most advanced multiarticular unpowered exoskeletons
that provide assistance have not been demonstrated to reduce
metabolic cost compared with no exoskeleton due to the
metabolic penalty of the exoskeleton mass and misalignment
between exoskeleton structure and biological joint [17], [44].
We placed most of the exoskeleton mass near the trunk and
adopt the design of separate thigh and shank parts to reduce



ZHOU et al.: REGULATING METABOLIC ENERGY AMONG JOINTS DURING HUMAN WALKING 669

Fig. 4. Exoskeleton mechanics and biological joint mechanics in the force plate experiment. (a) Exoskeleton torque and power on hip joint and
knee joint. (b)-(d) Biological joint moment and power in walking with no exoskeleton condition and 210 N·m Rad−1 condition. Biological moment/power
in 210 N·m Rad−1 condition is equal to the measured moment/power minus the exoskeleton torque/power. Changes in joint mechanics showed the
same trend to the changes in muscle activities in the treadmill experiment. During assistive periods (shaded periods), average hip positive power
decreased (two-sided paired t-test, p = 0.043) compared to walking with no exoskeleton. During energy storage phase, average negative power of
knee joint decreased (p < 0.001) compared to walking with no exoskeleton. The peak ankle plantarflexion power increased (p = 0.004) compared
to walking with no exoskeleton, which is consistent with the trend of increased gastrocnemius muscle activity in the treadmill experiment.

the metabolic penalty and overcome misalignment problems.
Besides, the proposed mechanical clutch is directly controlled
by the hip joint angle. When the hip joint is extended to
the hip extension posture, the pawl control string becomes
taut, and only needs a small force to pull the pawl to directly
control the clutch’s disengagement. This direct control method
of clutch engagement and disengagement was demonstrated
to be reliable. As a result, our clutch did not fail during the
experiment. The experimental results verify that lightweight
mechanical structure and reliable control method together
ensure the effectiveness of the proposed assistive principle.

The metabolic rate showed a U-shaped change with the
increasing spring stiffness, which was similar to the results
of a previous parameter sweep study on an unpowered ankle
exoskeleton [15] and tethered active exoskeleton [8]. However,
the reasons for metabolic reduction and return to normal
levels are not identical. In the study of an ankle unpowered
exoskeleton, the target soleus activity decreased during the
energy storage phase of the exoskeleton. The soleus isometri-
cally contracts while stretching the Achilles tendon during this
phase [45]. Therefore, the authors inferred that the decreased
target soleus activity resulted in a decreased muscle force,
which was the major reason for metabolic reduction [15].
For our exoskeleton, the target biceps femoris and gluteus
maximus activities decreased during energy storage and energy
release phases, respectively. Compared to the soleus, the
biceps femoris and gluteus maximus do not work with long
elastic biological tendons, leading to low fixed-end compli-
ance. The biceps femoris and gluteus maximus tend to contract
eccentrically or concentrically to perform mechanical work
with substantial metabolic cost [29]. Therefore, the muscle
activity reduction was more likely to lead to a reduction in

muscle work in both energy storage phase and energy release
phases. The hip and knee joint power in force plate experiment
showed a decreasing trend similar to that of the target muscle
activities in treadmill experiment, supporting that the reduction
in muscle work might result in the metabolic reduction.

With stiff spring assistance, the metabolic rate returned to
a normal level. In our experiment, the muscle (rectus femoris)
activity counteracting the assistive torque did not significantly
increase during the energy storage phase of the exoskele-
ton as observed in a previous study on ankle unpowered
exoskeleton [15]. A possible insight into the metabolic return
to normal level might be that gastrocnemius muscle activity
increased in the late stance phase and early swing phase
(Fig. 3g). During walking, both hip and ankle joints play
important roles in supporting the body mass, propelling the
body center of mass (COM) and changing the kinetic energy of
the limb. The ankle push-off actuated by ankle plantar flexors
not only contributes to COM acceleration but also contributes
to leg swing [46], which is performed synergistically with the
flexors [47]. As the exoskeleton spring absorbed part of the
mechanical energy in the swing phase, the muscle activity
results showed that the participants tended to increase the
muscle activity of the ankle plantar-flexors but not hip flexors
activity to provide additional energy input for exoskeleton.
In the stiff spring condition, excessive energy storage in the
spring led to an unexpected increase in gastrocnemius activity
to generate additional energy, thus offsetting the effect of the
assistance. Although both the soleus and gastrocnemius are
major plantar-flexors, the soleus muscle activity did not change
significantly during push-off. This finding was possibly due to
the different energetic function between soleus and gastrocne-
mius. A previous study indicated that the energy produced by
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Fig. 5. Changes in net metabolic rate. (a) The net metabolic rate
of exoskeleton conditions was significantly affected by spring stiffness
(N = 9; mixed-model ANOVA, p < 0.001). The net metabolic rate
was first decreased then increased with the increasing spring stiffness
compared to walking with no exoskeleton condition (NE). The dashed
line is the quadratic best fit to mean net metabolic rate from spring
stiffness (R2 = 0.95; p = 0.046). Changes in net metabolic rate was
0.32 ± 0.06 W kg−1 (mean ± s.e.m) under 270 N·m Rad−1 condition,
which was equal to 8.6 ± 1.5% reduction compared to NE condition
(two-sided paired t-test; p < 0.001). The net metabolic rate of walking
with exoskeleton but no assistance (NA) and 432 N·m Rad−1 condition
remained unchanged compared to NE condition (paired t-test; p = 0.1,
p = 0.6). (b) The net metabolic rates were reduced with the assistance
of exoskeleton compared to walking with no exoskeleton at speeds
of 1.25 m s−1 (N = 9; two-sided paired t-test, p = 0.001), 1.5 m s−1

(p < 0.001), 1.75 m s−1 (p < 0.001). The metabolic rate showed a trend
of reduction compared to walking with no exoskeleton (p = 0.08).

the soleus is delivered to accelerate trunk forward and that
the energy of gastrocnemius was almost used for leg swing
initiation [48]. We also found that the metabolic rate showed
an increase trend in k = 0 N m rad−1 condition compared to
NE condition, possibly due to the metabolic penalty caused
by exoskeleton mass. We may reduce the metabolic penalty
of exoskeleton mass by using lighter materials, such as carbon
fiber [15]. On the other hand, since the clutch was attached
to the thigh brace, metabolic energy penalties of the clutch
is 3.87 W (mass∗metabolic penalty coefficients, metabolic

penalty coefficients are summarized in [7]), which was even
higher than that of the waist frame (2.76 W). Therefore,
we may reduce the metabolic penalty by designing a more
compact and lightweight mechanical clutch.

The joint angles of the participants significantly changed
with the assistance of exoskeleton compared to walking with-
out exoskeleton. This finding was also observed in previous
studies [10], [49]. The kinematic changes might be the results
of the participants adapting to the exoskeleton assistance
and may also contribute the metabolic reduction, supporting
that preserving the kinematics observed without assistance is
not necessarily optimal for reducing the metabolic cost [49].
The force plate experiment simulated the situation of human
walking freely on the level road. With the assistance of
exoskeleton, the preferred walking speed did not significantly
change, which indicates that the preferred walking speed did
not decrease significantly when the exoskeleton exerted an
opposing force on the knee joint during the leg swing.

Although the experimental results indicate that the
metabolic cost of walking is reduced compared to normal
walking, we acknowledge that there are still some limitations
to this study. First, we inferred from low fixed end compliance
characteristics of hip muscle-tendons and reduced muscle
activity that the exoskeleton reduced the muscle work, thus
reducing the metabolic cost. However, the exact changes in the
underlying muscle dynamics remain unknown. Further insight
may be gained by conducting additional experiments using
in vivo ultrasound imaging techniques [50], [51]. Second,
when the hip joint was in the hip extension posture, the hip
string pulled the ratchet pawl and disengaged the mechanical
clutch. We used a reset torsion spring in the pawl. When the
hip extends to maximum extension position, the peak force in
the hip string was 4 N, measured using a load cell. The hip
flexion torque produced by the torsion spring in the ratchet
pawl was very small and can be ignored. However, it may
be a good idea to increase the torsion spring stiffness or use
elastic elements in place of the pawl control string. As shown
in Fig. 4, when the hip extends from upright position to
maximum extension position, the biological hip joint torque
is a flexion torque. Previous studies have indicated that the
metabolic cost can be reduced with assistance of passive
spring that is stretched during hip extension and released
in hip flexion [31], [32]. We will explore this possibility
in future work. Finally, although our exoskeleton provides
assistance for only the knee and hip joints, the biological
torque of ankle joint showed an increasing trend during push-
off, which may be caused by the transfer of energy from
the ankle musculature to the knee musculature. If we want
to reduce the metabolic cost using the proposed exoskeleton
further, additional assistance may be needed for ankle joint
to reduce the biological torque and power during push-off.
Previous studies on both unpowered ankle exoskeleton [15]
and ankle powered exoskeleton [4] showed that the biological
ankle power can be reduced with the assistance. Therefore,
future work may include combining the proposed hip-knee
passive exoskeleton with an ankle powered exoskeleton or
ankle unpowered exoskeleton to further reduce the metabolic
cost of walking.
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Fig. 6. Joint kinematics in the treadmill experiment. (a)-(c) The joint angles of hip, knee and knee in sagittal plane in a gait cycle. The trajectories
are averaged across 9 participants for assistive conditions, NE and NA conditions. The bars at right are the peak values of these curves in a gait
cycle. N = 9; error bars, s.e.m; p values are the results of ANOVA tests for effect on exoskeleton spring stiffness. Maximum hip flexion and extension
decreased and increased respectively with the increasing spring stiffness (mixed model ANOVA, p < 0.001, p < 0.001). Maximum knee flexion,
ankle dorsiflexion and ankle plantarflexion showed significant difference across conditions (p = 0.024, p = 0.036, p < 0.01). Asterisks (∗) indicate
significant differences between 270 N·m Rad−1 condition compared with NE condition.

V. CONCLUSION

We found that the metabolic rate was reduced by 8.6%
with the assistance of a hip-knee unpowered exoskeleton
that recycled and transferred energy in a complementary
manner. The multiarticular unpowered exoskeleton was
demonstrated to enhance multiarticular energy efficiency
and reduce the metabolic cost compared to walking without
exoskeleton. With effective energy transfer between lower
limb joints, we have broken through the limitation of
improving single-joint energy efficiency and found a way to
regulate multiarticular metabolic energy to improve overall
walking economy. The proposed design method that phased
optimizes multiarticular energy efficiency may inspire future

exoskeleton designs. The experimental results also provide
a new insight into human responses to multiarticular passive
assistance. Although the targeted joints were hip and knee
joints, the mechanics of ankle musculature was altered
to adapt assistance. A clear understanding of the human
responses as a whole is essential for improving exoskeletons.
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