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Abstract— Research has indicated that exoskeletons can assist
human movement, but due to the influence of additional
weight and challenges in control strategy design, only a few
exoskeletons effectively reduce the wearers’ metabolic costs
during running. This paper proposes an innovative and efficient
hip-assisted running exoskeleton (HARE) designed to facilitate
the flexion and extension movements of the joint along the
sagittal plane. In the field of structural engineering, we propose
implementing an active-passive combination constant force
suspension system, hereinafter referred to as CFS, to effectively
mitigate the impact of inertial forces during running. The
decoupled transmission mechanism allows the CFS and assist
mechanisms to operate independently, ensuring the tension of
the cables. The flexible structural design can reduce the loco-
motion limitation on human bodies and reduce the additional
energy burden on the body. In control strategy designing, the
joint torque-generating strategy provides personalized assis-
tance strategies for wearers to actively optimize the control
parameters. Meanwhile, the safety control strategy based on
abnormal gait recognition can ensure human safety. Experi-
ments have shown that compared to not wearing exoskeletons,
this device can reduce the energy consumption of the human
body by 5.33 % at a speed of 9 km/h. This demonstrates its
potential in human motion assistance processes.

I. INTRODUCTION

Running can reduce the risk of certain chronic diseases
and alleviate anxiety and depression [1]-[7]. Exoskeletons
used as running assists may increase participation in run-
ning, helping maintain a healthy physique and enhancing
their sense of participation, achievement and happiness [8].
However, while hip joint-assisted exoskeletons have been
proven to have an assisting effect in daily exercise and labor
scenarios [9], only a few can significantly reduce energy
consumption during running. The reasons can be divided into
the following points:

Firstly, changes in the quality and distribution of human-
machine systems can have an impact on the normal rhythmic
movement of the human body [10]. Due to the fact that
the weight of the load carried by the human body is di-
rectly proportional to the amount of metabolism [11]-[13],
lightweight exoskeletons help to avoid additional energy
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Fig. 1. Concept diagram of metabolic cost testing during running wearing
HARE. The joint drive torque is transmitted from the constant force
suspension mechanism on the back to the motion decoupling transmission
mechanism and ultimately acts on the hip joint.

consumption. A group of representatives have emerged in
this area in recent years [14]-[17]. Research has shown that
mass located away from the center of gravity during running
significantly increases the wearer’s metabolic cost [10], [18].
It can also reduce the comfort of the device wearer [19] and
even affects the user’s level of technical acceptance [20].
Therefore, although the proportion of energy consumption
during running is relatively small [21], hip joint assisted
exoskeletons with relatively small arm lengths are still a
promising assistive device. In addition, unloading additional
mass onto the ground is a possible technical route, but
additional constraints on the human body may have a nega-
tive impact on subjective perception and objective metabolic
costs. Flexible exoskeleton clothing can comfortably transmit
torque to users, but it can lead to a loss of peak torque [22].

Secondly, additional mass during exercise can generate
inertial forces on the human body, which may be a source
of metabolic load and musculoskeletal damage [23], [24]. A
CFS system that can isolate inertial impacts is an effective
means of coping. Previous studies have shown that carrying
elastic suspension loads can improve the biomechanical per-
formance of the human body and reduce its burden compared
to carrying rigid loads [25]. The current theory has confirmed
the possibility of using purely passive means to achieve
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Fig. 2. Overview of HARE. HARE consists of three parts: constant force suspension mechanism, motion decoupling transmission mechanism and form-
fitting hip joints. HARE weighs 5.5 kg, includes two drives and one battery, and can last for 2 hours while walking. The exoskeleton has two activated
degrees of freedom, including flexion and extension of two hip joints. The maximum torque and angular velocity of hip flexion and extension is 18 N-m

(226 r/min).

inertial impact isolation [26], but it is difficult to achieve
in practice due to sensor errors and mechanical structure
friction. This requires an active control method that can
compensate for inertial forces. The current methods include
active stiffness adjustment of suspended mechanism [27],
acceleration control based on disturbance observers [28],
and pump TENG technology (PBP-TENG) [29], but these
methods are mainly used to improve walking economy and
lack validation under running conditions.

Thirdly, assistance in high-speed motion requires a more
rapid and accurate control strategy. The human body can
withstand 5% torque variability while walking [30], how-
ever, the range of motion of the center of mass increases
and the stability decreases while running, requiring faster
recognition of gait phase and more robust application of
joint torque. Previous studies have confirmed the benefits
of personalized assistance in assisting human movement.
Human-in-the-Loop optimization [31], [32] and preference
based optimization [33], [34] methods are two paradigms
in this field, and have achieved good results. However, these
methods lack anomaly detection measures during high-speed
human movement, and new personalized safety assistance
strategies need to be studied for running assistance scenarios.

In order to achieve running assistance, we developed a
flexible autonomous hip assisted running exoskeleton called
HARE, which does not interfere with human movement
based on our existing work [26]. Fig. 1 conceptually shows
our proposed running assisted exoskeleton system. Fig. 2
reveals the complete design of HARE. This device can utilize
a CFS mechanism that combines active and passive forces to
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isolate impacts and achieve ground suspension of loads. The
independent operation between the CFS mechanism and the
exoskeleton joint assistance mechanism is achieved through
a motion decoupled transmission mechanism. And by detect-
ing conflicts between the exoskeleton and the human body,
running assistance can be achieved while ensuring safety.
The preliminary experimental results demonstrate its hope
in reducing metabolic cost and ensuring exercise safety.

The subsequent sections are organized as follows: Section
II primarily presents the system structure design of HARE.
Section III outlines the experiments and corresponding re-
sults. Eventually, Section IV provides conclusion and dis-
cussion.

II. DESIGN OF HARE
A. Previous work

Our previous generation of motion-assisted lower limb
exoskeletons featured a passive CFS mechanism, which pro-
vided walking and running assistance through combined hip
and knee joint support. During the experiment, it was found
that heavy weight of this exoskeleton led to adverse effects
on metabolic cost.Moreover, excessive constraints between
the device and the human body not only affect user comfort
and subjective experience, but also fail to bring significant
improvements to the energy efficiency of the human body.
Compared to normal walking, the shaking amplitude of the
center of mass during human running increases, and the back
is usually unable to maintain parallelism with the direction
of gravity, resulting in a decrease in the suspension effect
of the CFS mechanism. The joint assistance of exoskeletons



can also have a negative impact on the suspension effect
of CFS mechanism, ultimately leading to some users not
being able to reduce their metabolism with the use of the
CFS mechanism. Moreover, this device is not specifically
designed for running assistance and lacks considerations for
personalized joint torque curves and motion assistance safety.
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Fig. 3. Components and structural principles of the constant force suspen-
sion mechanism. (a) Picture of the constant force suspension mechanism
and additional components. (b) Stationary components of the constant force
suspension mechanism. (c) The active passive combined gravity balance
system is a floating component of a constant force suspension mechanism.
(d) Installation position of active motor in floating mechanism. (e) Principle
of the gravity-balance mechanism. (f) Gravity balance of a constant force
suspension mechanism when tilted.

B. Design of constant force suspension mechanism

1) Structural design of constant force suspension mecha-
nism: As illustrated in Fig. 3, the CFS mechanism consists
of a swing arm, wire rope, motor, coupling and spring. One
extremity of the swing arm is pivotally attached on the
floating component, while the other extremity is linked to
the horizontal slide rail via a sliding pair. The gravity on
the floating component can be transmitted to the stationary
component via horizontal sliding rails.. The motor drives the
swing arm via the coupling, while the spring is operated by
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the wire rope. As the individual moves, the swing arm under-
goes rotation in conjunction with the vertical displacement
of the floating element, causing the wire rope to adjust the
spring’s elongation synchronously.

As shown in Fig. 3(d), a Robomaster M2006 brushless
DC motor is installed at the rotation center of the swing
arm to achieve active control of the CFS mechanism. The
maximum torque of the motor is 1 N.m and the mass is 95g.
The lightweight motor can reduce the impact of additional
mass on the suspension effect while providing active control
torque.

2) Mathematical modeling of constant force suspension
mechanism: According to reference [26], when the overall
potential energy of the system remains constant, the equation
in the CFS mechanism is:

mgL = kab (1

where the variables m, g and k represent the mass of the
floating component, the acceleration due to gravity, and the
stiffness of the spring, respectively; a and b are the constants
related to structure, marked in Fig. 3 (e).

When the direction of the CFS mechanism guide rail is
not collinear with the direction of gravity, as shown in Fig.
3(f), this equation becomes:

mgLcosd =k fab 2)

where 6 is the angle between two directions, f is the ratio
of k changes in this situation.

To compensate for changes in the stiffness of the original
spring, the motor is used as a virtual negative stiffness spring:

mgLcost = (k + ky,)ab 3)

where k,, is the negative stiffness of motor compensation.

3) Fuzzy control strategy for constant force suspension
mechanism: In practice, mechanical systems are affected by
nonlinear friction, which can weaken the suspension effect of
the CFS mechanism. In addition, the variation of the guide
wheel wrap angle with position in the CFS mechanism may
lead to changes in constants a and b. Currently, experiments
have proven the nonlinearity of this CFS mechanism. Fuzzy
PID control method does not depend on an exact mathemat-
ical model of the system and offers benefits in addressing
control challenges associated with nonlinear systems. There-
fore, using fuzzy PID control to compensate for the stiffness
metric k,, in the motor compensation Eq. 3.

C. Hip joint assisted exoskeleton design

1) Design of flexible hip joint mechanism: To minimize
the adverse effects of distal mass on human metabolism,
sagittal flexion/extension of the hip joint is chosen as the
sole assisted joint. Hip joint exercise accounts for 32-39% of
total energy consumption during running [35]. Although the
motion assistance of a single joint in other planes has been
proven to have positive benefits for energy economy and
stability [36], it can avoid the adverse effects of confinement
on metabolic cost and further reduce overall mass.
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Fig. 4. Design of motion decoupling transmission mechanism. (a) The
components of the decoupling transmission mechanism and the winding
method of Bowden cable in motion decoupling transmission mechanism.
(b) Schematic diagram of the working principle of motion decoupling
transmission mechanism.

HARE’s hip joint adopts a hinged design, with the waist
connector controlling rotation and the hinge controlling yaw.
The line wheel at the end of the hinge is connected to
the Bowden cable to facilitate the movement of flexion and
extension in the hip joint.

2) Design of transmission mechanism decoupled from
constant force suspension mechanism: The Bowden cable
may be forced to bend during the up-and-down movement of
the CFS mechanism, resulting in nonlinear and time-varying
elastic interference with the balance of the CFS mechanism.
This is undoubtedly an urgent problem that needs to be
solved.

The transmission mechanism used for decoupling is shown
in Fig 4. This decoupling transmission mechanism can be
divided into three parts: connecting components between
upper and lower levels, and a fixed pulley group in the mid-
dle. There are two guide wheels installed on the connector,
located at positions A, B, and C, D. There is a gear at the
intersection point E between the fixed pulley group and the
opposite guide wheels B and C of the connecting parts, which
can mesh with the racks on both sides of the connecting parts.
The reversing effect of gears causes the movement direction
of the connecting parts on both sides to be opposite.

The wrapped cable passes through guide wheel C to fixed
pulley F, and then returns to the Bowden cable through guide
wheel A, with the opposite side cable arranged in mirror
symmetry. Due to the mirror symmetry of the movement of
the connecting parts on both sides of the gear, the sum of the
changes in cable length C'F' and AF is always 0. Therefore,
the up and down movement of the connector on the other side
will not affect the overall length of the cable. The motion on
both sides of the transmission mechanism is independent of
each other, achieving motion decoupling between the CFS
mechanism and the joint assist mechanism.

3) Gait percentage recognition and anomaly detection:
In order to make the applied joint torque conform to the
rhythmic movement of the human body, it is necessary to
apply joint torque according to the percentage of human gait,
so a fast and accurate gait estimation model is needed. The
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Fig. 5. The method of gait percentage predict. LSTM determines the
historical data sequence of left and right hip joint angles, outputs gait
percentage and abnormal gait classification. The percentage of gait is
linearized by the linear regression model and applied to torque control.

gait estimation model utilizes a multi-layer neural network
architecture that is founded on long short-term memory. Its
input data type is the Euler angle of hip joint bending and
extension, with a time series length of 120; The output
dimension is 2, which includes gait percentage and abnormal
gait classification information. This model has 2 hidden
layers with 256 and 32 nodes, respectively. The process of
predicting gait percentage through artificial neural networks
is shown in Fig. 5.

Collect joint angle data of human motion at speeds of 3,
5,7, and 9 km/h on a treadmill for training neural networks.
Move the left hip joint forward to its maximum position to
determine the beginning and end of a gait cycle, and manu-
ally label the gait percentage. The negative samples contain
abnormal movement states such as squatting, bouncing, and
side kicking, and the data is augmented by adding Gaussian
noise.

The output of neural networks usually has small fluctua-
tions, which can lead to unstable joint torque output and have
adverse effects on human perception. To avoid this issue, a
linear regression model is used to linearize the output of the
neural network. The linear regression model can calculate
the average gradient of gait percentage over a period of time
and perform regression according to Eq. 4:

&= kAt 4)
Where 7 is the final estimated value of the gait percentage, k
is the average gradient calculated by the least square method
during the sliding time window At.

4) Personalized User-Defined assistance for Hip Joint
During Running: Personalized assistance strategies (e.g. HIL
[37]) could provide targeted assistance for the wearers during
locomotion and have been paid more and more attention in
recent years. These methods usually optimize the control pa-
rameters according to the wearers’ personalized gaits, energy
consumption feedback, preferences, and so on. This allows
this personalized approach to provide the most appropriate
auxiliary strategy for each wearer and maximize the actual
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Fig. 6. Diagram of personalized joint torque generation process. Wearers
can explore personalized joint curve torque by adjusting the zero and peak
points in the graph.

assistive effect.

In this work, we proposed a personalized user-defined
optimized method for the wearers, which allows the wearers
to actively manually tune the hip joint moments according
to their subjective feelings about the assistance performance.
As shown in Fig. 6, the joint moments of the hip joints are
predefined as a sinusoidal curve. The shape of the curves
is ensured according to two peak moment points and two
zero points. During the tuning process, the wearers are able
to manually adjust the joint moment curves by tuning the
coordinates of these key points. The subjective feelings about
assistance performance, the comprehension and cognition
of the control parameters, and the feeling of comfort will
guide the wearer during the adjustment process. During the
process of running, the external forces on human bodies can
easily lead to serious consequences such as falling. To avoid
these risks, the gait prediction model described in II-C.3 can
also recognize whether there is an abnormal gait. When an
abnormal gait occurs, the aim joint moments are set as 0
N.m to maintain the stability and balance of subjects.

III. EXPERIMENTS AND RESULTS

This section evaluates the performance of the HARE when
applied to running. The proposed wearable device and its
main mechanism are shown in Fig. 7.

A. constant force suspension system effect evaluation

In order to verify the effectiveness of the CFS mechanism,
we conducted a series of experiments to verify the isolation
capability of the force of impact. The force of impact exerted
by the floating component on the human body can be cal-
culated by detecting its acceleration. As shown in Fig. 8, in
different speed experiments, the acceleration obtained by the
floating component test has significantly decreased, which
verifies that the mechanism designed by us has the capability
to substantially diminish the impact force produced during
human motion.
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Fig. 7. Experimental Platform. The main information of the exoskeleton
is listed as follows: constant force suspension system, battery (TB50, DJI,
China), gear motor (AK80-9, Cubemars, China), inertial measurement unit
(IMU) (WT61C, WIT, China), self-designed encoder and CAN master
board, and embedded computer (Jetson NX, Nvidia, USA).

B. Personalized joint torque adjustment for different subjects

Volunteers dynamically adjusted the torque values at key
points in the gait cycle based on their perceived assistance
before and after different states, then fitted the final spline
curve.The joint torque curve results of different subjects are
shown in Fig. 9.

C. Metabolic cost

To assess the true impact of the suggested design of the
wearable device structure and verify the actual use effect,
the metabolic expenditure of individuals wearing the items
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Fig. 8. The floating effect of the constant force suspension system in
different velocities.
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Fig. 9. Personalized joint torque curve results of different individuals.

running on a treadmill at a speed of 9 km/h was quantified.
The upper torque limit is set to the rated torque of the motor,
which is 9 N.m.

We selected 6 healthy experimental participants (age: 27.0
+ 3.0 years; height: 1.77 + 0.03 m; weight: 80.5 £ 15.5
kg).To evaluate the effect of the suspension mechanism, we
measured the energy consumption in four different scenarios:
Free, No SP, SP, SP&HIP, where Free means that the subject
refrained from utilizing the suspension apparatus throughout
the duration of the experiment. No SP means that the CFS
mechanism was used locked, the floating component was
mounted directly on its back to eliminate the influence of
the weight of the suspension mechanism on the test results.
SP indicates that the suspension mechanism is on. SP&HIP
is the ultimate experimental condition for testers will be
protected by the back suspension mechanism and assisted
by the hip joint torque at the same time. For each state,
measurements were conducted using a portable metabolic
system (K5, COSMED, Italy for the purpose of recording
oxygen consumption and carbon dioxide production. The
experimental procedure is delineated as follows:

1) In order to eliminate the impact of the tester’s physio-
logical fatigue on the experimental data as much as possible
and ensure the independence between each set of data, we
chose to conduct four sets of tests in the same time interval
for four consecutive days.

2) Before running, the wearer should stand still for 3
minutes to ensure stable breathing.

3) The wearers run on a treadmill at a speed of 9 km/h
and a 0 degree slope for 4 minutes to ensure that the intake
of oxygen and carbon dioxide remains relatively stable.

4) After running, the wearer should stand still for 3
minutes and wait for breathing to stabilize.

We use the modified Brockway equation [38] to calculate
the power consumption per kilogram of energy, and the
results are shown in Fig. 10. By comparing the four sets
of experimental results, we can discover some valuable
information.

Experimental results show that the design achieves the ex-
pected goals of weakening motion interference and reducing
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Fig. 10. Average metabolic cost of six subjects under FREE, NO SP, SP,
and SP & HIP conditions at the speed of 9 km/h.

impact force. At a speed of 9 km/h, compared with the FREE
condition, the average net metabolism of the participant
wearing proposed device in the No SP and SP increased by
7.66 % and 4.29 % respectively, indicating that the wearable
device can effectively help the wearers reduce metabolic
costs caused by inertial force impact while running. In the
SP&HIP state, the average oxygen consumption of testers
was significantly reduced by 5.33 %, indicating that this set
of equipment has the function of effectively assisting human
running.

IV. CONCLUSION AND DISCUSSION

In this article, building on our previous walking exoskele-
ton, we proposed a wearable device for running with a
self-regulating CFS mechanism, expanding its application
scenarios. This research can be succinctly outlined as fol-
lows. Primarily, the CFS mechanism designed can reduce
the impact force generated during the running process of
the human body at different speeds obviously. Secondly, in
the case of high-speed running, experimental results prove
that wearing this device significantly reduces metabolic costs.
In addition,control strategies based on abnormal gait recog-
nition can effectively ensure the safety of human running
processes, which can make certain contributions to human
body rehabilitation training and sports enhancement in the
post-COVID-19 era. Finally,this set of device is also expected
to serve as a universal exoskeleton platform for integrating
motors, batteries, and other inertial impact components, and
may be adopted by various research teams for different lower
limb exoskeletons.

However, there are still several shortcomings in our work
which should be improved. We need to increase the length
of the guide rail to accommodate substantial changes in the
center of mass, and conduct multiple sets of tests on more
individuals at greater speeds to evaluate the effect of the
system operating more objectively at different speeds.
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