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Abstract
Overground walking can be achieved for patients with gait impairments by using the lower limb exoskeleton robots.
Since it is a challenge to keep balance for patients with insufficient upper body strength, a robotic walker is neces-
sary to assist with the walking balance. However, since the walking pattern varies over time, controlling the robotic
walker to follow the walking of the human-exoskeleton system in coordination is a critical issue. Inappropriate control
strategy leads to the unnecessary energy cost of the human-exoskeleton-walker (HEW) system and also results in
the bad coordination between the human-exoskeleton system and the robotic walker. In this paper, we proposed a
Coordinated Energy-Efficient Control (CEEC) approach for the HEWsystem, which is based on the extremum seeking
control algorithmand the coordinatedmotion planning strategy. First, the extremumseeking control algorithm is used
to find the optimal supporting force of the support joint in real time to maximize the energy efficiency of the human-
exoskeleton system. Second, the appropriate reference joint angles for wheels of the robotic walker can be generated
by the coordinatedmotion planning strategy, causing the good coordination between the human-exoskeleton system
and the robotic walker. The proposed approach has been tested on the HEW simulation model, and the experimental
results indicate that the coordinated energy-efficient walking can be achieved with the proposed approach, which is
increased by 60.16% compared to the conventional passive robotic walker.
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1. INTRODUCTION
Overgroundwalking is necessary and important for patients with gait impairments, which can be implemented
using the lower limb exoskeleton robots. Usually, it is hard for patients with insufficient upper body strength
to keep balance in the early rehabilitation stages; therefore, a mobile robotic walker is indispensable to assist
with the overground walking and gait training.

As shown in Figure 1, the human-exoskeleton-walker (HEW) system is presented. Note that in the following
sections, the human-exoskeleton systemmeans a subject wearing the exoskeleton robot, and the HEW system
means the human-exoskeleton system with the robotic walker.As shown in Figure 1, the human-exoskeleton
system is connected to the mobile robotic walker with a solid cantilever; a support joint is attached to the
cantilever for the vertical movement assistance and weight supporting during walking. The robotic walker
ensures the stability of the human-exoskeleton system in the coronal plane, validly keeping balance and pre-
venting falls.

For patients with gait impairments, movement disorder can severely disrupt the performance of daily activi-
ties and increase the risk of falling. Although various existing walkers are owned by seniors, reported statistics
show that 33% of people over 60 years fell at least once [1]. We argue that intelligence is essential for a robotic
walker to protect the safety of the patients, since primitive assistance devices, such as rollators and walkers, are
muchmore likely to fail [2]. Present-day assistant devices require attentive control of the user while moving [3,4],
which could raise safety issues for many patients with insufficient upper body strength and cause bad coor-
dination between the human-exoskeleton system and the robotic walker. A few studies have investigated the
task enabling the walker to follow behind the user by detecting his/her trajectory beforehand [5]. However, the
gait trajectory of patients with gait impairments is always varying during the rehabilitation stage. As a result,
the robotic walker may not be able to follow the patients well. The gait trajectory of the exoskeleton is prede-
fined, so we take the approach of adopting a Coordinatedmotion planning strategy to generate the appropriate
joint angle for the wheels of the robotic walker according to the predefined gait trajectory of the exoskeleton,
enabling our walker to follow the movement trend of the user; our walker can then automatically move be-
hind the user, providing mobility support. Furthermore, without an appropriate supporting force offered by
the support joint and coordinated movement of the wheels to follow the walking of the human-exoskeleton
system, the human-exoskeleton system has to pull or push the robotic walker forward during walking, which
leads to the bad walking posture and unnecessary energy-cost of the human-exoskeleton system. As a result,
battery life has always been a severe challenge to the exoskeleton robots. Among commercially available ex-
oskeletons, Indego [6] and Ekso [7]have only 4 h of battery life. Even with the largest battery capacity, ReWalk [8]

and SuitX [9] allow for continuous work for not more than 5 h. It is impossible to meet the hospital’s demand
for all-day rehabilitation training with these exoskeleton robots. Therefore, it is crucial to improve the energy
efficiency of the HEW system with an appropriate supporting force offered with the support joint and the
coordinated movement of the wheels to follow the natural walking of the human-exoskeleton system.

In the last decades, several approaches have been studied with the body weight supporting (BWS) system for
the energy-efficient walking assistance. Sun et al. proposed a BWS system for the three-dimensional walk-
ing in Cartesian space [10], with the series elastic actuation structure to improve the human-robot interaction
performance and reduce the energy cost of the human. Wei et al. proposed a surplus force control strategy
named active loading compound control for the BWS system, which is used for estimating and improving the
loading accuracy [11] and reduces the surplus force and the energy cost. For the mobile robotic walker, Mun et
al. proposed a mobile robotic walker for the movement of the pelvis of humans, which can be used to facilitate
the over-ground walking without altering the normal gait dynamics [12]. Similar structure has been developed
in ref [13]. Chugo et al. developed a robotic walker to assist with the standing motion and simple walking
for the aged person in daily life, which estimates the load of the pelvis, knee and ankle joints of the human
body, and generate appropriate joint angle for the support joint of the robotic walker [14]. These mobile robotic
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Figure 1. The schematic of the human-exoskeleton-walker system. (A) A real exoskeleton robot with a robotic walker; (B) The support joint
and the wheels of the robotic walker shall be controlled to follow the walking of the human-exoskeleton system.

walkers are developed for the energy cost reduction of humans and are not applicable to the HEW system. For
optimization-based approaches, Ding et al. used Bayesian optimization to identify the peak and offset timing
of hip extension assistance that minimizes the energy expenditure of walking with a textile-based wearable
device, causing reduced metabolic cost by 17.4% ± 3.2% compared with walking without the device [15]. Song
and Collins used human-in-the-loop optimization to largely improve self-selected walking speed through an-
kle exoskeleton assistance, which achieved a reduced metabolic cost by at most 31% [16]. In addition, Lee and
Rosen developed new energy optimization strategies utilizing collision-based ground reaction forces and a dis-
crete Lagrangian to realize the energy recycling of the exoskeleton, achieving a 35% reduction of the normal
walking cost of transport [17].

Although the BWS-based approach has demonstrated its energy efficiency, it is mostly used to reduce human’s
energy cost and is not applicable to the HEW system. In this paper, we focus on the coordinated energy-
efficient walking assistance of the HEW system, and the human-in-the-loop optimization for the energy con-
sumption of the human-exoskeleton system is the key research topic. The key points are as follows: First, to find
the optimal supporting force of the robotic walker during walking, which can provide the human-exoskeleton
system with the body weight support to maximize energy efficiency. Second, to generate appropriate joint
angles as the control reference of the wheels to produce a coordinated movement of the robotic walker and the
human-exoskeleton system during walking. However, due to the unknown relationship between the energy ef-
ficiency and the supporting force, it is difficult to calculate the optimal supporting force during walking. In this
paper, a Coordinated Energy-Efficient Control (CEEC) approach is proposed for the HEW system to provide
the coordinated movement of the human-exoskeleton system and the robotic walker andmaximize the energy
efficiency of the HEW system. CEEC consists of a model-free Extremum Seeking Control (ESC) algorithm
and a coordinated motion planning approach, which performs real-time seeking of the supporting force and
generation of the joint angles of the wheels. The ESC uses a low-frequency perturbation signal to estimate the
gradient of the cost function, making it more robust to noisy measurements [18]. The main contributions are
summarized as follows:

• The energy efficiency of the HEW system is maximized by the extremum seeking control algorithm in real
time to simultaneously tune the supporting force of the support joint. The optimum of the supporting force
shifts at different conditions, and our algorithm is suitably fast to track these changes, providing real-time
adaptation for different conditions.

• A coordinatedmotion planning approach is proposed for theHEWsystem, which performs the coordinated
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Figure 2. The framework of the proposed approach CEEC. COM: Center of Mass; CEEC: Coordinated Energy-Efficient Control.

assistance of the robotic walker for the human-exoskeleton system during walking. The appropriate joint
angle is generated with the predefined gait trajectory of the exoskeleton, enabling our walker to follow the
movement trend of the user; our walker can then automatically move behind the user, providing mobility
support.

• The efficiency of the proposed approach has been tested on the HEW simulation models; the experimental
results indicate that the energy efficiency was improved by 60.16% compared to the conventional robotic
walker and the coordination between the human-exoskeleton system and the robotic walker was signifi-
cantly improved.

The remainder of the manuscript is organized as follows: In Section 2, the detailed design of the proposed
CEEC is presented. In Section 3, the simulation experiments of the proposed approach are showcased; the
experimental results and discussions are provided in Section 4. In Section 5, we concluded the paper, and
some future works are suggested.

2. METHODS
In this section, the design of the CEEC is presented, including the human-in-the-loop optimization of the
supporting force and implementation of the coordinated motion planning approach of the wheels. As shown
in Figure 2, the framework of the proposed CEEC approach is presented, which consists of two parts: the
supporting force optimization and coordinated motion planning. In the following two subsections, these two
parts will be introduced in detail.

2.1 The optimization of the supporting force
In this subsection, the real-time optimization of the supporting force is presented, which aims to find the
optimal supporting force provided by the support joint of the robotic walker. The structure of the HEW system
and the energy cost calculation during walking are outlined in Section 2.1.1, and the implementation of the
human-in-the-loop optimization for the supporting force is detailed in Section 2.1.2.

2.1.1 Energy calculation of the HEW system with the supporting force
In this subsection, the energy cost of the human-exoskeleton system is presented, where the energy is deter-
mined by the power of the active joints of the exoskeleton. The structure of the HEW system is shown in
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Figure 3. The schematic diagram of HEW system. HEW: Human-exoskeleton-walker.

Figure 3, where the exoskeleton robot includes hip, knee and ankle joints to drive the human-exoskeleton sys-
temwalking forward. The thighs, calves, and feet of the exoskeleton are interconnected with the corresponding
segments of the pilot’s lower limbs, ensuring full synchronization between the pilot’s lower limb movements
and those of the exoskeleton. The supporting force 𝐹𝑆 can be supplied by the support joint of the robotic
walker, which is used to move the support joint vertically and support the weight of the human-exoskeleton
system. The support joint of the robotic walker is actuated with a spring-based mechanism and a stepping
motor, which provides a variable supporting force for the human-exoskeleton system with different motor
positions. In addition, 𝑓 represents the horizontal resistance of the robotic walker; 𝐹𝑥 and 𝐹𝑧 represent the
horizontal and vertical components of the supporting force offered by the support leg, respectively. 𝑙𝑇 and 𝑙𝑆
represent the lengths of the thigh and shank, respectively. 𝜃𝐻 and 𝜃𝐾 represent the hip and knee joint angles of
the exoskeleton’s support leg, respectively. Note that in this paper, the hip and knee joint angles are sampled
from the healthy subjects as the control reference, and the hip and knee joints of the exoskeleton robot are
driven by the DC motors with PID position controllers. The ankle of the exoskeleton robot is a passive joint
with a spring mechanism, which can be used to avoid the foot drop of the patients.

In this paper, we focus on the movement of the HEW system in the Sagittal plane, and the Center of Mass
(COM)of the human-exoskeleton systemhas a good correspondence in the sagittal planewith the hip joints [19];
therefore, theCOMof the human-exoskeleton system is set to the center of two hip joints. The horizontalmove-
ment of the COM is solely driven by the exoskeleton support leg, while the vertical movement is influenced by
both the support joint and the exoskeleton support leg. Assuming that the ankle joint of the support leg is set
as the origin of the Cartesian frame, the COM’s position of the human-exoskeleton system can be described
when the predefined gait trajectories 𝜃𝐻 (𝑡) and 𝜃𝐾 (𝑡) are employed to drive the exoskeleton:

[
𝑥com(𝜃𝐻 , 𝜃𝐾 )
𝑧com(𝜃𝐻 , 𝜃𝐾 )

]
=

[
− sin(𝜃𝐻) sin(𝜃𝐾 − 𝜃𝐻)
cos(𝜃𝐻) cos(𝜃𝐾 − 𝜃𝐻)

] [
𝑙𝑇
𝑙𝑆

]
, (1)

where the 𝑥com and 𝑧com represent the horizontal and vertical positions of the COM, respectively. Then, the
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horizontal and vertical supporting forces from the support leg 𝐹𝑥 and 𝐹𝑧 are expressed as follows:{
𝐹𝑥 = ¥𝑥com(𝑚𝑃 + 𝑚𝑊 + 𝑚𝐸 ) + 𝑓 ,

𝐹𝑧 = ( ¥𝑧com + 𝑔)(𝑚𝑃 + 𝑚𝐸 ) − 𝐹𝑠,
(2)

where 𝑚𝑃, 𝑚𝑊 and 𝑚𝐸 represent the masses of the human subject, the robotic walker, and the exoskeleton
robot, respectively. ¥𝑥com and ¥𝑧com are the second derivatives of the COM’s position 𝑥com and 𝑧com. 𝑔 is the
constant gravitational acceleration. The torques of the hip and knee joints of the exoskeleton support leg can
be calculated as follows: [

𝜏𝐻
𝜏𝐾

]
=

[
𝑙𝑇 𝑙𝑆
0 𝑙𝑆

] [
cos(𝜃𝐻) sin(𝜃𝐻)

cos(𝜃𝐻 − 𝜃𝐾 ) sin(𝜃𝐻 − 𝜃𝐾 )

] [
𝐹𝑥
𝐹𝑧

]
, (3)

where 𝜏𝐻 and 𝜏𝐾 are the torques of the hip and knee joints. As a result, the power of the exoskeleton robot is
determined by the joint torques 𝜏𝐻 and 𝜏𝐾 and the angular velocity of the joint ¤𝜃𝐻 and ¤𝜃𝐾 . Let us take the hip
joint as an example; the power of the hip joint’s motor 𝑃𝑚 is calculated as:

𝑃𝑚 = 𝐼2 · 𝑅𝑚 + 𝜏𝑚 · ¤𝜃𝑚 ,
𝜏𝑚 = 𝜏𝐻/𝑟 = 𝐾𝑚 · 𝐼,
¤𝜃𝑚 = ¤𝜃𝐻/𝑟,

(4)

where 𝜏𝑚 and ¤𝜃𝑚 represent the torque and angular velocity of the motor in the hip joint, respectively. 𝐼 repre-
sents the current of the motor, and 𝑟 is the reduction ratio. Besides, 𝑅𝑚 and 𝐾𝑚 represent the resistance and
torque constant of the motor, respectively. The first item of 𝑃𝑚 in Equation (4) represents the thermal power,
while the second item indicates the mechanical power. With the power of the motors in the joints of the sup-
port leg, the energy consumption of the exoskeleton support leg during the stance phase can be calculated as
follows:

𝐸 =
∫ 𝑇
0 (𝑃𝐻𝑚 + 𝑃𝐾𝑚)𝑑𝑡, (5)

where 𝑃𝐻𝑚 and 𝑃𝐾𝑚 denote motor power of the hip and knee joints, respectively. 𝑇 signifies the duration of the
stance phase in one gait cycle.

Based on the Equations (2)-(4), we can find that the torques of the hip and knee joints are decreased as the
supporting force 𝐹𝑠 increases, i.e., the energy cost of the exoskeleton robot is decreased with increasing 𝐹𝑠.
However, if the supporting force is too large, the human-exoskeleton system will be lifted off the ground, and
the friction between the ground and the exoskeleton’s foot will be reduced, resulting in an abnormal walking
posture of the human-exoskeleton system and even with slipping over the ground. Therefore, finding the
appropriate supporting force to minimize the energy consumption and prevent slipping is critical. Now, let us
construct an objective function to denote the energy efficiency:

𝐽 (·) = 𝐸/𝑆, (6)

where 𝐸 denotes the energy consumption of both hip and knee joints of the support leg during the stance phase
in one gait cycle; 𝑆 represents the stepping length for one step. Consider the value of the objective function
as Total Cost of Transport (TCoT). Now, let us find a way to solve the objective function and find the optimal
supporting force.

2.1.2 Real-time optimization of the supporting force
In this subsection, the real-time optimization of the supporting force, which employs the discrete-time ESC
approach, is presented. ESC is a model-free adaptive control method that finds an optimum set-point in order
to minimize/maximize an objective function, whose analytical expression might be unknown [20–23]. Kumar
et al. proposed a modified structure of the discrete-time ESC by introducing a stepper motor with an integra-
tor [24,25]. In this modified structure, the ESC integration is performed by the motor dynamics itself. Moreover,
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the stepper motor has the same characteristics as the zero-order holder; it does not have any closed-loop en-
coder feedback for position control. Instead, it accepts a variation in the motor location as an input command
rather than the final motor location. In this paper, we used the variation in the motor location to tune the
supporting force of the support joint.

The block diagram of the modified ESC used in this paper is shown in Figure 4, where the workflow of the ESC
is as follows. Firstly, a periodic disturbance signal of small amplitude 𝑑1(𝑘) = −𝑎𝜔 sin(𝜔𝑡𝑘 ) called the dither
signal is added to the commanded change in the motor location Δ𝜃 (𝑘) in the modulation step.

Assuming that the stepper motor dynamics is modeled as a cascade connection of a zero-order holder and a
continuous-time integrator. The zero-order holder holds the sample Δ𝜃 (𝑘) + 𝑑1(𝑘) constant for one sampling
interval Δ𝑇 . Denoting that 𝑡𝑘 is the sampling time, the expression for ¤𝜃 (𝑡𝑘 ) ≈ Δ𝜃 (𝑘)/Δ𝑇 − 𝑎𝜔 sin(𝜔𝑡𝑘 ); then,
the integrator dynamics of the stepper motor outputs 𝜃 (𝑡𝑘 ) + 𝑎 cos(𝜔𝑡𝑘 ), where 𝜃 (𝑡𝑘 ) is the stepper motor’s
location at 𝑡𝑘 . The output of the stepper motor is used to tune the supporting force by changing the position
of the stepper motor in the support joint. Then, the torques of the hip and knee joints are sampled in one gait
cycle, and the power of the hip and knee joints is calculated according to the Equation (4). Next, the power is
multiplied by the sampling interval Δ𝑇 , and we summed them up to get the total energy consumption of the
hip and knee joints as 𝐸 . Therefore, the objective function can be rewritten as:

𝐽 (·) = 𝐸/𝑆 = 𝐽 ((𝜃 (𝑘) + 𝑎 cos(𝜔𝑘))), (7)

and the Taylor series approximation of 𝐽 (·) is expressed as follows:

𝐽 (·) ≈ 𝐽 (𝜃 (𝑘)) + 𝐽′(𝜃 (𝑘))𝑎 cos(𝜔𝑘) + 𝐽
′′(𝜃 (𝑘))

2
𝑎2 cos2(𝜔𝑘)

= 𝐽 (𝜃 (𝑘)) + 𝐽′(𝜃 (𝑘))𝑎 cos(𝑤𝑘) + 𝑎
2𝐽′′(𝜃 (𝑘))

4
(1 + cos 2(𝜔𝑘)), (8)

where 𝐽′ and 𝐽′′ are the first and the second derivatives of 𝐽 (·) with respect to 𝜃. Then, the objective func-
tion measurements in Equation (8) are passed through a high-pass filter HPF to remove the DC components
𝐽 (𝜃 (𝑘)) and 𝑎2𝐽′′(𝜃 (𝑘))/4 to give

𝜉 (𝑘) = 𝐽′(𝜃 (𝑘))𝑎 cos(𝜔𝑘) + 𝑎
2𝐽′′(𝜃 (𝑘))

4
cos(2𝜔𝑘). (9)

In the demodulation step, 𝜉 (𝑘) is multiplied by another dither signal 𝑏 cos(𝜔𝑘) and scaled by a gain −𝜆 to
generate

Δ𝜃 (𝑘) = −𝜆[𝐽′(·)𝑎 cos(𝜔𝑘) + 𝑎
2𝐽′′(·)

4
cos(2𝜔𝑘)]𝑏 cos(𝜔𝑘)]

= −𝜆[ 𝑎𝑏𝐽
′(·)

2
[1 + cos(2𝜔𝑘)] + 𝑎

2𝑏𝐽′′(·)
4

cos(2𝜔𝑘) cos(𝜔𝑘)], (10)
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Figure 4. The block diagram of ESC. ESC: Extremum Seeking Control.

where Δ𝜃 (𝑘) indicates the amount that the stepper motor should be moved to minimize the TCoT, which
realizes the supporting force adaptive tuning. From Equation (10), it can be seen that Δ𝜃 (𝑘) consists of a DC
component, which is proportional to 𝐽′(·), and contains other higher frequency terms.

Following standard manipulations [26], the equations of ESC can be updated as follows:

𝜉 (𝑘) = −ℎ𝜉 (𝑘 − 1) + 𝐽 (𝜃 (𝑘)) − 𝐽 (𝜃 (𝑘 − 1)), (11)
Δ𝜃 (𝑘) = −𝜆[𝜉 (𝑘)𝑏 cos(𝜔𝑘)], (12)

where 𝜆 is the adaptation gain, and ℎ ∈ (0, 1) is the HPF cut-off frequency.

Overall, with the proposed real-time optimization approach, the optimal supporting force can be found in
real time by walking several steps overground with the HEW system. As a result, the energy cost of the HEW
system will be reduced to the minimum value without slipping overground.

2.2 The coordinated motion planning of the robotic walker
The coordinated motion planning is to make the human-exoskeleton system and the robotic walker move
coordinately and avoid the “pull” or “push” between them. As shown in Figure 2, the coordinated motion
planning is based on the hip and knee joint angles of the exoskeleton robot. As shown in Figures 5 and 6, there
are four wheels of the robotic walker, and all wheels rotate around the 𝑌 axis.

As we mentioned in Figure 1, the exoskeleton robot is connected to the robotic walker with a solid cantilever;
therefore, the horizontal movement of the robotic walker is the same as the COM of the human-exoskeleton
system. Note that if the wheels are passive without any power, there is no active movement of the robotic
walker, and the human-exoskeleton system has to pull or push the robotic walker while walking overground.
If the wheels are actuated with the DC motors, they can drive the robotic walker to follow the movement
of the human-exoskeleton system and avoid the movement conflict between the human-exoskeleton system
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Figure 5. The simulation model of the HEW system. HEW: Human-exoskeleton-walker.
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Figure 6. The wheels of the robotic walker.

and the robotic walker. Therefore, the question is how to control these wheels to drive the robotic walker to
coordinately follow the movement of the human-exoskeleton system.

Based on Equation (1), the movement of the COM during walking can be calculated with the joint angles of
the exoskeleton robot. Additionally, the horizontal movement of COM can be discretized with a constant unit
time Δ𝑡, taking 𝑖 as an index for discretization, then

𝑡𝑖 = Δ𝑡 · 𝑖, 𝑖 = 0, 1, 2, . . . (13)

where Δ𝑡 can be set to some small positive value such as Δ𝑡 = 0.005 s. The COMhorizontal displacement from
𝑡𝑖−1 to 𝑡𝑖 can be calculated as follows:

Δ𝑥𝑖 = 𝑥𝑖 − 𝑥𝑖−1, 𝑖 = 1, 2, . . . (14)

where 𝑥𝑖 represents the horizontal position of the COM at 𝑡𝑖 . Based on the COM horizontal displacement Δ𝑥𝑖 ,
the increment of the joint angles for the wheels from 𝑡𝑖−1 to 𝑡𝑖 is calculated as follows:

Δ𝜃𝑖 = Δ𝑥𝑖/𝑅𝑤 , (15)

where 𝑅𝑤 is the radius of the wheels on the robotic walker. Now, with the horizontal movement of the human-
exoskeleton system, the reference joint angles of the wheels can be obtained, and the human-exoskeleton
system and the robotic walker can be moved coordinately.

Ankle joint
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3. EXPERIMENTS
In this section, simulation experiments are conducted with the constructed HEW simulation models in the
robot simulation platform CoppeliaSim (https://www.coppeliarobotics.com). The simulation model is shown
in Figure 5; the model retains the same configuration of degrees of freedom illustrated in Figure 3, where
the wheels are controlled with the PID position controllers and the support joint is controlled in the torque
mode to support the weight of the human-exoskeleton system. The torques and the trajectories of the COM’s
movement can be obtained, and the power and the energy cost of the HEW system can be calculated, with the
proposed CEEC approach; the optimal supporting force can be found after several walking steps. In addition
to this, the tracking performance of the COM’s movement can be used to evaluate the coordination between
the human-exoskeleton system and the robotic walker.

3.1. Experimental setup
To evaluate the performance of the proposed CEEC approach, several experiments were designed in the simu-
lation experiments. Firstly, the hip and knee joint angles used in the experiment are sampled from the healthy
subject, as shown in Figure 7, where the joint angles in swing and stance phases are for the swing leg and the
support leg, respectively. The mass distribution of the human-exoskeleton system (torso, thigh, shank, and
foot) follows average human anthropometry [27], as shown in Table 1, and the length of the thigh and shank is
set to 0.45 m, which is similar to the subject with the body height of 1.75 m.

Overall, the total mass of the human subject, the exoskeleton, the robotic walker, and other parameters for the
simulation experiments are shown in Table 2. Note that the parameters for the motors in hip and knee joints
refer to the manual of the DC motors used in our exoskeleton robots shown in Figure 1.

To evaluate the proposed CEEC approach and compare it with others, four experiments were designed, each
assigned a distinct name.

• Thefirst one is the “baseline”; therewas no active assistance of the roboticwalker, i.e., the human-exoskeleton
system had to pull the robotic walker forward during walking.

• The second one is the CoordinatedMotion Planning (“CMP”); there was only the active assistance from the
wheels with the generated coordinated motion planning, i.e., the wheels were controlled with the reference
joint angles generated in Section 2.2. In addition, there was no supporting force from the support joint.

• The third one is the “ESC”; there was only the supporting force from the support joint under the ESC
strategy, with no active assistance from the wheels.

• The last one is the “CEEC”; there was active assistance from both the support joint and wheels; the support-
ing force was optimized with the ESC strategy; the wheels were controlled with the reference joint angles
in Section 2.2.

To evaluate the adaption of the proposed CEEC approach for different subjects, three subject simulation mod-
els with various masses are employed in the experiment [Table 3]. Note that the ESC strategy is an online
iterative algorithm, and the initial value of the supporting force should be set at the beginning of the experi-
ment. Therefore, two distinct initial supporting forces were given [Table 3].

For each trial of the experiment, seventeen steps (the first step and eight gait cycles) were conducted to test
the efficiency of the proposed approach. Note that the first is a special step from the standing upright posture
to walking; therefore, the control strategy only works in the last sixteen steps. The sampling rate is 20 Hz, and
the gait cycle is two seconds with two steps. The TCoT was computed with the sampled torque of the support
leg’s hip and knee joints after each gait cycle. The parameters of ESC were selected as follows: a = 1.6, b = 0.8,
𝜔 = 0.8 Hz, h = 0.4 Hz, 𝜆 = -6.
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Figure 7. The joint angles of the exoskeleton’s hip and knee joints.

Table 1. Parameters for human and exoskeleton simulation models

Segment part Mass (kg) Length (m)

Human Exoskeleton Human-exoskeleton
Upper body 42 5
Thigh 5.7 4 0.45
Shank 2.5 4 0.45
Foot 0.8 0.5 0.28
Total 60 22

Table 2. Other parameters for simulation and energy cost computation

Parameters Description Value

𝑚𝑊 Base frame mass 40 kg
𝑚𝑃 Human subject 60 kg
𝑚𝐸 Exoskeleton mass 22 kg
𝜇 Coefficient of friction 0.71
𝑓 Resistance of the walker 10 N
𝑔 Gravitational acceleration 10 m/s2

𝑟 Reduction ratio of exoskeleton reducers 60
𝐾𝑚 Torque constant of exoskeleton motors 0.162 Nm/A
𝑅𝑚 Motor resistance of exoskeleton motors 0.23 Ω

𝑅𝑤 The radius of the wheels 0.038 m

Table 3. Different scenarios for validating the CEEC

Index Mass of the subject (kg) Initial supporting force (N)

A1 40 300
A2 60 300
A3 80 300
B1 40 400
B2 60 400
B3 80 400

CEEC: Coordinated Energy-Efficient Control.

3.2 Simulation experiments recording
The snapshots of the four experiments (baseline, CMP, ESC, CEEC) are shown in Figure 8, where each row
corresponds to one of the four different experiments, i.e., baseline, CMP, ESC and CEEC, respectively. It is
significant that with diverse control strategies, the COM’s tracking performances vary.

The snapshots of the experiments with three different subjects and the CEEC control approach are shown in
Figure 9. Since the CEEC is adaptive to various scenarios, the walking performance is similar for subjects with
varying masses.

For a more detailed presentation of the whole walking experiment, please refer to the Supplementary Video.
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t=2s t=6s t=10s t=17s

Figure 8. The comparison of walking experiments with different control strategies. CMP: Coordinated Motion Planning; ESC: Extremum
Seeking Control; CEEC: Coordinated Energy-Efficient Control.

Figure 9. The comparison of walking experiments for different subjects.
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Figure 10. The comparison of COM trajectories tracking performance with different control strategies. (1) Reference: the reference COM
trajectories; (2) Baseline: the human-exoskeletonwalks without any assistance of the robotic walker; (3) CMP: the HEWsystemwalks with
only the active wheel movements; (4) ESC: the HEW system walks with only the supporting force under the ESC strategy; (5) CEEC: the
HEW systemwalks with the proposed coordinated energy-efficient control approach. CMP: CoordinatedMotion Planning; ESC: Extremum
Seeking Control; CEEC: Coordinated Energy-Efficient Control; COM: Center of Mass; HEW: human-exoskeleton-walker.
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4. RESULTS AND DISCUSSION
4.1 Experimental results for the comparison with the COM’s trajectory tracking and the energy cost
First of all, the comparison of COM’s trajectories tracking performance with baseline, CMP, ESC and CEEC
during the whole walking experiments are shown in Figure 10. Note that the HEW system is moving in the
Sagittal plane; therefore, only the 𝑥 and 𝑧 positions of the COM are presented. The black solid curve is the
reference trajectory of the COM calculated from the reference joint angles based on the Equation (1), the
dashed purple curve is the COM’s trajectory with the baseline (with no supporting force and no assistance
from wheels), the solid red curve is the COM’s trajectory with the CMP (with only active assistance from
wheels and no supporting force), the dashed green curve is the COM’s trajectory with the ESC (with only
supporting force and no assistance from wheels), and the solid blue curve is the COM’s trajectory with the
CEEC (with both supporting force and assistance from wheels).

To compare the trajectory tracking of four cases, the mean squared error (MSE) of four cases relative to the
reference COM trajectories was calculated as:

𝑀𝑆𝐸 =
1
𝑛

𝑛∑
𝑖=1

[(𝑋𝑖 − 𝑋̂𝑖)2 + (𝑍𝑖 − 𝑍𝑖)2] (16)

The calculated MSE of four cases was shown in Table 4.

From the trajectory tracking comparison, we can find that in the baseline case, due to no active assistance
from the robotic walker, the human-exoskeleton system has to pull the robotic walker forward during walking,
the COM’s trajectory tracking is bad, and the final position of the COM is far away from the desired position.
In the CMP case, since there is active assistance of the wheels with the coordinated motion generated with
the reference COM trajectory, the tracking performance of the COM is good. For the ESC and CEEC cases,
since a supporting force exists, the COM’s trajectory tracking is better than the baseline, and especially for the
CEEC case, the COM’s trajectory tracking is better than the ESC case. Note that in the first several steps, the
supporting force is not optimal, and the ESC algorithm is tuning to find the optimal supporting force, which
results in a bad performance. However, after several steps of optimization, the optimal supporting force is
found, and the COM’s trajectory tracking is better. This is the reason why the MSE of CEEC is a little bigger
than the MSE of CMP.

Above all, for the COM’s trajectory tracking, CEEC is better than the ESC and baseline but worse than the
CMP. Now, let us see the energy cost during walking with these different strategies [Figure 11]. From the bars
presented in Figure 11, we can see that in the baseline case, the energy cost is much higher than in any other
method. In the CMP case, the energy cost is always similar during the walking. In ESC and CEEC cases, the
energy cost is very high at the beginning of the walking and decreases after several steps; this is because, at
the first several steps, the ESC algorithm needs to iteratively update the supporting force and find the optimal
one, which leads to a bad walking performance and high energy cost. After several steps, the energy cost is
reduced, and the CEEC is better than the ESC; this is because the CEEC not only optimizes the supporting
force but also provides horizontal coordinated walking assistance by wheels.

Overall, considering the COM’s trajectory tracking performance and the energy cost, the CEEC is the best
approach for the HEW system to finish coordinated energy-efficient overground walking.
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Table 4. The MSE of four cases

Cases Description MSE

Baseline With no supporting force and no assistance from wheels 4.0841
CMP With only active assistance from wheels and no supporting force 0.0019
ESC With only supporting force and no assistance from wheels 1.4496
CEEC With both supporting force and assistance from wheels 0.0027

MSE: Mean squared error; CMP: CoordinatedMotion Planning; ESC: Extremum Seeking Control;
CEEC: Coordinated Energy-Efficient Control.
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Figure 11. The comparison of energy cost with different control strategies. CMP: Coordinated Motion Planning; ESC: Extremum Seeking
Control; CEEC: Coordinated Energy-Efficient Control.

4.2 Experimental results for the comparison of subjects with different masses
To validate the adaptive capacity of the CEEC algorithm in various scenarios, subjects with varying masses are
employed and different initial support forces for CEEC are given [Table 3]. As mentioned before, there are
eight gait cycles of each experiment; the hip and knee joint torques of the support leg were recorded with the
sampling frequency of 20 Hz for the CEEC algorithm.

The variation of the supporting force for different subjects and initial supporting force settings are shown in
Figure 12, and all support forces will be iteratively updated and converged to the optimal one after several
steps of walking. Note that for distinct subjects, the final optimal support forces vary and mainly depend on
the masses of the subject; this is because a bigger supporting force is needed for a heavier subject. So for the
heaviest subject (A3 and B3) with the mass of 80 kg, the required supporting force is much bigger than the
lightest subject (A1 and B1) with the mass of 40 kg.

The variation of the TCoT for different subjects and initial supporting force settings are shown in Figure 13. The
TCoT can be calculated with the Equations (4)-(6), where the joint torques for during the walking can be found
in Figure 14. Then, the support leg’s energy consumption in one gait cycle can be obtained by integrating the
power of hip and knee joints over the gait cycle; the stepping length is also obtained. Similar to the variation of
the supporting force, the TCoT for diverse subjects could converge to an almost constant value after three gait
cycles. Note that for the same subject, the TCoT converged to a closed value after several steps; this is because
the CEEC is an iterative updated algorithm and will tune the supporting force online; even with different
initial supporting force settings, the final optimal supporting force only depends on the subject’s masses in
these experiments.

The final converged supporting force and the improvement of the energy efficiency are shown in Table 5, where
the TCoT in the baseline case was chosen to be compared with the CEEC case. To confirm that these values are
optimal, the three control groups in Table 5 were selected to be compared with the optimal supporting force.
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Figure 12. The variation of the supporting force during walking.
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Figure 13. The value of the TCoT during walking. TCoT: Total cost of transport.

Table 5. The optimal supporting force and the improvement of the energy efficiency with the CEEC

Index Converged supporting force (N) Converged TCoT (J/m) TCoT of baseline (J/m) TCoT reduction

A1 & B1 487 130 309.4 58%
A2 & B2 579 181 454.7 60.90%
A3 & B3 682 245 638.7 61.60%

CEEC: Coordinated Energy-Efficient Control.

In the experiments, the different supporting forces were set for the support joint, whose values are selected in
the interval with the converged supporting force as the midpoint. The selected values of constant supporting
force and the comparison of the TCoT with the converged one are shown in Table 6. From Table 6, when the
converged supporting force was increased or decreased, the TCoT always increased. Looking at Equations (2)-
(4), it is intuitive that the elevation of the supporting force leads to the reduction of the energy cost. However,
if the supporting force is bigger than the optimal one, it may cause severe slippage in the human-exoskeleton
system. Despite the reduced energy cost, the TCoT also rises. When the supporting force is smaller than the
optimal one, the energy cost increases without slippage, similarly causing the TCoT to increase. As a result,
the converged supporting forces of the three control groups are optimal.

The optimal supporting force in the table is the average final converged value in Figure 12, and the optimal
TCoT is the average final converged value in Figure 13. Compared with the baseline, the CEEC reduced the
TCoT by 58%, 60.9% and 61.6%, respectively. In other words, the average improvement of the energy efficiency
can be calculated with these three values, i.e., 60.16%.
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Figure 14. The variation of the hip and knee joint torques during walking for different subjects.

Table 6. The comparison of the TCoT with different supporting forces

Index Supporting force (N) TCoT(J/m) TCoT elevation

687 161 23.80%
587 148 13.80%

A1 & B1 487 130 Baseline
387 165 26.90%
287 250 92.30%

779 210 16%
679 196 8.29%

A2 & B2 579 181 Baseline
479 231 27.62%
379 263 45.30%

882 290 18.37%
782 263 7.35%

A3 & B3 682 245 Baseline
582 309 26.12%
482 353 44.08%

TCoT: Total cost of transport.

The variations of the hip and knee joint torques in the experiments are shown in Figure 14. With the iterative
update of CEEC, the peak joint torques of both hip and knee joints in all scenarios are reduced significantly
after several steps of walking with increasing supporting force, which means the CEEC is an online real-time
optimization approach for the HEW system. Note that for different subjects and initial settings of the support-
ing force, the joint torques can be online optimized, and for subjects with varying masses, the required joint
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torques are distinct. For example, in Figure 14, the red solid curve with a lighter subject mass is smaller than
the black dashed curve with a heavier subject mass.

Overall, the experimental results indicate the CEEC approach proposed in this paper can realize the coordi-
nated energy-efficient walking assistance for the HEW system, resulting in a significant improvement. How-
ever, If you are only concerned with the COM tracking effect, CMP is the better approach. Methods can be
chosen according to the actual situation.

5. CONCLUSIONS AND FUTURE WORK
In this paper, a CEEC approach is proposed for theHEWsystem, which is based on the discrete-time extremum
seeking control and the coordinated motion planning strategies. The proposed approach could automatically
tune the supporting force in real time, and adaptive to different subjects, and drive the robotic walker to follow
the movement of the COM. Optimal supporting force and coordinated joint angles can be generated with
the proposed approach for the robotic walker to assist the human-exoskeleton systems in implementing high
energy-efficientwalking. In the future, the efficiency of themethod should be tested inmore different scenarios,
such as with varied gait patterns, and applied to the real HEW systems.
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