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Abstract
Effectively controlling active power-assist lower-limb exoskeletons in a human-in-the-loop manner poses a substantial chal-
lenge, demanding an approach that ensures wearer autonomy while seamlessly adapting to diverse wearer needs. This paper 
introduces a novel hierarchical control scheme comprising five integral components: intention recognition layer, dynamics 
feedforward layer, force distribution layer, feedback compensation layer, as well as sensors and actuators. The intention rec-
ognition layer predicts the wearer’s movement and enables wearer-dominant movement through integrated force and position 
sensors. The force distribution layer effectively resolves the statically indeterminate problem in the context of double-foot 
support, showcasing flexible control modes. The dynamics feedforward layer mitigates the effect of the exoskeleton itself 
on movement. Meanwhile, the feedback compensation layer provides reliable closed-loop control. This approach mitigates 
abrupt changes in joint torques during frequent transitions between swing and stance phases by decomposed dynamics. 
Validating this innovative hierarchical control scheme on a hydraulic exoskeleton platform through a series of experiments, 
the results demonstrate its capability to deliver assistance in various modes such as stepping, squatting, and jumping while 
adapting seamlessly to different terrains.

Keywords  Hierarchical control · Active power-assist · Exoskeleton robots · Dynamics feedforward · Force distribution · 
Feedback compensation

1 � . Introduction

Active power-assist exoskeleton robots are specialized wear-
able robots worn by humans that can enhance human physi-
cal capabilities. These exoskeletons seamlessly integrate 
human intelligence and agility with the high load-bearing 
capacity and powerful dynamics of robots. The coupled 
human–robot system empowers wearers with remarkable 
mobility and operational capabilities [1, 2]. The applications 
of such active assistive exoskeletons span various domains, 

including rehabilitation therapy, industrial production, and 
individual soldier devices, showcasing significant potential 
for widespread applications [3].

Exoskeletons are typically classified into three main cat-
egories based on the specific body parts they are designed 
to assist: full-body exoskeletons, upper-limb exoskeletons, 
and lower-limb exoskeletons [4]. There are several reasons 
why lower-limb exoskeletons hold a more important role 
in comparison. First, the lower-limb exoskeletons bear the 
majority of the body's weight and are critical to mobility. 
Second, lower-limb exoskeletons can play an important role 
in rehabilitation efforts for those who have difficulty walk-
ing or recovering from injuries. By focusing on lower limb 
assistance, exoskeletons can directly address issues related 
to mobility impairments and enhance an individual's athleti-
cism [5]. The human lower limb consists of three primary 
joints, namely the ankle joint, knee joint, and hip joint. In 
the robotics community, the Degrees of Freedom (DoF) of 
the lower limb are often simplified to seven DoFs, with three 
in the hip joint, one in the knee joint, and three in the ankle 
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joint. Lower limb exoskeletons are currently a hot topic of 
research [3].

Pre-programming techniques have found widespread 
application in rehabilitation training exoskeletons. These 
methodologies involve the collection of gait trajectories 
from normal walking, which are then utilized to establish a 
gait database [6]. Subsequently, the gathered trajectories can 
be employed for passive rehabilitation training for patients 
who have either completely or partially lost their lower limb 
mobility [7]. Some researchers have incorporated concepts 
from the field of legged robotics, such as Capture Point (CP), 
Divergent Component of Motion (DCM), and Zero-Moment 
Point (ZMP), to enhance the balance restoration capabili-
ties of exoskeletons [8]. However, this approach fails to 
align seamlessly with the natural movement patterns of the 
healthy wearers and may even introduce issues conflicting 
with human motion [9].

Achieving human–machine coupling assistance perfectly 
with human movement poses a significant challenge faced 
by exoskeleton control [10]. The difficulty arises from the 
fact that the motion of individuals is inherently variable and 
difficult to predict, influenced by factors such as the unique 
characteristics of different wearers, diverse terrains, and the 
varying trajectories associated with different actions. Gait 
recognition and phase identification technologies [11–13] 
aim to categorize human gait into different patterns such 
as walking, running, ascending or descending stairs, etc. 
Subsequently, the information further segments a gait cycle 
into phases such as swing initiation, swing termination, and 
support initiation.

The collection and decoding of physiological signals con-
stitute commonly employed methods for perceiving human 
movement intentions. The bioelectric signal sources mainly 
include Surface ElectroMyoGraphy (sEMG) and Electro-
EncephaloGraphy (EEG) [14]. sEMG, characterized by its 
simplicity, timeliness, and fidelity, has been widely applied 
for recognition in the field of lower limb exoskeleton robots 
[15]. EEG-based recognition methods utilize scalp elec-
trodes placed close to the motor cortex functional areas of 
the brain, which can collect EEG containing specific thought 
activities when the brain is conceiving a motor plan. Decod-
ing these signals allows for the recognition of specific move-
ment intentions [16]. Compared to the single utilization of 
EEG or sEMG, the integration of these two physiological 
signals through data fusion may predict a more compre-
hensive human motion intent [17]. Subsequently, Kalman 
filters, Bayesian fusion, and other multimodal signal fusion 
technologies integrate these two physiological signals into 
controllers [18, 19]. [20] proposed a novel hierarchical 
control used sEMG-based intention estimation, mid-level 
strength regulation, and low-level actuator. The effectiveness 
of the exoskeleton assistance has been validated via shoul-
der joint elevation experiments. However, these methods are 

susceptible to factors such as electrode–skin contact imped-
ance, electrode placement, interference from surrounding 
muscle signals, and muscle or brain fatigue. This inevitably 
requires frequent calibration and can also cause inconven-
ience when arranging electrode wires on the human body 
[21].

To tackle this problem, an effective approach relies on 
human–machine interaction data, specifically Ground Reac-
tion Forces (GRFs), human joint trajectories, interaction 
forces, IMU, and other non-bioelectric signals [22]. Never-
theless, these methods encounter notable limitations, such 
as time delays, which consequently influence the latency in 
assistive control. Human-exoskeleton (H.-E.) collaborative 
control strategies, such as hybrid impedance control, adap-
tive impedance control, hybrid impedance-sliding mode con-
trol, and neural learning impedance control, ensure safety 
and comfort [23–27].

However, the model-based control methods face chal-
lenges in adapting to changes in payload and external envi-
ronments. Likewise, trajectory tracking methods, even with 
sophisticated impedance control techniques, prove inade-
quate for significant wearer-induced changes in multimodal 
locomotion, such as walking, squatting, and jumping. [28] 
developed a mid-level controller that considers the dynamics 
of the exoskeleton and external loads. The controller has the 
potential to adapt to multimodal motions and various exter-
nal loads, provided that long-term experiments are carried 
out. However, the vibration of the exoskeleton during experi-
ments poses a potential risk of injuries to the wearer, par-
ticularly among vulnerable populations such as women and 
the elderly, especially in the case of hydraulic exoskeletons.

In response to these challenges, this paper introduces 
a novel control framework for power-assistant exoskel-
eton robots, encompassing an intention recognition layer, 
a dynamics feedforward layer, a force distribution layer, a 
feedback compensation layer, along with sensors and actua-
tors. A series of the experiments have been carried out and 
the results of data analysis demonstrate the performance of 
the proposed active power-assist exoskeletons.

The innovative contributions of this work can be sum-
marized as follows:

•	 The proposed hierarchical control architecture eliminates 
the necessity of depending on unreliable physiological 
signals feedback from the wearer. Instead, it accurately 
perceives the wearer's motion intentions through feed-
back from force and position sensors integrated into the 
exoskeleton.

•	 Leveraging decomposed single-leg dynamics and back-
pack dynamics, joint torque calculations are based on 
exoskeleton inertia and contact force measurements. This 
mitigates abrupt changes in joint torques caused by fre-
quent transitions between swing and stance phases.
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•	 The force distribution layer effectively addresses the stat-
ically indeterminate problem in the case of double-foot 
support.

•	 The independence of each component within the hierar-
chical control architecture facilitates seamless transitions 
between no-powered mode, follow-up mode, and active 
assistance mode for the exoskeletons.

The remainder of this paper is organized as follows: 
Sect. 2 provides an in-depth exploration of the overall hierar-
chical control architecture, delineating the various layers and 
their functionalities. Following this, Sect. 3 delves into the 
detailed implementation processes of each layer, focusing on 
the intent perception, dynamic feedforward, force distribu-
tion, feedback compensation layers, sensors and actuators. 
Section 4 presents the experimental setup, methodologies, 
and a thorough analysis of the obtained results. Finally, the 
paper concludes with a comprehensive summary of the pro-
posed control scheme and future work.

2 � Overall Architecture

The exoskeleton architecture of the H.-E. coupling system is 
illustrated in Fig. 1. There are two controllers in this H.-E. 
coupled system, one is the human brain and the other is 
the controller of the exoskeleton robot. The human brain 
functions as a sensory input processor, utilizing mechanisms 
such as the cochlea/inner ear, vision, and touch to perceive 
the body's movements. It generates nerve impulses that drive 
muscles towards desired states. Simultaneously, the exoskel-
eton robot assumes the role of assisting the human body. Ini-
tiating the H.-E. coupling mechanism, a kinematic relation-
ship with the human body is established. Subsequently, the 
integrated sensing system mounted on the exoskeleton col-
lects motion data and interface forces exerted by the wearer. 

These signals are substituted into the equation of motion of 
the human dynamic model to calculate the required forces 
(which is defined as the intention recognition). The resulting 
torques, multiplied by an assistive factor, are applied to the 
corresponding joints to mitigate the joint torque contribution 
from the human body.

Figure 2 illustrates a H.-E. hierarchical control scheme 
proposed in this paper for active power-assist exoskeletons.

The scheme comprises five integral components: inten-
tion recognition layer, dynamics feedforward layer, feedback 
compensation layer, force distribution layer, as well as sen-
sors and actuators. The intention recognition layer is tasked 
with acquiring pertinent human motion information from an 
array of sensors and subsequently outputting the expected 
H.-E. interface forces. The dynamics feedforward layer 
retrieves the exoskeleton motion data from proprioceptors, 
generating feedforward joint torques for the exoskeleton’s 
swing leg and support forces for the backpack. The feed-
back compensation layer differentiates between the expected 
H.-E. foot-end and torso interface forces, as obtained from 
the intention recognition layer, and the actual H.-E. inter-
face forces measured by the sensors. It applies Proportional 
Integral Derivative (PID) regulation based on the deviation 
signal.

Subsequently, the force distribution layer seeks to sum 
up to torso compensation forces provided by the feedback 
compensation layer and the required backpack support forces 
from the dynamics feedforward layer. Referencing the target 
H.-E. interface forces, as derived from the intention percep-
tion layer, the resultant forces are distributed to the target 
support forces for each hip joint. The target support forces 
for both left and right hips, in conjunction with foot-end 
compensation forces, are then translated into joint torques 
for the exoskeleton.

The control loop responsible for governing these tor-
ques undergoes switching based on contact states, ensuring 

Fig. 1   The exoskeleton archi-
tecture represents the coupling 
system between the exoskeleton 
and the wearer. The connection 
is established through coupling 
points located at the backpack-
torso junction and the foot-end, 
providing dynamic assistance to 
the wearer
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seamless transitions between various modes of operation. 
Through the summation of feedforward torques, the exoskel-
eton's joint torque commands are executed with precision by 
the hydraulic drive units, thereby guaranteeing robust and 
responsive assistance to the wearer.

3 �  Hierarchical Control Scheme Details

3.1 � Intention Recognition Layer

According to the Adaptive Model Theory (AMT) proposed 
by Neilson [29], the human brain pre-plans limb motion tra-
jectories according to action intentions. These trajectories 
are then translated by the central nervous system's dynamic 
model into a sequence of nerve pulses that control each 
muscle group in real-time. AMT's fundamental assump-
tion is that the neural system can adaptively remember and 
simulate the inverse dynamic characteristics of the human 
body. Based on this set of neural networks that have been 
repeatedly trained and corrected, the human brain can con-
vert the expected limb motion trajectory into a neural pulse 
sequence that controls the coordinated movement of each 
muscle group. Through a set of neural networks that have 
undergone repeated training and correction, the brain can 
convert anticipated limb motion trajectories into neural 
pulse sequences that coordinate each muscle group's move-
ment. With extended training and reinforcement, the control 
accuracy of the brain progressively enhances, facilitating the 
execution of more precise and refined movements. Research 
demonstrates that AMT reliably simulates human motion.

Inspired by the AMT, we introduce a method for deduc-
ing human motion intentions in reverse by utilizing a human 
inverse dynamics model. This approach entails establishing 
a normalized inverse dynamics model of the human body, 
which can be used to solve the torque of each human joint 
by substituting the posture information and joint motion 
information. The joint torques provide an accurate, real-
time reflection of the body’s motion tendencies. We have 
comprehensively discussed this research work in our previ-
ous paper [3].

3.2 � Dynamics Feedforward Layer

The establishment of an inverse dynamics model for the exo-
skeleton’s leg aims to acquire the torques TE,hip and TE,knee 
required at the hip and knee joints during the swing motion, 
as well as the forces FE,hipx and FE,hipz exerted by the swing 
leg on the exoskeleton's hip joint. The origin of the coordi-
nate system for the single leg is set at the intersection of the 
thigh axis and the hip joint flexion–extension axis, with the 
direction of the coordinate axes as depicted in Fig. 3. 

During leg swinging, the hydraulic cylinder on the thigh 
undergoes only small-scale rotation, and its mass is rela-
tively small. Therefore, the motion of the hydraulic cylinder 
and piston rod is ignored. A high-stiffness elastic constraint 
is applied to the ankle joint, which remains essentially rela-
tively stationary during the swing phase, allowing the foot 
and lower leg to be treated as a single link. This simplifica-
tion results in a two-link pendulum swing model, with the 
mass of the thigh component denoted as mET , its moment of 
inertia about the Center of Mass (CoM) as IET , the mass of 

Fig. 2   H.-E. hierarchical control scheme for active power-assist exo-
skeletons. The red curved boxes outline each layer of the hierarchical 
control scheme, while the blue solid lines represent the transmission 

of variable information, and the blue dashed lines indicate finite state 
transitions (E. for exoskeleton, H. for human, B.P. for backpack, L for 
left, R for right)
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the lower leg component as mES , and its moment of inertia 
as IES . The distance from the thigh’s CoM to the hip joint is 
denoted as lECT , the length of the thigh as lET , and the dis-
tance from the CoM of the lower leg to the knee joint as lECS.

Given that the hip joint moves with the body, the inverse 
dynamics model of the swing leg can be regarded as a pla-
nar two-link mechanism with a floating base. In this work, 
Lagrangian mechanics is adopted for modeling, following a 
process similar to that of human single-leg inverse dynam-
ics, which is presented in [10]. The main difference lies in 
calculating the terms FE,hipx and FE,hipz . Using the Lagrange 
approach, we have:

where Kleg and Pleg represent the kinetic and potential ener-
gies of a single leg, respectively. It's important to note that 
we didn't make a deliberate distinction between the swing 
phase and stance phase here. In reality, the difference 
between the swing phase and stance phase lies solely in the 
presence or absence of GRFs at the foot-end. In the inverse 
dynamic equations of the rigid body system, each compo-
nent of joint torque satisfies the principle of linear superposi-
tion. Consequently, the aforementioned process yields joint 
torques and hip joint forces without considering the GRFs.

Assuming the position of the center of mass (CoM) 
in the backpack coordinate system is denoted as 
PCB = {xCB, yCB, zCB} . with the coordinates of the left 
and right hip joints denoted as PLK = {0, yLK , 0} and 

(1)

⎧⎪⎨⎪⎩

FE,hipx =
d

dt

�
𝜕(Kleg−Pleg)

𝜕ẋleg

�
−

𝜕(Kleg−Pleg)

𝜕xleg

FE,hipz =
d

dt

�
𝜕(Kleg−Pleg)

𝜕żleg

�
−

𝜕(Kleg−Pleg)

𝜕zleg

PRK = {0, yRK , 0} , respectively. Thereby, we can deter-
mine the resulting force required to maintain the posture 
and movement of the exoskeleton backpack, which can be 
expressed as follows:

The required torque around y-axis can be expressed as:

3.3 � Force Distribution Layer

The exoskeleton’s backpack dynamic feedforward provides 
the forces required to maintain the exoskeleton's posture and 
movement. These feedforward forces, combined with the 
corrective forces for the backpack, yield the total forces that 
the backpack should receive from the exoskeleton's legs. The 
exoskeleton's two legs simultaneously support the backpack 
causing an issue of over-determination, making it impos-
sible to determine the individual forces applied by the left 
and right legs of the exoskeleton. To address this problem, 
a force distribution approach is designed. The distribution 
approach is to match the expected resultant force from both 
legs as closely as possible while satisfying the constraint of 
physical laws.

Starting with an analysis of the influence on backpack 
posture, the forces exerted by the legs on both sides in the 
z-direction cause a roll torque on the backpack, while forces 
in the x-direction induce yaw torque, and y-torque controls 

(2)
{

FE,backx = −mBẍB + FE,Lhipx + FE,Rhipx

FE,backz = −mBz̈B + FE,Lhipz + FE,Rhipz

(3)
TE,backy = IB𝜃̈By − mBẍBzCB + mBz̈BxCB + TE,Lhipy + TE,Rhipy

Fig. 3   Simplified 5-link model 
and floating-based backpack of 
the exoskeleton robot
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the pitch of the backpack. Since the backpack is connected 
to the human torso, adjustments to the human body's posture 
simultaneously affect the posture of the exoskeleton back-
pack. Secondly, it is crucial to avoid opposition between the 
exoskeleton's output and the human body. Specifically, the 
direction of the force distributed to each stance leg should 
align with the direction of the force applied by the human 
leg. Additionally, abrupt changes in leg target forces during 
the stance/swing phase transition should be avoided. For 
instance, when one leg switches from the stance phase to 
the swing phase, if it continues to bear support forces, the 
wearer will be unable to lift their leg. Therefore, foot force 
distribution also needs to coordinate with the human gait. 
Finally, the horizontal force carried out on the stance foot-
end is provided by ground friction, and the magnitude of 
the horizontal force should be limited to prevent slipping. 
In summary, the following foot-end force distribution prin-
ciples are proposed: (1) The combined forces from both legs 
should align with the required total forces as closely as pos-
sible; (2) Force should only be distributed to the leg whose 
force direction aligns with that of the human leg; (3) The 
ZMP in the x and z directions should align with the zero 
torque points of the leg's force on the torso; (4) Considera-
tion of the frictional force limit when calculating the torques 
about the y-axis.

During walking, the backpack is primarily influenced by 
gravitational acceleration, resulting in a need for signifi-
cant support force in the z-direction, while the x-direction 
experiences mainly forward acceleration, making it rela-
tively smaller. Therefore, priority is given to ensuring force 
distribution in the z-direction. The direction of the force is 
assessed first: when the force of the left leg FH,Lhipz is in 
the same direction as Fsumz , while the force of the right leg 
FH,Rhipz is in the opposite direction as Fsumz , the total forces 
are distributed to the left leg:

On the contrary, when the direction of the FH,Lhipz is 
opposite to Fsumz , while the FH,Rhipz and Fsumz are in the same 
direction, distributed the total forces to the right leg:

Conversely, when both FH,Lhipz , FH,Rhipz and Fsumz align 
with opposite directions, it indicates a conflict between the 
support force required by the exoskeleton backpack and that 
required by the human body. To avoid internal force antago-
nism between the exoskeleton and the wearer, both leg forces 
are assigned a value of zero. When both FH,Lhipz , FH,Rhipz and 
Fsumz align in the same direction, following the coincidence 

(4)
{

Fa,Lhipz = Fsumz

Fa,Rhipz = 0

(5)
{

Fa,Lhipz = 0

Fa,Rhipz = Fsumz

of the zero torque points for the exoskeleton and the human, 
as illustrated in Fig. 4.

With

Thereby

To validate the effectiveness of foot force distribution, 
assuming {FH,Lhipz, FH,Rhipz} ∈ [−100, 100] , Fsumx ≡ 100 . 
the z-direction force of the left leg is plotted, as depicted in 
Fig. 5. It can be observed that Fa,Lhipz occurs a discontinuity 
between 0 and 100Nm when FH,Rhipz < 0 and FH,Lhipz ⇒ 0 , 
resulting in severe trembling in the implementation. To pre-
vent abrupt changes caused by such scenarios, the ampli-
tude of Fa,Lhipz is artificially limited with Fa,Lhipz < kFH,Lhipz , 
achieving a smooth transition at the boundary. The alloca-
tion results shown in Fig. 5 are obtained with k=3.

The pitch torque is primarily induced by the offset 
between the exoskeleton backpack's CoM and the human 
body's CoM. The main consideration in pitch torque distri-
bution is to prevent slippage at the foot-end. The maximum 
static frictional force that the exoskeleton can provide is 
denoted as:

where � is the friction coefficient, FN is the normal forces 
on the exoskeleton’s foot-end. The normal forces on the exo-
skeleton foot-end are approximately equal to the sum of the 
human foot-end forces and the z-direction force distributed 
to one side of the exoskeleton leg. Taking the left foot-end 

(6)

⎧⎪⎨⎪⎩

FH,Lhipz(d − Δy) = FH,Rhipz(d − Δy)

Fa,Lhipz(d − Δy) = Fa,Lhipz(d − Δy)

Fa,Lhipz + Fa,Rhipz = Fsumz

(7)

⎧⎪⎪⎨⎪⎪⎩

Fa,Lhipz=
FH,Lhipz

FH,Lhipz + FH,Rhipz

Fsumz

Fa,Rhipz=
FH,Rhipz

FH,Lhipz + FH,Rhipz

Fsumz

(8)Fmax = �FN

Fig. 4   ZMP of the GRFs with double support feet
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as an example, FNL=Ff ,Lhipz + Fa,Lhipz . Because the friction 
coefficient of the foot-end is unknown. To ensure both feet 
have a considerable frictional force margin, the distribution 
is based on the ratio of normal forces on the left and right 
foot-end, which yields:

From Fig. 5, it can be observed that when the force FH,hipz 
exerted by one side of the human leg approaches zero, both 
Fa,hipz and �a,hipy tend towards zero. Consequently, the target 
load on the exoskeleton leg decreases to zero before transi-
tioning from the stance to the swing phase. This naturally 
initiates the swing state. The force distribution method in the 
x-direction is consistent with that in the z-direction.

3.4 � Feedback Compensation Layer

The active assistance for the swing leg is aimed at reducing 
the energy expenditure for the wearer during leg lifting and 

(9)

{
�a,Lhipy=

FNL

FNL+FNR

�sumy

�a,Rhipy=
FNR

FNL+FNR

�sumy

swinging. The leg is suspended on the torso through the 
hip joint. The gravitational and inertial forces acting on the 
swing leg are borne by the torso. The loads resulting from 
the leg's links are transmitted upward along the leg, sequen-
tially inducing forces and torques at the ankle, knee, and hip 
joints. Therefore, establishing a force transmission pathway 
from the foot-end to the hip joint can enable assistance for 
the swing leg.

Most actively assisted exoskeletons directly couple the 
actuation joints in parallel with the corresponding joints on 
the human body to provide joint torque assistance. In con-
trast, this paper proposes a feedback compensation assis-
tance approach that differs from parallel actuation, specifi-
cally targeting only the foot-end as the sole coupling point 
between the human leg and the exoskeleton. This method 
assists the wearer in lifting and swinging the leg by lifting 
the foot. The force analysis of the human-in-the-loop exo-
skeleton robot is depicted in Fig. 6.

Because the H.-E. coupling mechanism ensures a unique 
motion mapping relationship between the human and exo-
skeleton, even in situations where the human is completely 
passive, the exoskeleton robot can still guide the human's 

Fig. 5   Effect of foot force 
distribution

a) Without boundary smoothing b) With boundary smoothing

, NmH LhipzF
,

N
m

a
Lh

ip
z

F
, NmH RhipzF , NmH LhipzF, NmH RhipzF

,
N

m
a
Lh

ip
z

F

Fig. 6   The force analysis of the human-in-the-loop exoskeleton robot
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foot to achieve arbitrary leg lifting and swinging motions. 
This implies that the assistance method can effectively 
substitute or partially substitute for the function of human 
muscles. Separating the feedback compensation control loop 
of the swing phase from the overall architecture yields the 
structure depicted in Fig. 7.

In implementation, the torques at each joint obtained from 
the intention recognition layer is first multiplied by the assis-
tance coefficient � and then mapped to an equivalent foot 
contact force. By establishing a force balance equation based 
on the leg configuration, the target GRFs at the foot-end are 
derived as follows:

The individual components of the target GRFs are com-
pared with the corresponding components of the meas-
ured GRFs. The deviations are rectified using a PID con-
trol approach. Since each component is independent, and 
the forward channel transfer functions differ, distinct PID 
parameters GFx , GFz and G�y are applied for feedback cor-
rection in the x, z directions contact forces and y direction 
torque, respectively. The output of the PID control is the 
correction amount for the foot contact force, which needs 
to be converted into control inputs for each joint of the exo-
skeleton to control its motion. Based on the exoskeleton leg 
configuration, the corrective torques for each joint of the 
exoskeleton can be obtained as follows:

(10)

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

Fa,footx = �
�H,knee − �H,ankle

lS

�a,footy = ��H,ankle

Fa,footz = �
lS(�H,hip − �H,ankle) − (�H,knee − �H,ankle)(lS + lT cos �H,knee)

lT sin �H,knee

(11)

⎧⎪⎨⎪⎩

Δ�ankle = Δ�y

Δ�knee = Δ�y + ΔFx

Δ�hip = Δ�y + ΔFx(lS + lT cos �E,knee) + ΔFzlT sin �E,knee)

The corrective torques, when superimposed with the feed-
forward torques from the exoskeleton single-leg dynamics, 
result in the target command torques for the exoskeleton 
joints:

This work does not incorporate an actuated unit at the 
ankle joint. Instead, it is configured as a passive elastic joint. 
Consequently, it cannot be guaranteed that the actual out-
put torque of the exoskeleton's ankle joint will match the 
required torque. In such instances, the residual torques must 
be borne by the human body.

In the feedback compensation layer of the swing leg, the 
foot-end GRFs can dynamically adjust the joint torques in 
real-time based on deviations, suppressing disturbances 
caused by factors such as exoskeleton dynamics feedfor-
ward errors, joint torque servo errors, and joint friction. This 
ensures the accurate realization of the target contact force, 
thereby guaranteeing the effectiveness of active assistance.

The role of the stance phase is to support the torso of the 
exoskeleton and the wearer, as well as adjust its posture. 
From the perspective of mechanical principles, the stance 
leg establishes a force transmission pathway from the torso 
to the ground. The load during the stance phase is primar-
ily caused by the torso. Therefore, establishing a bypass for 
force transmission from the torso to the ground allows for 
assistance to the support leg. In this study, the exoskeleton's 
torso is rigidly attached to the human torso. The exoskeleton 
lifts the human torso through straps on the exoskeleton's 
backpack, thereby reducing the load on the human’s sup-
port leg. The control logic for the stance phase is as follows: 
referencing the forces exerted by the human leg on the torso 
through the hip joints, the exoskeleton applies proportionate 
forces to the human torso through the backpack, as illus-
trated in Fig. 6 d).

(12)
{

�a,hip = �E,hip + Δ�hip
�a,knee = �E,knee + Δ�knee

Fig. 7   Feedback compensation diagram of the swing leg
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Separating the feedback compensation control loop of the 
stance phase from the overall architecture yields the struc-
ture depicted in Fig. 8.

The resultant force exerted on the torso can be directly 
obtained by summing the forces from both the left and right 
legs. Multiplying an assistance coefficient yields the target 
backpack forces applied to the human body:

Discrepancies between the components of the measured 
backpack force and those of the target backpack force are 
corrected using a PID control method. The corrective forces 
are carried out via feedback correction coefficients. The 
coefficients in the x and z directions, as well as the y-direc-
tion torque, are denoted as GFbx , GFbz and G�by , respectively:

These corrective forces are integrated with the 
exoskeleton backpack's feedforward forces. Subse-
quently, the target support forces acting on the exoskel-
eton's hip joints Fa,Lhip = {Fa,Lhipx, Fa,Lhipz, �a,Lhipy} and 
Fa,Rhip = {Fa,Rhipx, Fa,Rhipz, �a,Rhipy} are determined through 
the proposed force distribution. These target support forces 
are then translated into the joint torques for the exoskeleton’s 

(13)

⎧
⎪⎨⎪⎩

�a,backy = �(�H,Lhip + �H,Rhip)

Fa,backx = �(FH,Lhipx + FH,Rhipx)

Fa,backz = �(FH,Lhipz + FH,Rhipz)

(14)

⎧⎪⎨⎪⎩

Δ�backy = G�by(�H,backy − �f ,backy)

ΔFbackx = GFbx(FH,backx − Ff ,backx)

ΔFbackz = GFbz(FH,backz − Ff ,backz)

leg, yielding the target torques for each joint during the sup-
port phase, as illustrated in Fig. 6.

Considering the configuration of the exoskeleton’s leg, we 
treat the exoskeleton foot as rigidly connected to the ground. 
The target joint torques for the left legs are as follows:

The right leg joint torques are as follows:

3.5 � Sensors and Actuators

The exoskeleton scheme integrates multi-level sensor data, 
physical model, and functional requirements. These coupled 
factors are integrated into a control system, which not only 
realizes local autonomy, but also integrates to realize the 
expression of the overall function, while avoiding one thing 
and the other contradictions.

(15)

⎧

⎪

⎪

⎨

⎪

⎪

⎩

�a,Lhip= − �a,Lhipy�a,Lknee=�a,Lhip + Fa,LhipxlET cos �E,Lhip
− Fa,LhipzlET sin �E,Lhip�a,Lankle=�a,Lknee
+ Fa,LhipxlES cos(�E,Lknee − �E,Lhip)

+ Fa,LhipzlESsin(�E,Lknee − �E,Lhip)

(16)

⎧

⎪

⎪

⎨

⎪

⎪

⎩

�a,Rhip= − �a,Rhipy�a,Rknee=�a,Rhip + Fa,RhipxlET cos �E,Rhip
− Fa,RhipzlET sin �E,Rhip�a,Rankle=�a,Rknee
+ Fa,RhipxlES cos(�E,Rknee − �E,Rhip)

+ Fa,RhipzlESsin(�E,Rknee − �E,Rhip)

Fig. 8   Feedback compensation diagram of the support leg. The blue solid lines represent the transmission of variable information, and the blue 
dashed lines indicate finite state transitions
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The sensor system integrated into the exoskeleton serves 
two primary purposes: firstly, to capture the motion informa-
tion of the exoskeleton itself for dynamics feedforward and 
joint feedback control; secondly, through a H.-E. informa-
tion coupling, to indirectly acquire information about human 
body locomotion. Additionally, it monitors H.-E. interac-
tion forces information for the perception of human motion 
intentions and feedback control of H.-E. contact forces. The 
installation locations of these sensors within the exoskeleton 
are illustrated in [3, 10].

In this work, custom-designed integrated hydraulic drive 
units are employed, as depicted in Fig. 9. It utilizes pressure-
flow (P–Q) valve-controlled asymmetric hydraulic cylinders 
as the actuators [30]. A force sensor is integrated at each 
piston rod end for force feedback, while parallelly arranged 
resistive linear displacement sensors measure the piston 
rod's displacement. Pressure sensors are used to acquire 
pressure in the two chambers. The rated pressure of the 
hydraulic cylinder is 18 MPa.

4 � Experimental Results

Based on the requirements of the hierarchical control scheme 
and the joint torque servo control, several key indicators 
have been proposed for the control system: (1) a high sam-
pling frequency to reduce the delay of intention recognition, 
(2) high computational performance to support real-time 
solvers and closed-loop controllers, and (3) high reliabil-
ity to prevent system failures that could injure the wearers. 
In this work, a valve-controlled hydraulic servo system is 
utilized to achieve high-bandwidth force control, enabling 
force closed-loop control. The controller employs a high-
performance PLC with a PC core that implements a 1kHz 
signal sampling, feedforward, and feedback loop. It allows 

the system to respond to force signals and reduces prediction 
distortion caused by sampling delays.

The hardware architecture of the hydraulic exoskeleton 
is depicted in Fig. 10.

An integrated overall hardware architecture is adopted in 
this work, with a high-performance and reliable industrial 
controller serving as the main controller. A/D conversion 
modules collect information on joint-driven hydraulic cyl-
inder forces, displacements, pressures in both chambers, and 
contact forces. D/A conversion modules are used to control 
hydraulic valves. Serial communication is employed for the 
collection of IMU data, as well as for connecting with servo 
drives to control the motor speed and torque of the hydraulic 
power unit.

We demonstrate various experiments on a hydraulic exo-
skeleton to validate the advantages of the hierarchical con-
trol architecture we proposed. The wearer wore the exoskele-
ton and performed three distinct locomotion tasks: stepping, 
squatting, and jumping. For each movement mode, the exo-
skeleton was sequentially set to three modes: non-powered, 
follow-up, and active assistance, while experimental data 
was recorded. In the non-powered mode, the target torque 
of each driven joint of the exoskeleton was zero, and all the 
forces required for the exoskeleton's movement were borne 
by the human. In the follow-up mode, the exoskeleton acti-
vated dynamic feedforward and feedback compensation, and 
the target value of the H.-E. contact forces were set to zero. 
This meant that the exoskeleton always followed the human 
body's motion and tried to keep the contact force between 
the human and exoskeleton zero through servo control. In 
the active assistance mode, the exoskeleton activated inten-
tion recognition, predicted the joint torque required by the 
human, and applied forces to the wearer to reduce the wear-
er's load. In the experiment, the assistance coefficient was 
set to a value of 0.25. Even if there were significant errors in 
perceiving the motion intention, the wearer could overcome 
the resistance of the exoskeleton and continue moving, thus 
ensuring the wearer's safety.

The wearer weighed approximately 77 kg, while the exo-
skeleton had a weight of about 45 kg. The exoskeleton was 
connected to the human body only at the torso and the left 
and right foot ends. For analytical convenience, the back-
pack contact force was transferred to the hip joint, and the 
foot-end contact forces were transferred to the ankle joints. 
These forces were then projected onto the world coordinate 
system, as illustrated in Fig. 11. The recorded forces include 
the backpack contact force FBz , left foot-end contact force 
FLFz , and right foot-end contact force FRFz.

The experimental results for non-powered, follow-up, and 
active assistance during stepping, squatting, and jumping are 
depicted in Fig. 12.

In the case of the stepping task, the backpack force FBz 
profile indicates that the exoskeleton exerts a negative 

Fig. 9   Integration hydraulic driven unit for exoskeletons. The pres-
sure sensors are employed to acquire pressure data from both cham-
bers of the hydraulic cylinder. The linear bearing serves to prevent the 
rotation of the piston rod, thus preventing the failure of the displace-
ment sensors. Additionally, the joint bearing helps prevent the piston 
rod from bearing radial forces that could lead to seal failure
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force of approximately − 410.4 N on the wearer's torso 
during non-powered mode. This suggests that the major-
ity of the exoskeleton's weight is pressing on the wearer's 
torso, while a portion of the leg weight is transmitted to the 
ground through the foot-end. The left and right foot-ends 
contact forces FLFz and FRFz exhibit complementary patterns 

synchronized with the stepping rhythm, with an average total 
foot force FLFz+FRFz of approximately 1228.9 N, slightly less 
than the sum of the gravitational forces of the wearer and the 
exoskeleton. During the leg-raising phase, the exoskeleton 
applies a negative force of about – 80 N on the swing leg. 
In the follow-up mode, the amplitude of FBz immediately 

Fig. 10   The hardware archi-
tecture of the hydraulic active 
power-assist exoskeleton robot. 
The dashed box represents 
various components of the exo-
skeleton, each of which includes 
corresponding sensors, valves, 
input/output interfaces, etc.

Fig. 11   Exoskeleton non-
powered, follow-up, and active 
assistance experiments

BzF

LFzF

RFzF
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decreases, with an average value of approximately -58.3N. 
The total foot force FLFz+FRFz decreases to around 828.3N, 
and the mean swing phase foot contact force approaches 
0N. This phenomenon suggests that the exoskeleton's active 
joints bear most of its own weight, and any residual force 
on the wearer may be attributed to factors such as errors in 
the H.-E. contact force closed-loop control. In the active 
assistance mode, the backpack force changes from negative 
to positive, reaching 111.5 N, indicating that the exoskeleton 
is lifting the wearer. The total foot force further decreases 

to around 640.2 N, below the gravitational force acting on 
the human body.

During the squatting experiments, the force profiles 
exhibit similar mean values to those observed during step-
ping. Due to the absence of fluctuations caused by the stance 
and swing phase switch, the backpack force and foot force 
curves show smaller variations. In the non-powered mode, 
the mean backpack force FBz is − 391.6 N, and the mean total 
foot force FLFz+FRFz is 1184.9 N. In the follow-up mode, the 
mean backpack force is around − 20.5 N, and the mean total 
foot force FLFz+FRFz decreases to approximately 790.5 N. In 

Fig. 12   Non-powered, follow-
up, and active assistance results 
during stepping, squatting, and 
jumping. Shown are the three 
different locomotion tasks of 
stepping (top row), squatting 
(middle row), and jumping (bot-
tom row)
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the active assistance mode, the backpack force changes from 
negative to positive, with a mean value of 142.2 N, and the 
total foot force further decreases to 613.7 N.

The force profiles recorded during the jumping experi-
ments are illustrated in the bottom row of Fig. 12. During 
take-off, significant vertical acceleration leads to substantial 
loads on both the backpack and foot contacts. After takeoff, 
both legs are in free fall through the air, and the backpack 
and foot contact forces rapidly converge to zero. Upon land-
ing, a substantial impact causes the peak foot contact force 
to far exceed the mean value. In the non-powered mode, 
the mean backpack force is − 370.6 N, with a peak near 
− 852.2 N, and the mean total foot force is 1163.8 N, with 
a peak of 2263 N, almost twice the mean. This indicates a 
significant impact on the human torso, resulting in the body 
bearing a load much higher than its weight. In the follow-up 
mode, the mean backpack force is − 1.6N, and the mean 
total foot force decreases to 771.6 N, with a peak of 1676N. 
In the active assistance mode, the backpack force changes 
from negative to positive, with a mean of 166.5 N, and the 
mean total foot force further decreases to 587.5 N, with a 
peak reduced to 1370 N, significantly lower than the 2263 N 
observed in the non-powered mode.

The data from three different locomotion experiments 
reveal consistent assistant performance in the exoskeleton, 
indicating that the proposed hierarchical control scheme 

is applicable to the complex and varied locomotion of the 
human body.

To quantitatively analyze the effectiveness of the exoskel-
eton, the concept of angular impulse is introduced. angular 
impulse measures the cumulative effect of torque on a joint 
over time. In this paper, the angular impulse is defined as the 
integral of the assisting torque.

 
The statistical results of the angular impulse AM for the 

assisting torque are presented in Table 1. From the data, it 
can be observed that, across all three motion modes, each 
joint (hip and knee) of the right and left legs for the five 
wearers obtained positive values for the angular impulse. 
This indicates that the exoskeleton provided positive assist-
ing angular impulse for wearers in various locomotion.

Additionally, comprehensive terrain tests were carried out 
on the exoskeleton, encompassing rough terrains, ascend-
ing and descending stairs, and overcoming obstacles. The 
staircase steps had an approximate height of 150 mm, while 
the obstacles were around 500 mm in height, as shown in 
Fig. 13. These experiments validated the effectiveness of the 
proposed hierarchical control scheme.

(17)AM = ∫
T

0

ATdt

Table 1   Auxiliary angular 
impulse of the hip and knee 
joints for both left and right legs 
during stepping, squatting, and 
jumping experiments involving 
5 different participants

The weights of the auxiliary angular impulse are tabulated

Wearers Stepping Squatting Jumping

Hip Knee Hip Knee Hip Knee

Wearer 1 LLeg A
M
(kg ⋅m2/s) 7.0 6.6 6.9 8.7 3.5 10.4

Weight 0.23 0.30 0.18 0.29 0.12 0.33
RLeg A

M
(kg ⋅m2/s) 2.3 7.8 9.4 9.2 5.5 10.1

Weight 0.08 0.32 0.26 0.29 0.18 0.33
Wearer 2 LLeg A

M
(kg ⋅m2/s) 9.0 11.9 2.7 9.5 4.9 10.6

Weight 0.29 0.33 0.31 0.33 0.38 0.32
RLeg A

M
(kg ⋅m2/s) 8.5 11.3 4.5 10.2 5.3 10.9

Weight 0.27 0.33 0.34 0.33 0.35 0.32
Wearer 3 LLeg A

M
(kg ⋅m2/s) 3.6 5.6 4.3 6.3 2.4 9.4

Weight 0.26 0.34 0.29 0.33 0.28 0.33
RLeg A

M
(kg ⋅m2/s) 3.2 7.2 4.2 7.5 3.0 9.3

Weight 0.21 0.35 0.30 0.33 0.29 0.33
Wearer 4 LLeg A

M
(kg ⋅m2/s) 3.3 3.8 7.8 11.5 4.8 9.5

Weight 0.19 0.30 0.29 0.34 0.27 0.33
RLeg A

M
(kg ⋅m2/s) 2.0 4.3 11.2 10.0 5.6 8.9

Weight 0.14 0.31 0.33 0.32 0.31 0.33
Wearer 5 LLeg A

M
(kg ⋅m2/s) 2.0 7.0 4.8 9.8 1.7 9.2

Weight 0.24 0.32 0.20 0.33 0.11 0.33
RLeg A

M
(kg ⋅m2/s) 1.9 6.1 5.4 11.4 3.0 9.4

Weight 0.29 0.32 0.24 0.32 0.23 0.33
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5 � Conclusions

This paper introduces a novel hierarchical control scheme 
with five sub-layers for a hydraulic active power-assist exo-
skeleton. The theoretical framework and functions of each 
layer are detailed. The proposed scheme prioritizes wearer-
dominant movement, ensuring that the exoskeleton actively 
assists based on the wearer's motion intentions without 
interfering with natural body movements due to its inertia. 
The scheme incorporates separate modeling of the legs and 
backpack, along with a force distribution method, effec-
tively addressing the challenges associated with transitions 
between swing and stance phases, as well as resolving stati-
cally indeterminate situations during double-foot support. 
Furthermore, the hierarchical control scheme exhibits active 
assistance capabilities during stepping, squatting, and jump-
ing. For future work, we aim to enhance the precision of 
human modeling by focusing on accurate human modeling 
or automatic identification of human parameters, thereby 
improving the level of intention perception.
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