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Abstract: In the research and development of a passive exoskeleton, the body–exoskeleton coupling
mode is a key point to reduce the interaction force and realize the efficient assistance of the exoskeleton.
The purpose of this paper was to explore a cooperative movement mode between human and passive
exoskeleton for reducing the body–exoskeleton interaction force. Firstly, through the research of
the body–exoskeleton interactive mode, we analyzed the kinematic and dynamic constraint of the
exoskeleton and established a dynamic model of the body–exoskeleton system. On this basis, the
characteristic of the body–exoskeleton interaction force was analyzed; then, we put forward a mode
that uses human gravity and load weight to maintain the stability of the exoskeleton’s movement
to achieve the goal of reducing the interaction force. Based on the human–exoskeleton integrated
mode, we constructed a mechanical model and simulated the change in interaction force in this
mode; the simulation results showed that the interaction force at the lower leg was 98.5% less
than that of the pure mechanical exoskeleton. Finally, we developed a prototype that was made of
plastic parts and finished the experiment by walking with a load of 30 kg. The experimental results
showed that this mode reduced the body–exoskeleton interaction force by 65.1%, which verified the
effectiveness of the body–exoskeleton coupling mode preliminarily. The research results provided a
new analytical approach for the design of a passive exoskeleton, and its improvement effect could be
extended from the lower leg of the body–exoskeleton to the thigh or trunk, and guide the design of a
passive exoskeleton.

Keywords: exoskeleton robot; body–exoskeleton system; passive assistance; interaction force

1. Introduction

Exoskeletons are mechanical and electrical devices that are worn by an operator
and are designed to increase the body’s physical performance. The development of an
exoskeleton robot involves many fields [1], including military [2], medical [3], industry [4],
and has formed many types of products and prototypes such as Stride Management Assist
(SMA) and ankle foot orthoses (AFO) [5,6]. As a kind of technical equipment combined
with the human body, the exoskeleton robot and the human body are connected by the
body–exoskeleton binding, which ensures the two move synchronously and constructs the
human–exoskeleton integrated system. Obviously, one of the keys to realizing the assistance
effect of an exoskeleton robot was to study the coupled relation of body–exoskeleton
systems [7].

In recent years, the research of the coupling mechanism between an exoskeleton robot
and the human body has mainly included two aspects: first, investigating the cooperative
motion of the body–exoskeleton system; second, analyzing the body–exoskeleton interac-
tion force and maintaining the stable motion of the exoskeleton. In the first, considering the
asynchronization of body–exoskeleton movement would lead to uncontrollable internal
forces [8,9], the design of a soft exoskeleton was an efficient solution as these devices
are lighter, more flexible, and offer greater user comfort [10–12]; however, in the rigid
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exoskeleton, some passive or active rotational and translational degrees of freedom (DOF)
are usually added in the motion chain of the exoskeleton to align the active exoskeleton
joint with the human joint [13–17]. In order to verify the synchronicity of body–exoskeleton
movement, flexible pressure sensors were used to detect the change in body–exoskeleton
negative forces to evaluate the influence of kinematics design on the body–exoskeleton
negative forces [18,19], and it has been proved that the design of a passive joint reduced
the internal force effectively [20,21].

In the latter, the body–exoskeleton interaction force was related with the joint drive of
the exoskeleton. When the joints of the exoskeleton were driven by motors, the exoskeleton
could realize its stable movement by its driving system, which eases the burden of the
human body in the movement of the human–exoskeleton system [22–24]. Furthermore,
there was an exoskeleton with integration of actuated and passive joints, for example,
Shanghai Jiao Tong University designed the SJTU-EX whose hip flexion and extension,
hip adduction and abduction, and flexion and extension of the ankle joint were by active
driving, while the movement of the knee joint was completed by the spring [25]. Yu [26]
designed an exoskeleton whose knee joint was active and whose hip and ankle joint
were passive, among which an embedded spring in the hip joint was designed to assist
the balance of the load in the coronal plane, while the ankle joint was embedded with
springs to assist the movement of dorsal flexion in the sagittal plane. In general, the
active exoskeleton was driven by its own electromechanical system, which produced less
interaction force between human and exoskeleton [27]. However, the active exoskeleton
had some disadvantages that included large weight, limited battery power and lack of
coordination with human movement, which made it difficult to use in practice [28].

As opposed to an active exoskeleton, passive exoskeletons have been put into prac-
tice successfully in different scenarios [29,30]. Given the assistant method of the passive
exoskeleton, the elastic element has been used to assist human movement through com-
bining the characteristics of human movement [31]. For example, Hidayah [32] used a
coil-spring to assist knee extension. Walsh [19] designed a mechanical exoskeleton that
has ankle and hip springs and a knee variable damper to bear a load. The deformation
of the spring in the passive exoskeleton was based on the displacement of human joint
movement; then, the elastic potential energy of the spring was released to assist human
movement. It is noteworthy that using the spring to assist human movement was different
to that of using the spring to help the exoskeletal motion, especially for the exoskeleton
walking with load. Yu et al. pointed out that [26] the stance phase of human walking, as
seen in Figure 1, is divided into the dorsiflexion section, where power absorption takes
place, and the plantarflexion section, where power generation occurs, and they proposed a
mechanism in which the power stored during dorsiflexion motion using the spring was
used during plantarflexion. It could be seen that this mechanism provided for maintaining
the ankle motion of their exoskeleton; the downside of it was that it provided nothing
for human walking propulsion. Another important point was the spring stiffness; the
right stiffness of the spring could maintain exoskeleton motion or help human movement
to the greatest extent. Springs that were too compliant or too stiff had little benefit and
even affected human movement and consumed human energy. They obtained the spring
stiffness from the relationship between human ankle angle and human ankle moment. To
our knowledge, the ankle torque of the exoskeleton was varied with the weight of the
exoskeleton; therefore, the spring stiffness should be obtained from the torque of the ankle
joint under the rated load of the exoskeleton, and its characteristics were worth studying.
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Figure 1. The human gait. The dotted line represents the left leg in the swing state, the solid line 
represents the right leg in the stance phase. 

In this paper, we propose an improved method that, through the combination of hu-
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joint, so as to reduce the power requirement from the human body in the process of car-
rying weight and helping human movement. Firstly, this paper analyzed the dynamics of 
the human body during walking with the passive exoskeleton, and then studied the char-
acteristics of the exoskeleton joint torque and the influence of the exoskeleton on the hu-
man body. With that, we presented taking the spring as a “bridge” to connect the human 
gravity and load weight. First, the human gravity acted downward on the exoskeleton 
shoes, which formed a downward pull on the spring, and the load weight acted on the 
exoskeleton leg, which formed an upward pull on the spring; then, the spring was 
stretched by the human gravity and load weight. Finally, the stretched spring force could 
maintain the balance of the exoskeleton ankle motion and achieve the reduction in the 
driving force of the calf muscle for the exoskeleton, and the stretched spring was used to 
assist the ankle plantar flexion in the late stance phase. Finally, we developed a light-
weight prototype with a weight of 3.15 kg, which was made by the glass-fiber-reinforced 
polyamide, to test the actual effect [33], and through the experiment, the change in body–
exoskeleton interaction forces was collected by the pressure-testing device and analyzed 
during walking with the passive exoskeleton, which verified the original intention of this 
paper. 

2. The Dynamics of Body–Exoskeleton Coupling System 
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lower limbs, the movement of the hip joint had three DOFs [35], and the knee joint was 
equivalent to one DOF in the sagittal plane [36], the ankle joint had two rotational DOFs 
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Figure 1. The human gait. The dotted line represents the left leg in the swing state, the solid line
represents the right leg in the stance phase.

In this paper, we propose an improved method that, through the combination of
human gravity and load weight, maintains the movement of the passive exoskeleton
ankle joint, so as to reduce the power requirement from the human body in the process of
carrying weight and helping human movement. Firstly, this paper analyzed the dynamics
of the human body during walking with the passive exoskeleton, and then studied the
characteristics of the exoskeleton joint torque and the influence of the exoskeleton on the
human body. With that, we presented taking the spring as a “bridge” to connect the human
gravity and load weight. First, the human gravity acted downward on the exoskeleton
shoes, which formed a downward pull on the spring, and the load weight acted on the
exoskeleton leg, which formed an upward pull on the spring; then, the spring was stretched
by the human gravity and load weight. Finally, the stretched spring force could maintain
the balance of the exoskeleton ankle motion and achieve the reduction in the driving force
of the calf muscle for the exoskeleton, and the stretched spring was used to assist the ankle
plantar flexion in the late stance phase. Finally, we developed a lightweight prototype with
a weight of 3.15 kg, which was made by the glass-fiber-reinforced polyamide, to test the
actual effect [33], and through the experiment, the change in body–exoskeleton interaction
forces was collected by the pressure-testing device and analyzed during walking with the
passive exoskeleton, which verified the original intention of this paper.

2. The Dynamics of Body–Exoskeleton Coupling System

In this section, the dynamics of the exoskeleton system and the body–exoskeleton
interaction force are studied in detail. Furthermore, we analyze the influence of body–
exoskeleton interaction force on the human body and the exoskeleton system, and pro-
pose the redistribution of the body–exoskeleton interaction force to improve the body–
exoskeleton coupling system.

2.1. The Kinematics and Dynamics of Exoskeleton System

The exoskeleton was worn on the human body and its movement form was limited
by human movement. Therefore, understanding the movement of the human body was
the design premise of the exoskeleton. The analysis of human movement in the literature
was sufficient; for example, the human trunk was usually equivalent to a component with
multiple degrees of freedom (DOFs) and was connected to the pelvis, while the pelvis
had six independent DOFs that could translate and rotate independently [34]. In the
human lower limbs, the movement of the hip joint had three DOFs [35], and the knee joint
was equivalent to one DOF in the sagittal plane [36], the ankle joint had two rotational
DOFs [35], as shown in Figure 2 (left). Based on this basic cognition of a human’s main
movement, we built a simple body–exoskeleton integrated model; the human body has six
DOFs on the connected point between the trunk and pelvis, the hip joint in the pelvis was
set as a ball joint, the knee joint was a rotating joint, and the ankle joint was a rotating joint
with two DOFs, as shown in Figure 2 (right).
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Figure 2. Human main movement (left) and the body–exoskeleton integrated model (right). In the 
right figure, the red solid line represents the exoskeleton robot, the green solid line represents the 
human body, the black dotted line represents the body–exoskeleton connected point, the circle rep-
resents a rotational DOF, the combination of circle and semi-circle represents the ball joint, and the 
purple square represents the trunk. 

In Figure 2 (right), the joint setting of the exoskeleton was consistent with the main 
movement of human joints. Considering the movement of human walking and running 
were mainly in the sagittal plane, this paper mainly discusses the body–exoskeleton sys-
tem in the sagittal plane. The human body and the exoskeleton robot were connected by 
binding, and formed multiple connection points, including of the human calf, the human 
thigh and the human trunk. The power of the passive exoskeleton came from the human 
body, and considering the body–exoskeleton binding was rigid and has no flexible defor-
mation, the transmission efficiency of the human driving force was 100%. When the exo-
skeleton bore a heavy load, the force and torque of its joints and the generalized force of 
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Figure 2. Human main movement (left) and the body–exoskeleton integrated model (right). In
the right figure, the red solid line represents the exoskeleton robot, the green solid line represents
the human body, the black dotted line represents the body–exoskeleton connected point, the circle
represents a rotational DOF, the combination of circle and semi-circle represents the ball joint, and
the purple square represents the trunk.

In Figure 2 (right), the joint setting of the exoskeleton was consistent with the main
movement of human joints. Considering the movement of human walking and running
were mainly in the sagittal plane, this paper mainly discusses the body–exoskeleton system
in the sagittal plane. The human body and the exoskeleton robot were connected by binding,
and formed multiple connection points, including of the human calf, the human thigh and
the human trunk. The power of the passive exoskeleton came from the human body, and
considering the body–exoskeleton binding was rigid and has no flexible deformation, the
transmission efficiency of the human driving force was 100%. When the exoskeleton bore
a heavy load, the force and torque of its joints and the generalized force of the human
joints were: [
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where Qi =

[
Fxi
Txi

Fyi
Tyi

]
, i = 1, 2, 3, 4, corresponding to the force and torque of the ankle,

knee, hip and trunk of the human and exoskeleton in the sagittal plane, and it was necessary
to make these joint internal forces and torques compatible, i.e., QH ∼ QE. Meanwhile,
the upper limb of the exoskeleton and human trunk was set as a fixed connection, and its
dynamic problem could be equivalent to the analysis of static balance.

Generally, the movement of the exoskeleton was subject to the constraints of the
human movement because of the binding connection between human and exoskeleton;
therefore, the movement parameters of the exoskeleton were consistent with the human
body, as shown in the following formula:

ψ(Ahip, Aknee, Aankle) = ψ(li) (2)

In Equation (2), the left item is the movement angle of the human hip joint, knee
joint and ankle joint, and the right item is the movement angle of the connecting rod of
the exoskeleton, as shown in Figure 3 and Table 1. In addition to the constraints of the
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movement of the human body, the constraints of the movement pair of the exoskeleton are
shown in Equation (3):

x3 + l1· cos(Ahip− Aknee− Aankle) + l2· sin(Ahip− Aknee) + l3· sin(Ahip) = x f (3)
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Table 1. The meaning of the symbols in Figure 3.

Symbol Meaning

Li, i = 1,2,3,4 Length of each connecting rod

di, i = 1,2,3,4 The distance from the center of mass of each link to the
corresponding joint

Ahip, Aknee, Aankle The angle of each connecting rod to the corresponding rod
F1, F2, F3 Human–machine interaction force
T1, T2, T3 Human–machine interaction torque

(xi,yi), i = 1,2,3 Joint coordinates of exoskeleton
Tg Ground reaction torque

g1 g2 Ground reaction force

Under these motion constraints, the joint forces and torques in a gait cycle could be
obtained by the Lagrange theory [37]. Significantly, the rigid structure of the exoskeleton
was fixed to the human body, and the physical parameters such as the mass, center of
mass and moment of inertia of the human body were changed. Therefore, the solutions
of the dynamics model of the human body, exoskeleton and body–exoskeleton system
were different. Since the movement mode of the three dynamic models were the same, the
unified dynamic equation was established, as shown below:

C(x)
..
x + k

(
x,

.
x
)
= Qi + Jg1 g1 + Jg2 g2 (4)

where C(x) is the positive definite inertia matrix, x is the generalized coordinate, and
k
(

x,
.
x
)

is a vector of the centrifugal, Coriolis, and gravity forces. Qi is the moment of the
human hip, knee and ankle, g1 and g2 represent the ground reaction forces applied to the
left and right feet, respectively, Jg1 and Jg2 are the Jacobian matrices. So far, the joint torques
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of the human body, exoskeleton and body–exoskeleton integrated system can be calculated
by Formula (4).

2.2. The Analysis of Body–Exoskeleton Interaction Force

According to the analysis of Section 2.1, there was a strong coupling relationship
between the exoskeleton and human body, and the body–exoskeleton interaction force
was the key factor affecting the coupling relationship of the body–exoskeleton system.
The generalized interaction forces included the interaction forces and torques between the
human body and exoskeleton. In the lower limbs of the exoskeleton system, the generalized
interaction forces are shown in Figure 3, and their symbolic meaning is shown in Table 1.

F1, F2 and F3 are the body–exoskeleton interaction forces in the calf, thigh and trunk,
respectively. According to the Newton’s law, the interaction force was equal and opposite
between the exoskeleton and human body. On the one hand, the effect of interaction forces
on the exoskeleton was to maintain its motion balance; on the other hand, the human body
needed to overcome the influence of the interaction forces to maintain its movement state.
Therefore, the joint moments of the human body were the vector sum between the joint
torque of the exoskeleton and human body’s joint moment, as shown below:

Ttot
i = TH

i + TE
i , i = 1, 2, 3 (5)

By Formula (5), TE was the joint torque of the exoskeleton, and TH was the human
body’s joint moment. The joint moment of the human body changed during walking with
the exoskeleton. The difference in human joint torque during walking with and without
the exoskeleton could be compared, and the difference in joint torques Td

i is as follows:

Td
i = Ttot

i − Tn
i (6)

Assuming that the movement of the human body remained unchanged during walking
with and without the exoskeleton, Formula (6) could be simplified through Formula (4),
and the results are as follows:

Td
i = Jn

g1gn
1 + Jn

g2gn
2 + TE

i − Jy
g1gy

1 − Jy
g2gy

2 (7)

In Formula (7), the mark y indicates the plantar pressure of walking with the ex-
oskeleton, and mark n indicates the plantar pressure of walking without the exoskeleton.
According to Formula (7), the difference in the human joint moment depended on the
human plantar pressure and the joint torque of the exoskeleton, and the plantar pressure
during walking with the exoskeleton was less than that of walking without the exoskeleton.
Therefore, when combined with the joint torque of the exoskeleton, the human body needed
a greater driving moment.

2.3. The Redistribution of Body–Exoskeleton Interaction Force

According to the analysis of the body–exoskeleton interaction force in Section 2.2, the
human body needed to provide the corresponding driving force to drive the passive ex-
oskeleton, which caused the greater joint moment to the human body during walking with
the exoskeleton. In order to solve this problem, a passive exoskeleton with redistribution of
the body–exoskeleton interaction force was proposed.

In the body–exoskeleton integrated system, there were two force systems that were
not directly related, including of load weight and human gravity. Human gravity was
the main object of external energy consumption of human walking. The load weight was
supported by the exoskeleton, and the exoskeleton preliminarily realized the redistribution
of load weight compared with that when the load was directly carried by the human. Here,
it was considered to combine human gravity and load weight to realize the redistribution
of the body–exoskeleton interaction force. The workspace of human gravity was located in



Machines 2022, 10, 371 7 of 14

the shoes of the exoskeleton, and an elastic element was embedded in the lower leg of the
exoskeleton. Its basic mechanism was as follows.

In Figure 4, the human gravity transferred from the human skeleton to the exoskeleton
shoes, and interacted with the elastic element, while the load weight was transferred to the
ground through the rigid structure of the exoskeleton. The knee joint of the exoskeleton
extended a hanger to fix the elastic element. In this way, the human gravity and load
weight could be connected through the elastic element. Through the deformation of the
elastic element, the exoskeleton structure followed the movement of the human body; in
the meantime, the force of the elastic element could maintain the dynamic balance of the
exoskeleton, and finally assist the plantar flexion movement of the ankle joint. Taking
the rotation center of the ankle joint as the reference, the balance of the lower limb of the
exoskeleton was determined by the human gravity Gh(t), the tension of the human calf F1
and load weight Gl(t). The equilibrium equation is as follows.

Gl(Gl , ψ(li), t)·L2· sin(Aknee) = Gh(t)·ds + F1·d2 (8)

where Gh(t) = k·dx, k is the elastic coefficient of the elastic element, dx is the deformation
of the elastic element, and ds is the force arm of the tension of the elastic element, which
could be obtained by the geometric relationship in Figures 3 and 4. Based on the design of
the exoskeleton, transferring human gravity to the exoskeleton through the elastic element
could reduce the body–exoskeleton interaction force.
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2.4. The Simulation of Body–Exoskeleton Interaction Force

Based on the principal analysis of the body–exoskeleton interaction force, we proposed
using elastic elements combined with the characteristics of human gait to reduce the
output of human power during walking with the passive exoskeleton. Here, according to
Formula (4) and the clinical gait data [38], we could obtain the ankle torque of the passive
exoskeleton and the spring torque for different exoskeleton spring stiffnesses; the results
are shown in Figure 5.
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Figure 5. The results of ankle torque of the exoskeleton and the torque generated by the spring over
a walking stride from heel strike (0%) to heel strike (60%) for different exoskeleton spring stiffnesses.
The blue line represents the ankle torque, the lines of other colors represent the torque of the spring
at appropriate spring stiffnesses.

In Figure 5, the ankle torque of the passive exoskeleton was obtained under walking
with 30 kg. The approximate spring constant could be calculated from the relationship
between spring torque angle and ankle torque in the torque analysis result. The spring
constant of the spring used for this mechanism could be easily calculated; consequently, the
spring constant of the ankle module was determined to be 16 N/mm. Under this condition,
the results of comparing and analyzing the changes in the body–exoskeleton interaction
force are shown in Figure 6.
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Figure 6. The results of ankle torque of the exoskeleton. Spring torque represents the torque of the
spring at the back of the lower leg; ankle torque–without represents the torque of the exoskeleton
ankle when the spring was relaxed, and ankle torque–with represents the torque of the exoskeleton
ankle when the spring was locked.

During the passive exoskeleton walking with load, the movement of the exoskeleton
ankle in the stance phase was maintained by the load torque, spring torque and the driving
torque of the human. In Figure 6, using the heel touching the ground as the starting point
of a gait cycle, the deformation of the spring and its torque increased. Because the spring
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torque offset part of the load torque, the required ankle torque decreased, which reduced
the burden of the driving force of the human ankle. At the end of the stance phase, the
elastic potential energy stored by the spring assisted the ankle plantar flexion and reduced
the propulsion of the human ankle. Using the simulation results in Figure 6, the body–
exoskeleton interaction force under the action of the spring reduced by 98.5% with spring
compared to without spring, which preliminarily verified the effectiveness of this mode
in theory.

3. The Design of Exoskeleton Prototype and Experiments
3.1. The Design of the Exoskeleton

The proposed exoskeleton in this paper has a load-bearing plate, a complete lower
exoskeleton and a ground support structure that was convenient for the bearing of loads,
as shown in Figure 7. In the sagittal plane, each leg of the exoskeleton system was designed
with three DOFs for the hip, one for the knee and two for the ankle; the DOFs of the hip,
knee and ankle were closely related to human gait. The ankle joint of the exoskeleton was
embedded with a spring, which generated a driving force according to the deformation
of the spring. Considering that the movement range of the human limb joint was small
during normal walking, the exoskeleton joint in this paper was set as a single hinge, and
the body–exoskeleton connections were composed of soft binding and no redundant DOFs
were added. On the back of the exoskeleton leg, we designed a clutch to control the state of
the spring so that we could adjust the initial length of the spring, that is, the spring could
be adjusted to the state of tension or relaxation.
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Figure 7. The exoskeleton prototype.

In Figure 7, the modules of the prototype are shown. The bearing plate was located in
the back of the human trunk, which was mainly made of carbon fiber material with light
weight and high strength. It was connected with the upper limb of the exoskeleton and
fixed with the human trunk through the exoskeleton shoulder belt. The exoskeleton upper
limbs connected the left and right leg structures. Among them, the leg structures obtained
the properties of mirror symmetry and could be well pasted with the lower limbs of the
human body. The soft cushion was attached inside the leg structures, which could improve
the wearing comfort. The leg structures were finally connected with the exoskeleton shoes,
and the load weight was transmitted to the ground.
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3.2. Experiment

Based on the simulation results, the body–exoskeleton interaction force was signif-
icantly improved by our own design. However, it was affected by the matching degree
between exoskeleton and wearer, load size, walking speed and other factors in practice.
In order to test the actual effect of improving the body–exoskeleton interaction force, this
paper completed the test experiment of seven wearers (N = 7; age = 26.5 ± 0.98 years;
mass = 78.3 ± 1.6 kg; height = 1.75 ± 0.138 m) walking with the exoskeleton and carrying
a weight of 30 kg at 4 km/h walking speed on a treadmill (See Figure 8). In order to obtain
the body–exoskeleton interaction force and plantar pressure data of the tester, we used
the Pedar-x (a wireless plantar pressure test device, Novel, Munich, Germany) to get these
experimental data. The experiment was approved by the Ethics Committee of Beijing
institute of technology (BIT-EC-H-2021118).
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Figure 8. The exoskeleton experiment.

Each experimenter completed two sets of tests. For the first set of tests, the spring of
the exoskeleton was relaxed when the wearer walked with the passive exoskeleton; for the
second set of tests, the spring of the exoskeleton was tensioned when the wearer walked
with the passive exoskeleton. The test indicators were the body–exoskeleton interaction
force at the lower leg of human body and the plantar pressure.

In order to ensure the reliability of the test data, each walking experiment lasted for
5 min so that there were sufficient experimental data in each test. According to the collected
experimental data, the actual effect of the body–exoskeleton interaction force in the lower
leg of the exoskeleton could be obtained. The results were as follows.

It can be seen from Figure 9 that the body–exoskeleton interaction force changed
periodically, and its difference in amplitude value between the two states verified the
effectiveness of the operation mechanism of the exoskeleton. When the spring of the
exoskeleton ankle was locked, the average value of the body–exoskeleton interaction force
was 24.63 N, and the peak value reached 63.54 N; when the spring of the exoskeleton
ankle was in a relaxed state, the average value of the interaction force was 70.55 N, and the
peak value reached 210.8 N. By comparison, when the spring of the exoskeleton ankle was
locked, the average value of body–exoskeleton interaction force decreased by 65.1%, while
its peak value decreased by 69.9% compared with no spring in the exoskeleton ankle.
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Figure 9. The body–exoskeleton interaction force and the mean ± s.d. Spring–with represents when
the spring of the exoskeleton was locked, and spring–without represents when the spring of the
exoskeleton was in a relaxed state.

In Figure 10, when the spring was locked, the average value of plantar pressure was
442.24 N and its peak value was 1066 N; when the spring was in a relaxed state, the average
plantar pressure was 518.66 N and its peak value was 1149 N. The results show that when
the wearer is walking with the exoskeleton, its plantar pressure was affected by the spring
tension. When the spring was relaxed, there was no force on the exoskeleton leg and shoes;
however, when the spring was locked, there was a radial tension on the shoes and lower
leg of the exoskeleton, which resulted in the reduction in plantar pressure of the human.
The difference in plantar pressure of the human between the two states was the spring
tension, and its value was 76.42 N, accounting for 14.7% of the human plantar pressure. It
can be seen that the plantar pressure of the human body was enough to stretch the spring
of the exoskeleton.
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Figure 10. The results of the plantar pressure test and the mean ± s.d. EXO–with means the spring of
exoskeleton ankle was locked, and EXO–without means the spring of exoskeleton ankle was relaxed.

3.3. Discussion

During the development of the exoskeleton robot, if the active drive was added to
the exoskeleton robot at the beginning of the design, its system weight and battery life
would restrict its use [39]. In contrast, the passive exoskeleton was not limited by these
factors, but the defects of the passive exoskeleton were also analyzed in Section 2, which
needed the human body to provide the driving force for its movement. In order to improve
this situation, the common method was that the elastic elements were embedded in the
passive exoskeleton to assist the movement of human joints [19]. Based on the analysis of
the dynamic model of the body–exoskeleton coupling system, this paper proposed that
using the spring to connect the two independent gravity systems improves the stability of
the exoskeleton and reduces the output of human power.
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Compared with the current literature, one of the ways to reduce the negative force
between the human body and exoskeleton was increasing the DOFs in the body–exoskeleton
connection [7] to avoid harm to the human body. However, the normal operation of the
passive exoskeleton required the wearer to provide all the power, which bore the brunt of
the design of the passive exoskeleton. One of the novelties of this paper was that the spring
was used to realize the local self-stabilization of the exoskeleton robot and finally assist
human movement to reduce the output of human power. Considering the joints’ torque
varied with the load [40], we obtained the joint torque when the exoskeleton was loaded
with 30 kg, and on the basis of the results we acquired the spring stiffness according to the
design of the exoskeleton, which was closest to the real situation.

On the basis of the operation principle of the body–exoskeleton system, we designed
the corresponding exoskeleton robot, and completed the effect verification test. The results
show that the interaction force was significantly reduced, which verified our analysis of
the body–exoskeleton system. The optimal design of the passive exoskeleton was in the
calf of the exoskeleton, according to the research on the transfer of driving force in the
literature [41,42]; the design idea of the exoskeleton in this paper could be extended to the
knee and hip joint to reduce the interaction force. This part of the work would be completed
in future research.

4. Conclusions

In this paper, we studied the body–exoskeleton coupling mechanism during hu-
man walking with an exoskeleton and carrying load. Through the analysis of the body–
exoskeleton coupling dynamics, we established the mathematical model of the redistri-
bution of the body–exoskeleton interaction force, preliminarily realized the combination
of human gravity and load weight, and verified its effectiveness through simulation. On
this basis, we designed the corresponding exoskeleton robot and completed the compar-
ative experiment. The results showed that the exoskeleton robot effectively reduced the
interaction force. The modelling and design method could also be naturally extended to
other human joints with exoskeletal assistance, which might enrich the understanding of
the interaction transfer mechanisms between joints and the inspiration for motivating the
engineering design of wearable devices.
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