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Abstract

To solve the problem of undesired relative motion of human-machine interaction positions caused by misalignment
of the human-machine joints rotation axis of the knee exoskeleton, this study designed an adaptive knee exoskel-
eton based on a gear-link mechanism (GLM) by considering the human body as a component of the exoskeleton
mechanism. Simultaneously, the concept of the wearable area (WA) was proposed, which transformed the opera-
tion of aligning the exoskeleton rotation axis with the human knee joint rotation axis into a "face alignment point"

in the sagittal plane, reducing the difficulty of aligning the human-machine joint rotation axis. In the kinematic
analysis of GLM, the phenomenon of instantaneous movement of the central axis of the human knee joint was con-
sidered. Based on the kinematic model, the WA, velocity transfer ratio, and initial position static stiffness of GLM were
analyzed. The NSGA-Il optimization algorithm was used to optimize the size parameters of GLM, which increased
the WA by 18.4%, the average velocity transfer ratio by 4.98%, and the average initial position static stiffness by 6.01%.
Finally, the ability of the exoskeleton to absorb movement displacement (MD) was verified through simulation,

and the good human-machine kinematic compatibility of the exoskeleton was verified through wearable tests con-

ducted on the initial mechanism principle prototype.

Keywords Adaptive knee exoskeleton, Gear-link mechanism, Wearable area, Optimization, Simulation

1 Introduction

Decline in walking ability is a common problem faced by
the elderly. With age, the muscle strength of the elderly
gradually decreases, leading to unsteady walking, dif-
ficulty in ascending and descending stairs, and trou-
ble standing up after crouching, which greatly affect
the quality of life of the elderly. On the other hand, one
of the main reasons why patients with lower limb dis-
eases cannot perform basic activities of daily living on
their own after surgery is that their neural pathways
are blocked, and medical knowledge has shown that
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repetitive movements can reactivate the neural pathways
of patients [1, 2]. Lower limb rehabilitation robots have
an active role in helping elderly people and patients with
lower limb dysfunction to assist and rehabilitate their
lower limbs, helping them regain their ability to walk
and improve the problems caused by walking difficul-
ties. Lower limb exoskeleton robot, as a kind of lower
limb rehabilitation robot, integrates sensing, control, and
other technologies, and shows the characteristics of the
intersection fields of bionics, robotics, information and
control science, and medicine, etc., which is an interac-
tive robotic system worn on the outside of the human
limb or torso, and moves in concert with the human
limb to provide support for the human body, provide
assistance for the limb, and aid in limb movement, thus
enhancing the human body’s functionality [3].

However, a problem that cannot be ignored in the use
of exoskeleton devices is the misalignment between the
axis of the exoskeleton mechanical rotation joint and the
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axis of human joint rotation. If this misalignment occurs,
the exoskeleton generates a force/torque on the human
body that is undesired for the assisted movement, and
this force/torque creates parasitic forces on the human
skin, leading to pain or even injury to the human body
and ultimately destroying the exoskeleton’s assistance
[4-8].

The alignment of the rotation axis of the human-
machine joint is particularly challenging for the knee
joint [9], as the femur and tibia slide during the flexion
process [10]. In the design of some knee exoskeletons,
researchers have simplified the human knee joint into a
1 degree of freedom (DOF) revolute joint, e.g. Refs. [11-
16]. This oversimplification inevitably leads to misalign-
ment of the human-machine joint rotation axis, which is
detrimental to the wearer.

Currently, an increasing number of researchers are
paying attention to this problem. The solutions adopted
are mainly of three types. The first type of method is the
design of biomimetic structures, such as Kim et al. [17]
who designed a curved guide rail that mimics the shape
of the human femur end by capturing the motion of the
tibia and femur. There is also the use of gears [9, 18] to
simulate the motion of the knee joint. Furthermore, the
instantaneous rotation axis of the knee joint is fitted by
means of the cross-four-bar mechanism [19-22]. With
this biomimetic structural design, the motion of the
mechanism is determined as soon as the design is com-
pleted. Due to the differences in the shape and size of
each person’s knee joint bones, the effectiveness of exo-
skeletons designed with biomimetic knee joint structures
in reducing the misalignment of the human-machine
joint rotation axis varies from person to person. In addi-
tion, the design of this type of structure is similar to the
traditional exoskeleton mechanism design, which simpli-
fies the human knee joint into a 1-DOF revolute joint.
When aligning the rotation axis of the human-machine
joint, when viewed in the sagittal plane, the operation
is to align the "point alignment point" between the exo-
skeleton rotation center point and the human knee joint
rotation center point. However, the human knee joint
rotation center cannot be accurately identified by the
naked eye, so the alignment operation of the rotation axis
of the human-machine joints is undoubtedly difficult.

The second type of method is the design of compli-
ant structures, which absorb the misalignment by add-
ing elastic or flexible components to the exoskeleton
mechanism. Jun et al. [23, 24] designed a passive knee
joint compliant exoskeleton based on a parallel cou-
pled compliant plate mechanism and a pennate elas-
tic band spring structure. This compliant exoskeleton
solved the problem of misalignment and provided users
with adjustable stiffness relative to knee joint posture.
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Sui et al. [25] designed a portable spring knee exoskel-
eton named SpringExo, which uses a spiral spring design
and is worn on the human femur and tibia. It can serve
as an energy storage device or a quasi-rigid exoskeleton,
allowing for alignment of the rotation axis of the human-
machine joints without increasing complexity. However,
such designs based on compliant structures still generate
parasitic forces on the skin surface, affecting the wearing
experience.

The third type of method is the design of adap-
tive structures. The main idea of this type of method is
to adaptively compensate for the misalignment of the
human-machine joint rotation axis by increasing redun-
dant DOFs. For example, Celebi et al. [26] designed a
self-aligning knee joint exoskeleton AssistOn Knee using
a Schmidt coupling mechanism. The exoskeleton can
automatically align the rotation axis of the human knee
joint, achieving perfect alignment between the rotation
axis of the human body and the exoskeleton. Lee et al.
[27, 28] designed a self-aligning knee exoskeleton by
decoupling the rotation and translation of the knee joint.
Subsequently, their team proposed the use of several
accurately calculated rolling cams to design an adaptive
knee exoskeleton [29, 30], which can adapt to changes in
the knee joint rotation axis. On this basis, their team also
proposed an exoskeleton designed using a rolling joint,
two aligned passive joints, four links, and a sliding mech-
anism [31], which can adapt to the human knee joint
in the frontal and sagittal planes. Sarkisian et al. [6, 7]
compensated for the impact of misalignment by adding
passive DOFs with a prismatic-revolute-revolute (PRR)
configuration at the interaction site between the exoskel-
eton and the human tibia. Li et al. [32] added a passive
DOF to the biomimetic knee exoskeleton, allowing the
exoskeleton to adapt to changes in the knee joint rotation
axis. Although this type of method can effectively solve
the problem of misalignment of the rotation axis of the
human-machine joints, it does not take into account that
the wearing position of the exoskeleton on the human
body will affect the adaptive performance of the exoskel-
eton mechanism.

To this end, this paper proposes a structural design
method for an adaptive knee exoskeleton based on the
GLM, which can effectively solve the problem of mis-
alignment of the rotation axis of the human-machine
joints in the sagittal plane during human knee joint
movement. Considering the difficulty of aligning the
rotation axis of the human body joint when the exoskel-
eton is worn, as well as the influence of wearing position
on the adaptive capabilities of exoskeletons, we propose
the concept of the WA of knee exoskeleton robots: WA
is an area of the exoskeleton in the sagittal plane that the
wearer needs to align with the center of rotation of the



Yang et al. Chinese Journal of Mechanical Engineering (2024) 37:104

human knee joint when wearing the exoskeleton. In other
words, when people wear the exoskeleton, in the sagittal
plane, the operation of aligning the WA with the axis of
rotation of the knee joint is the "face alignment point",
which greatly reduces the difficulty of aligning the rota-
tion axis of the human-machine joints when wearing the
exoskeleton.

The rest of the paper is organized as follows: Section 2
describes the designed adaptive knee exoskeleton based
on the GLM. Section 3 establishes and simulates to vali-
dation of the kinematic model of the GLM. Section 4 ana-
lyzes the WA of the GLM, the velocity transfer ratio, and
the static stiffness at the initial position. Section 5 opti-
mizes the dimensions of the exoskeleton. In Section 6,
the adaptive ability and human-machine kinematic com-
patibility of knee exoskeletons were verified through
simulation and a mechanism principle prototype, respec-
tively. Finally, conclusions are drawn in Section 7.

2 Wearable Adaptive Knee Exoskeleton

2.1 Design Requirements

Requirements of exoskeleton-assisted range. According
to the anatomy of the human lower limb, the forms of
motion of the human knee joint include flexion/exten-
sion in the sagittal plane, internal/external rotation in the
horizontal plane, and abduction/adduction in the frontal
plane. Considering the main movement of the knee joint
is flexion/extension, with a maximum flexion range of
130°-150° [33]. This is much greater than the internal/
external rotation and abduction/adduction movements.
Meanwhile, considering reducing the complexity of the
overall structure of the exoskeleton. Therefore, this paper
only studies the flexion/extension movement of the knee
joint in the sagittal plane. Typically, a range of knee flex-
ion angles of 0°~120" is sufficient for most daily activities,
so the maximum flexion angle of the knee joint assisted
by the knee exoskeleton designed in this paper is at least
120°.

Requirements for comfort/safety of wearing knee joint
exoskeletons. In the design process of knee exoskeletons,
full consideration should be given to the phenomenon
that the rotation axis of the human knee joint changes
with the change of rotation angle during the movement
process of the human knee joint. The exoskeleton should
be able to adapt to changes in the rotation axis of the
human knee joint, thereby reducing or eliminating the
discomfort caused by misalignment of the rotation axis
of the human-machine joints.

Requirements for the convenience of wearing exoskel-
etons. This is reflected in the convenience of aligning the
rotation axis of the human-machine joints. Traditional
knee joint exoskeleton robots that simplify the knee joint
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into 1-DOF require a lot of time to align the rotation
axis of the human-machine joints when wearing. How-
ever, in reality, it is difficult to find the rotation axis of
the knee joint accurately. Manual alignment of the exo-
skeleton during wearing relies on human estimation, and
there are still deviations after manual alignment. There-
fore, achieving rapid alignment of the rotation axis of the
human-machine joints when wearing exoskeletons is also
a problem to be considered in this paper.

2.2 Design Concept

Analyze the mechanism of misalignment of the rotation
axis of the human-machine joints of typical knee exoskel-
etons [9, 18], as shown in Figure la. Two gears are fix-
edly connected to the femur and tibia, and the meshing
point of the gears aligns with the instantaneous center of
rotation (ICR) of the human knee joint. The principle of
reducing the misalignment between the rotation centers
of human-machine joints in this design is to make the
meshing point trajectory between the two gears coincide
with the trajectory of the ICR of the human knee joint as
much as possible. If the meshing point of the gear devi-
ates from the ICR of the human body, there will inevita-
bly be movement distance (MD) in the human-machine
interaction positions between the exoskeleton and the
human body. This MD is the main cause of discomfort
or injury to the human body. The solution to eliminate
the MD is to enable the exoskeleton to have the ability to
absorb the MD of human-machine interaction positions.

The specific manifestation of MD in the sagittal plane
is movement in both directions along the leg surface.
Therefore, exoskeleton devices require at least three
DOFs: one active DOF to assist in human knee joint
movement, and two active/passive DOFs to absorb the
MD of human-machine interaction positions.

This paper starts from the perspective of absorbing
MD, that is, the misalignment of the rotation axis of
the human-machine joints has always existed, but the
exoskeleton mechanism can absorb the MD caused by
the misalignment. The solution proposed is to add an
adaptive link to the exoskeleton of a biomimetic mech-
anism based on gears, as shown in Figure 1b. At this
time, the number of DOFs of the exoskeleton mecha-
nism is 3, and the two ends of the adaptive link are
respectively hinged with the femur and a gear. After
adding an adaptive link, when the MD is generated,
the adaptive link can absorb the MD by adjusting the
meshing position of the two gears. In addition, at this
point:

(1) When wearing, the meshing point trajectory of the
gears does not need to coincide with the ICR trajectory
of the human knee joint.
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Figure 1 Design concept: a Design of biomimetic structures based on gears, b Adaptive structural design concept

(2) Gears no longer need to imitate the shape of the
human knee joint for design, and their function is also
transformed into reducing the DOF of the mechanism.

(3) The exoskeleton can wear multiple positions at the
human knee joint.

2.3 Adaptive Knee Exoskeleton Design Based on GLM

According to the concept of adaptive structural design,
there are two ways of MD absorption: active and passive.
Active absorption means that the two DOFs of absorbing
MD are driven, i.e., driving the adaptive link. The driv-
ing functions of the adaptive link are determined based
on the motion of the human knee joint, with the goal
of actively adjusting the exoskeleton posture to absorb
the MD caused by misalignment. The advantage of

this design approach is that it can provide the auxiliary
force required for the assisted limb without generating
undesired forces/ moments in human-machine interac-
tion positions. However, actively adapting exoskeletons
increases the system’s quality and the difficulty of control.

Passive absorption means that the human femur, tibia,
knee joint, and exoskeleton mechanism together form a
closed-loop chain, constituting a GLM, where the num-
ber of DOFs of the GLM is 1. This means that only one
active DOF is needed out of three DOFs in the exoskel-
eton mechanism to assist the motion of the knee joint,
while the other two DOFs are passive DOFs to absorb
the MD. This passive absorption of MD changes the
number of active DOF to one, which is conducive to the
lightweight and simplicity of control of the exoskeleton
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system. However, it requires the binding position of the
exoskeleton to the human body to be secure enough,
because the binding position of the exoskeleton to the
human body needs to provide the force/moment for the
adaptive link to absorb the MD.

Based on the considerations of lightweight and control
simplicity of the exoskeleton system, this paper chooses
the passive absorption of MD to design an adaptive knee
exoskeleton based on GLM, as shown in Figure 2. The
drive of the exoskeleton is located in the drive box at the
waist, and torque is transmitted to pulley 1 through the
Bowden cable. Pulley 1’ and pulley 1 move coaxially and
synchronously, and torque is ultimately transmitted from
pulley 1’ to L, through pulley 2 and pulley 3 to assist in
human knee joint movement. The winding method of the
drive cable is shown in Figure 2b.

As shown in Figure 2c¢, in the GLM, assuming that the
femur is fixed during knee joint flexion, the virtual link L
of the femur is the frame link of the GLM, L, is the adap-
tive link, and L; is hinged with L, and L,; L, is hinged
with L}, and L, is fixedly connected to gear M at the same
time; L is hinged with L, and Lg; L, is fixedly connected

Straps
| ¢

Drive

i box

Bowden

i cable

@ N\,
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to gear N, and L is fixedly connected to the calf through
leg binding; L, is a virtual link that comes out of the tibia
and is hinged to L; while also being hinged to L;. The
hinge point of L; and L, is the ICR of the knee joint.

During the process of knee joint movement assisted by
exoskeletons, virtual link L will change its length accord-
ingly according to the movement of the ICR, while virtual
link L, will maintain its original length and rotate around
and follow the ICR. At the same time, GLM absorbs MD
through the adaptive link L; in the mechanism, thereby
maintaining the binding position of the exoskeleton on
the human body.

The WA in Figure 2c is the expected area delineated
by us on the exoskeleton device, with a size range set at
40 mmXx200 mm. When wearing, the ICR aligns with
this area, the angle of exoskeleton assistance should reach
at least 120°, and the GLM does not have any singularities
during the assistance. The WA extends the "point align-
ment point” of the rotation axis of the human-machine
joints in the sagittal plane to the "face alignment point",
which also means that the exoskeleton can be worn in mul-
tiple positions on the human body, allowing for faster wear.

Calf
Binding

Figure 2 Knee exoskeleton based on GLM: a Wearing diagram, b driving path, c The GLM
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We adopted the model proposed by Walker et al.
[34] to address the issue of ICR changing with the
knee flexion angle. This model describes the aver-
age ICR variation of the knee joint flexion angle in the
range of 0°~120°, and the trajectory curve described is
a function of the knee joint flexion angle. This model
has been used as a reference for optimization, simula-
tion, and evaluation in some knee exoskeletons, such as
Refs. [20, 22, 35]. In this paper, the trajectory of ICR
measured and described by Walker et al. was adjusted
to match the coordinate reference system used in this
paper, as shown in Figure 3. The origin of the coordi-
nate system is fixed on the femur and coincides with
the ICR of the knee joint in the initial state. In this
paper, the proposed exoskeleton is analyzed, optimized,
and simulated using the trajectory of the adjusted ICR
of the knee joint.

3 Kinematic Analysis
3.1 Position Analysis of the GLM
The kinematic model of the GLM is shown in Figure 4.
The origin of the world coordinate system is estab-
lished at point O, with the x-axis and y-axis directions
as shown in Figure 4, and the clockwise direction as
the positive direction. The lengths of OA, AM, MN,
NK, OK, and NF are [; (i=1,..., 6), respectively. 0, is the
angle between vector OA and the positive direction of
the x-axis; 6, is the angle between vector OA and vector
AM; 6, is the angle between vector AM and vector MN,
and is the input angle; 8, is the angle between vector MN
and vector NK; 0y is the angle between KN and the posi-
tive direction of the x-axis; A0y represents the angle of
knee joint flexion.

Based on geometric relationships, we can obtain:

Ok =601+ 62+ 603+ 604 — . (1)

The coordinates of point A, point M, and point N in the
world coordinate system can be calculated as:
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To represent the initial state of the human-machine sys-
tem more conveniently and distinguish between the initial
state and the knee joint flexion state, let a; be the angle at
the initial state of 6 (j=1, 2, 3, 4, K).

In this mechanism, /;, /,, [5, [ and a;, &, are known design
parameters and define the angle relationship of the initial
position:

a) + oy + a3 = 1/2. (3)

At the initial position, the length of /, can be calculated if
the position of the ICR of the knee py{xy, yx) in the world
coordinate system is known:

ly = \/(xK —xn)? + (x — yn)% (4)

According to the model of Walker et al. [34], the posi-
tion of the ICR of the knee joint as a function of the flexion
angle Afy. We can obtain:

{

where g is the mapping function from the knee joint flex-
ion angle to the position of the ICR.
Establish the closed-loop vector equation:

xx = g (Aby),

Ik = &y(AbK), (5)

OA + AM + MN + NK = OK. (6)
Rewritten as a projection equation:

xN + la cos(61 + 02 + 03 + 64) = xg, ”

YN + lasin(6y + 6 + 03 + 04) = yk. 7)

Figure 3 The trajectory of ICR of the knee joint



Page 7 of 22

(2024) 37:104

Yang et al. Chinese Journal of Mechanical Engineering

Figure 4 The kinematic model of the GLM
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The relationship between 6, and 6, is:
03 — ag = n(0s — o). (8)

Egs. (7) and (8) are the constraint equations for the
GLM. Among them, 6, is the known input angle; # is the
transmission ratio of the gears.

The size parameters of the GLM are shown in Table 1.
The position line diagrams are shown in Figure 5.

3.2 Velocity Analysis of GLM

In the analysis of the velocity of the mechanism, we also
considered the velocity of the movement of the ICR of the
knee joint. Egs. (1), (7), and (8) are obtained by derivation
for time:

a1161 + a1y + a1303 + a1abs = i,
2161 + axby + azbs + azby = VK
ég — I’lé4 =0,

6146y + 63+ 6, — 6 =0,

)

where  ay =18+ 1815+ 38105 UuS1030 @12 =1815+ 138103
+U4S1030 A13= 138103+ liS1030 A1a=US1030 an =110+ 15cq,
FlsciostlCioze Ay =1001+ l5C1o5H luCro3s  Ax3=150103
+14C1030 Apa=14C1934 S denotes sinb,, s;, denotes sin(6,
+6,), ¢; denotes cosf,, ¢;, denotes cos(d, +6,), and:

&k = Gy (01 + 02 + 03 + 04),
(10)

JK = Gy(él + éz + ég + 94),
g, (AK) (= g, (A0k)

where G = 355" Gy = 550
Decompose Eq. (10) into active and passive parts as

follows:

Ty +J a3 =0, (11)

where J, is the part corresponding to the active joints, J,
is the part corresponding to the passive joints, and g, is
the passive joint motion parameters. And:

Table 1 The size parameters of the exoskeleton mechanism

Parameters Values

l; (mm) 110

I, (mm) 776

I5 (mm) 100

a, 120

a, () —75.14

n -1

Py (mm) (=10, 160)
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Jo=[a3+Gy an—Gy 11]7,
a1 + Gy ain+ Gy aia+ Gy O
J = an — Gy ap — Gy ax — G, 0
r 0 0 —n o’
1 1 1 -1
g, =161 62 64 6 1"

Thus, the relationship between the active and passive
joints is:
qp = ]é?)! (12)
where the Jacobi matrix J=— ]p’lla is the velocity map-
ping from the active joint to the passive joints. Let the
angular velocity of the active joint be 30°/s, then the
velocity mapping line diagram from the active joint to the
passive joints is shown in Figure 6.

3.3 Validation of the Kinematic Model

The subsequent performance analysis and sizing opti-
mization of the GLM is based on the kinematic model,
so the correctness of the kinematic model is crucial
Here, we use Adams-MATLAB co-simulation to verify
the correctness of the kinematic model. As shown in
Figure 7(a), the trajectory of ICR is given in the human-
machine physical system established in Adams. Figure 7b
illustrates the interactive computation process between
Adams and MATLAB. Initially, Adams transmits the
measured knee flexion angle A9, to MATLAB for the
mathematical model. Subsequently, the mathemati-
cal model computes the changes Ax and Ay in the knee
joint’s center of rotation based on the knee flexion angle
ABy. This information, along with the initial position of
the ICR (xgg ¥ko)s is used to determine the current posi-
tion of the knee ICR (xy, yx), which is then transmitted to
the human-machine physical system within Adams. The
simulation is set to last for 2 seconds, during which the
angle and angular velocity of each joint in the GLM are
output in Adams.

The comparison of the theoretical values of angles
and angular velocities of each joint in the GLM with the
simulated values of the Adams-MATLAB co-simulation
is shown in Figure 8. The curves of the theoretical and
simulated values of the angles and angular velocities of
the joints in the GLM in Figure 8 basically match, thus
verifying the correctness of the kinematic model.

4 Performance Analysis

4.1 Size of the WA

The size of the WA reflects the convenience of align-
ing the rotation axis of the human-machine joint when
wearing the exoskeleton. The larger the WA, the more
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convenient it is for the alignment of the rotation axis of
the human-machine joints when wearing the exoskeleton.

In this paper, the exoskeleton mechanism and the
human femur, tibia, and knee joint together form a
1-DOF GLM. During its movement, singular configura-
tions may occur, resulting in the mechanism not being
able to assist human motion normally. Therefore, in the
design process, it is necessary to avoid these singular
configurations. According to the input and output veloc-
ity relationship of the closed-loop mechanism, singular
configurations can be divided into three categories: for-
ward kinematic singularity, inverse kinematic singularity,
and combined singularity.

(1) Forward kinematics singularity (input singular-
ity), matrix J, rank reduction. J, represents the passive
joints Jacobian matrix, and when ], is reduced in rank,
the output variable of the active joint variable cannot be
represented.

When the mechanism is located in this singular posi-
tion, after fixing the active joint, the passive joints of
the mechanism still have instantaneous motion. At this
point, det (]p) =0, which satisfies:

Lin(Gyer + Gysi + sy + I3s23 + lasaza) = 0. (13)

(2) Inverse kinematic singularity (output singularity),
matrix J, rank reduction. J, represents the Jacobian matrix
of the active joint. When the mechanism is in this singular
position and the active joint has output, the passive joints
of the mechanism do not have output motion. At this

60 65 70 75 80 85 90 95 100 105
NG

point, it is necessary to ensure that every element in J, is
0, but it is impossible for every element in J, to be 0, so the
mechanism will not exhibit inverse kinematic singularity.

(3) Combined singularity. This type of singularity is a
combination of forward kinematic singularity and inverse
kinematic singularity, which simultaneously satisfies the
rank reduction of matrix J, and matrix J,. At this point,
when the active joint is locked, the passive joints will still
have instantaneous motion, and when the active joint is
in motion, the passive joints will not move. The GLM will
not experience such singularity.

In summary, the GLM selects 0, as the active joint, and
forward kinematic singularity may occur, rather than
inverse kinematic singularity and combination singular-
ity. Eq. (13) provides a basis for eliminating wearing posi-
tions that may exhibit singularity in the WA.

Considering the actual wearing situation of the exoskel-
eton, we set an expected WA in the world coordinate sys-
tem: —20 mm < x;< 20 mm, 50 mm < Y, <250 mm. Set the
variation range of the active angle 65 to 0°~90°. The WA
under the initially selected exoskeleton size parameters is
shown in Figure 9. However, under the initially selected
exoskeleton size parameters, the WA in Figure 9 does not
fill the area we set, there are also some position points
that do not meet the wearable requirements, indicating
that the initially selected exoskeleton size parameters are
not the optimal size parameters.

To characterize the size of the WA (SWA), we use the
number of position points num to characterize:
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-
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calculated in MATLAB
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9/\': 120° €=—— A@]\,:OO
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Figure 7 Adams-MATLAB co-simulation: a Human-machine physical system built in Adams, b Information flow between Adams and MATLAB, AG,
is the flexion angle of the knee joint, (xy,, Yxo) is the position of the knee joint rotation center in the global coordinate system at the initial position,
and (x4, ) is the position of the knee joint rotation center at the current knee joint flexion angle

SWA = num. (14)

4.2 Velocity Transfer Ratio

Velocity transfer ratio expresses, as does kinematic
manipulability, the ability to transfer velocity from the
active joints to the passive output joints. In this paper,
the input angle is ; and the output angle of interest is 6,
which is obtained from Eq. (12):

0 = y0s, (15)

where y is a scalar, i.e., a velocity scaling factor from the
active joint to the passive output joint. To express the
ability to transfer the velocity from the active joint to the
knee joint, the local velocity transfer ratio w, is defined
as:

wy = /vl

where w, denotes the velocity transfer ratio for the spe-
cific size parameters, a certain wearing position, and a
certain angle of motion. The local velocity transmission
ratio in the driving range at the initially selected size
parameters is shown in Figure 10a. From this curve, the
local velocity transfer ratio decreases with the increase of
the flexion angle of the knee joint.

To evaluate the average velocity transfer ratio of an
exoskeleton mechanism at a certain wearing position for
the specific size parameters, defined:

(16)

N
> Wi
i=1

N ’

Woy =
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where w,, is the average velocity transfer ratio from
the active joint to the knee joint during the movement
of the knee joint from 0° to 120°% N is the number of
selected movement angles; and w,, is the local velocity
transfer ratio corresponding to the ith point. The aver-
age velocity transfer ratio within the WA under the ini-
tially selected exoskeleton size parameters is shown in
Figure 10b, where the closer the wearable position is to
the origin coordinates of the world coordinate system
in the y-axis direction, the larger the average velocity
transfer ratio is.

In order to reflect the average transfer ratio of dif-
ferent size parameters in their corresponding WA, the
performance index AVTR is defined as:
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num num
2 e (Z W”/ N) (18)
—
AVTR =/ =
num
where w,,; is the average velocity transfer ratio corre-

sponding to the jth wearable spatial location at the par-
ticular size parameters.

4.3 Initial Position Static Stiffness

Stiffness is the ability to resist deformation under exter-
nal forces. The stiffness performance of a mechanism is
mainly affected by the material and size of the parts as
well as the configuration of the mechanism. In the calcu-
lation process, let the joints and links in the mechanism
be rigid, and let the virtual displacement of the active
joint of the mechanism be §6,, the active joint torque be
75, the virtual displacement of the output joint be §6y,
and the output torque be T. According to the principle of
virtual work, we have:

13803 — T§0 = 0. (19)

The active joint torque versus output torque is obtained
from Egs. (15) and (19):

73 = )/T. (20)

Let Af; be the small displacement of the active joint
and k be the stiffness coefficient at the active joint, then
we have:

= kAG3. (21)

Associative Egs. (15), (20) and (21) can be obtained:

A = vk~ Iy T, (22)

Setting the static stiffness coefficient of the output
joints as K, it can be obtained:

T = K, A6. (23)

Substituting Eq. (22) into Eq. (23) yields the static stiff-
ness coefficient of the output joint:

K = ky ™2 (24)

This static stiffness coefficient characterizes the ability
of the exoskeleton mechanism to resist external torque.
For a knee exoskeleton mechanism, it is necessary to
have a high static stiffness when the knee joint is in the
support phase to resist knee flexion and ensure the sta-
bility of the human body. Therefore, for the static stift-
ness analysis, we need to focus on the static stiffness of
the GLM when the human limb is in the support phase
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Figure 9 WA under the initially selected exoskeleton size parameters. When wearing, align the center of rotation of the human knee joint with this
area, which can ensure that (1) the exoskeleton can assist in the flexion of the human knee joint to 120 °, and (2) no singularity occurs during this

process

(initial position). Assuming the stiffness coefficient k=1
N/° at the active joint, the initial position static stiff-
ness of the GLM in the WA is shown in Figure 11 while
comparing with Figure 10, it can be seen that the initial
position static stiffness performs the opposite to the aver-
age velocity transfer ratio performance, and the average
velocity transfer ratio is instead smaller in the wearable
position points with large initial position static stiffness.

To characterize the static stiffness performance of the
knee joint in its initial position within the WA under dif-
ferent size parameters, the performance index AISS is
defined:

num

Z I(s]'
AISS = =L

num

(25)

where K; is the initial position static stiffness corre-
sponding to the jth wearing position at the particular size
parameters.

5 Optimization

5.1 Formulation of the Optimization Problem

The link lengths of the GLM are the important param-
eters that affect the performance of the WA, velocity
transfer ratio, and initial position static stiffness. In order
to obtain a larger WA as well as larger AVTR and AISS,
the NSGA-II (Nondominated Sorting Genetic Algorithm
IT) algorithm is used in this section to optimize the size

parameters of the exoskeleton mechanism. This optimi-
zation algorithm is a popular classical algorithm among
multi-objective evolutionary algorithms, which over-
comes the shortcomings of the NSGA algorithm that
does not retain the optimal individuals during iteration,
the shared parameter values are difficult to determine,
and the time complexity of the construction of the Pareto
optimal solution set is high, with fast computation speed
and high efficiency, and it has a unique advantage for the
complex and large-scale optimization problems [36, 37].
Establish the multi-parameter multi-objective problem

|

where x € [l1,0, 13,01, 2] is the selected size optimi-
zation parameters of the GLM; f,,(x) (m=1, 2, 3) are
the defined objective functions, and fj(x)=—SWA,
f(x)=—AVTR, and f;(x)=—AISS; and C is the con-
straints of the five optimization parameters during the
size optimization process of the mechanism, the upper
and lower bounds of which are shown in Table 2. In this
paper, the gear ratio n=—1 is not used as an optimization
parameter because the role of the gears in our design is
only to reduce the DOF of the mechanism to 1. In order
to ensure that the exoskeleton mechanism has a sufficient
WA, the constraint SWA >2000 is used in the optimiza-
tion process.

min fmx)(m=1,...,3),

s.t. x e C, (26)
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Figure 10 Velocity transfer ratio: a The velocity transfer ratios at a particular wearing position for the given size parameters, b The average velocity
transfer ratios within the WA for the given size parameters

5.2 Optimization Results crossover probability is 0.9, and the mutation probability
In the NSGA-II optimization algorithm, the population is 0.05. The Pareto frontiers of the objective functions f;,
size is set to 60, the number of generations is 120, the  f;, and f; and their trends with the number of generations
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Figure 11 Static stiffness at the initial position within the WA

Table 2 Bounds of the parameters

Parameters Bounds
I, (mm) (70, 120)
1, (mm) (70, 120)
5 (mm) (70, 120)
a, (90, 180)
a, () (—180,0)

of heredity after the optimization are shown in Figure 12,
and the SWA has been stabilized at around the 80th
generation.

The final optimization yields 60 sets of size param-
eters, and the optimal solution needs to be selected
among these 60 sets of size parameters. Since the
three optimization objectives have different scales, we
need to define a comprehensive performance indicator
(CPI):

num AVTR AISS
CPI = oy Pop + wy Dop w3 Pop ,
LS um LS~ AVTR LS AISS
L= POP 121 L=
(27)

where w is the weight coefficient, we pay more attention
to the SWA, so we set w;=0.6, @,=0.2, w;=0.2. And
pop =060 is the population size.

The set of size parameters with the largest CPI
value is taken, and the optimized size parameters are
obtained as shown in Table 3.
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5.3 Performance Comparison Before and After
Optimization

The comparison before and after the optimization of the
three indicators is shown in Figure 13. After optimizing
the size parameters, the SWA increased by 18.40% as
shown in Table 4, and the set areas are all wearable. Also,
the AVTR on the WA increased by 4.98% and the AISS
increased by 6.01%. This means that the exoskeleton
mechanism has a larger WA on the human body and bet-
ter performs on the larger WA.

6 Simulation and Compatibility Test

In this section, the ability of the exoskeleton mechanism
to absorb MD is verified through Adams-MATLAB co-
simulation. And the compatibility of human-machine
kinematics was verified through a mechanism principle
prototype.

6.1 Simulation of MD Absorption

To simulate the absorption of undesired MD by the
proposed exoskeleton during assisted human knee
motion, we set the human knee flexion motion as the
active motion in the simulation environment. Addition-
ally, we set the knee flexion angular velocity to 45°/s,
and a constant assisted torque of 10 Nm is given to the
active joint 8, of the exoskeleton. It is assumed that the
human-machine interaction positions have an equivalent
stiffness coefficient of 1 N/mm and an equivalent damp-
ing coefficient of 1 N-mm/s, after being strapped to the
human body. The change of the MD, the change of the
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Figure 12 Optimization results: a Pareto front, b Trend of the WA with genetic generations, ¢ Trend of AVTR with genetic generations in the WA, d
Trend of AISS with genetic generations in the WA

Table 3 Optimized size parameters direction) are measured in the assisting process, and the
Parameters Values simulation time is 2 s.

Simulation a: Simulation of the generation of MD
Iy (mm) 120 in a gear-like exoskeleton. The two adaptive angles A9,
, (mm) 98.88 and A6, of the adaptive link are fixed, i.e., the exoskel-
I5 (mm) 747 eton is made to lose its adaptive ability. Due to the mis-
a, () 11471 alignment of the center of rotation of the knee joint
a, () -4925 and the gear meshing point, there is bound to be the

MD generation at the interaction positions between
the exoskeleton and the human body. As shown in Fig-
ure 14a, the MD_,¢ and MDy,,;, of the exoskeleton on
the calf and thigh, as well as the force F,¢ and Fy,gy, of
the exoskeleton on the calf and thigh are measured. The

adaptation angles Af; and A6, (clockwise direction as
the positive direction), and the force along the leg surface
F . and Fy,ign (down along the leg surface as the positive
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I Before optimization
After optimization

0.5
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0.4
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(N/%)

¥, (mm) 50

Table 4 Performance before and after optimization

Performance Before After Performance

parameters  optimization optimization improvement
percentage (%)

SWA 6941 8218 1840

AVTR 221 232 498

AISS 0.133 0.141 6.01

peak of the MD_,j; can reach up to 40 mm, the peak of
the MDy,;,, can be up to 19 mm, the peak of the F
can be up to 65 N, and the peak of the Fy,, can be up
to 30 N.

After optimization

©
Figure 13 Comparison of performance before and after optimization: a Comparison of SWA, b Comparison of AVTR within the WA, ¢ Comparison
of AISS within the WA

Simulation b: Activating the adaptive link. As shown
in Figure 14b, after activating the adaptive link, the MD
in Figure 14a can be transformed into the changing
angle of the adaptive link, which is absorbed by the exo-
skeleton mechanism. At this time, the peak of MD_,
decreased to 2.3 mm, the peak of MDy,,, decreased to
1.4 mm, the peak of F_,;; decreased to 7 N, and the peak
of Fy;, decreased to 3 N.

Simulation c: Activating the adaptive link. The slid-
ing displacement (SD) of the exoskeleton along the leg
surface is arbitrarily given as s=20sin(ntt/4) mm to ver-
ify the adaptive ability of the exoskeleton when a slid-
ing situation occurs during the assisting process. As
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shown in Figure 14c, the exoskeleton can still assist the
knee motion normally even if the exoskeleton appears to
slide on the leg surface. The variations of F,; and Fy,q
are slightly different from those in simulation b, but the
peaks are the same as in simulation b.

Simulation d: Activate the adaptive link. The flexion
angular velocity of the hip joint is arbitrarily set to 20°/s
to verify whether the exoskeleton would be affected by
the motion of the hip joint during the assisting process.
As shown in Figure 14d, the variation of the adaptive
angles is the same as those in simulation b. The variations
of MD_,jp MDDy, and Fyyp Fyy, are slightly different
from those in simulation b. However, their peaks are the
same as those in simulation b.

Simulation e: Activate the adaptive link. The SD of
the exoskeleton along the leg surface is arbitrarily set to
s=20sin(m¢/4) mm, and the flexion angular velocity of
the hip joint is arbitrarily set to 20 °/s. The sliding of the
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exoskeleton and the motion of the hip joint are combined
to validate the adaptive capability of the exoskeleton.
As shown in Figure 14e, the changes in F ; and Fy,p,
are slightly different from those in simulation b, but the
peaks are the same as in simulation b.

Through the above series of simulations, it is shown
that:

(1) After adding the adaptive link, although there has
always been a misalignment of the rotation axis between
the exoskeleton and the human knee joint, the MD
caused by the misalignment of the rotation axis can be
absorbed by the adaptive joint of the adaptive link in the
exoskeleton. And the force of the exoskeleton on the calf
and thigh along the leg surface direction is significantly
reduced, indicating that the proposed adaptive knee joint
exoskeleton is an effective solution to solve the MD.

(2) The assistance of the exoskeleton to the knee joint
can cope with the impact of human hip joint movement

\-

(b)

Figure 15 Kinematic compatibility test: a Step motion, b Sit-to-stand motion
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and the impact of exoskeletons sliding on the human
body, indicating that the proposed adaptive exoskeleton
has good adaptive ability.

6.2 Verification of Human-machine Kinematic Compatibility
To verify the compatibility of human-machine kin-
ematics, we built an unpowered mechanism principle
prototype. And tests were conducted on human body
wearing exoskeletons for stepping and sitting-to-standing
motions.

During the process of wearing the exoskeleton, we align
the designed WA with the wearer’s knee joint rotation
center in the sagittal plane. As shown in Figure 15, the
wearer can achieve step and sit-to-stand motions without
obstruction, demonstrating that the designed exoskel-
eton has good human-machine kinematic compatibility.

7 Conclusions

In this paper, we designed a wearable adaptive knee exo-
skeleton based on GLM and analyzed the proposed knee
exoskeleton from the kinematic perspective. The conclu-
sions drawn are as follows.

(1) The adaptive structural design of virtualizing the
human femur, tibia, and knee joint as a part of GLM
can solve the problem of misalignment of the rota-
tional axis of the human-machine joints at the knee
joint. The proposed WA helps to align the rotation
axis of the human-machine joints during wearing,
enhancing the convenience of aligning the rotation
axis of the human-machine joints.

(2) A kinematic model of GLM was established, tak-
ing into account the changes in the ICR of the knee
joint. The high consistency between theoretical and
simulation values proves the correctness of the kin-
ematic model.

(3) In order to improve the wearability of the exoskel-
eton, the NSGA-II optimization algorithm was used
to optimize the size of the exoskeleton mechanism.
The optimization results showed that the WA of
the exoskeleton mechanism on the human body
increased by 18.40% after optimization. The AVTR
and AISS of the exoskeleton mechanism in the WA
increased by 4.98% and 6.01%, respectively.

(4) The simulation of the absorption of MD by the
exoskeleton demonstrates the feasibility of the pro-
posed adaptive knee joint exoskeleton scheme and
the good adaptive ability of the exoskeleton. The
proposed adaptive exoskeleton has been verified to
have good human-machine kinematic compatibility
through motion testing after wearing exoskeletons
on the human body.
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In the future, we will continue to improve the engi-
neering design of this adaptive exoskeleton. And con-
duct dynamic modeling and build a controller to verify
the performance of the adaptive exoskeleton in terms of
assistance, while also verifying the exoskeleton’s perfor-
mance in reducing undesired forces caused by misalign-
ment during the assistance process.
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