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Abstract: In-depth research on the rehabilitation mechanism and motion characteristics of
a rehabilitation training robot based on 4-UPUS parallel mechanism. The overall design
and the working principle of each key component are explained, and the robot rehabili-
tation scheme is described. The static analysis and modal analysis of the robot bearing
structure are carried out to verify whether the static mechanical characteristics of the
mechanism meet the application requirements under working conditions.A simplified
mathematical model of the six-bar linkage mechanism is established, and the kinematics
of the mechanism is solved by the geometric analysis method. The motion characteristic
diagram of each key point is obtained through simulation calculation. Establish the mo-
tion model of the parallel mechanism, and discuss the working space and motion per-
formance analysis of the mechanism. The forward solution analysis of the mechanism
position is carried out by wusing the numerical analysis method, and the
three-dimensional graphics of the attitude angle and linear displacement of the reachable
working space are obtained.Taking the UPUS single branch chain as the analysis object,
the single open chain analysis method is used to solve the kinematics image of the cor-
responding surface in the working space of the mechanism, which verifies the correctness
of the kinematics theoretical solution and the feasibility of simulation.The research re-
sults show that the 4-UPUS parallel mechanism rehabilitation training robot can cooper-
ate with the ankle joint for rehabilitation training. It makes up for the single movement of
the current lower limb rehabilitation robot and the unsatisfactory rehabilitation effect,
and provides a reference for the practical application of the subsequent ankle joint reha-
bilitation robot system.

Keywords: Ankle joint rehabilitation robot Parallel mechanism  Statics analysis
Kinematics analysis ~Workspace

1. Introduction

The main research in this paper is that the 4-UPUS parallel mechanism rehabilitation
training robot enables patients to receive systematic training in a variety of ways. It is
mainly composed of a parallel mechanism composed of 4 UPUS, a six-bar linkage
mechanism and a foot fixing device.It consists of two branches of the parallel mechanism
that are responsible for the rehabilitation of the left and right ankle joints, including back
extension, plantar flexion, valgus and varus. The internal rotation and external rotation of
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the ankle joint are completed by a six-bar linkage mechanism.By simulating the move-
ment of the ankle joint, the drive motor pushes the mechanism to drive the ankle joint to
an opening and closing angle during the movement. The circulatory rehabilitation action
also makes the patient's ankle joint form neuromuscular memory, and the synergy of the
various mechanisms greatly increases the chance of rehabilitation treat-
ment.Rehabilitation robots can not only help patients with ankle joint injuries perform
rehabilitation exercises, but also can be used for sports training for athletes and joint
correction for the elderly. It can effectively improve the muscle strength of the ligaments
around the ankle joint, and improve the flexibility, stability and coordination of the ankle
joint.

It is composed of two Universal hinges (U), a hydraulic push rod Prismatic pair (P),
and a Spherical pair (S) in series, and a total of four kinematic chains are formed in par-
allel to form a 4-UPUS parallel mechanism.

It has good flexibility and athletic performance. The unique hinged varus and valgus
training mode breaks the traditional mode and can effectively provide multi-modal
training of the ankle joint, which can well complete plantar flexion and dorsiflexion. It
has the advantages of dexterity, changeability and strong adaptability. The independent
design of the two feet realizes the rehabilitation of the left and right ankles respectively,
and at the same time adds a leg fixing device, which is more practical. The use of the
six-link module can effectively overcome the lack of internal rotation and external rota-
tion of the ankle joint in the traditional model. It can realize multiple degrees of freedom
movement modes, so that the movement of each mechanism is more in line with the
movement of the human ankle joint, and can provide reasonable rehabilitation training of
the human ankle joint in complex postures.

The structure of this paper is as follows. Section 1 introduces the research content
and illustrates the innovations of this paper. Section 2 introduces the research signifi-
cance and related background of the 4-UPUS parallel mechanism ankle rehabilitation
training robot, and extends the purpose of this research. Section 3 introduces the overall
design of the ankle joint rehabilitation robot and the working principle of key compo-
nents. Section 4 carries out theoretical calculation and analysis on the key technologies in
this design, and carries out static analysis and modal analysis on the load-bearing part of
the device. The working space and motion performance of the parallel mechanism are
discussed. Taking the UPUS single branch chain as the analysis object, the kinematic
image of the corresponding surface in the working space of the mechanism is solved,
which verifies the correctness of the kinematics theory solution and the feasibility of
simulation verification. Section 5 is the conclusion part.

2. Related work

The ankle joint is one of the important joints of the human body. The survey shows
that ankle joint injuries account for 7% to 10% of the total number of patients admitted to
the emergency department every day [1-4]. Ankle fracture patients are more common
clinically, and the incidence accounts for 4% to 5% of systemic fracture injuries [5-6].For
the elderly, as the age increases, the flexibility of the limbs gradually decreases, and se-
vere patients may have foot circulation disorders[7-9].Ankle sprains are also a common
sports injury. It is difficult to conduct timely and standardized rehabilitation after ankle
joint injury, and it is difficult to guarantee the duration of rehabilitation training. When
running or jumping, the ankle joint bears huge load and impact, which is a fragile part of
the human body [10-12].The causes of illness are mostly caused by indirect violent causes
such as eversion, external rotation or inversion. If the treatment method is not selected
properly, it will seriously reduce the patient's quality of life [13-14]. At present, in reha-
bilitation medicine, functional training of joint dysfunction and spasticity requires artifi-
cial treatment of ankle joint training[15-16].They are based on the theory of continuous
passive motion, stimulate the human body's natural resilience, play a role in tissue
compensation, and restore the original functions of joints to the greatest extent [17]. An-
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kle rehabilitation aids have the advantages of labor-saving, high accuracy, and fast re-
covery. The recovery time is three or four times shorter than manual activity therapy
[18-19].With the ankle joint rehabilitation machine, it can be self-adjusted according to
the degree of ankle joint dysfunction and the required range of motion. It will not in-
crease the patient's pain and re-injury of the ankle joint, and is of great significance to the
early rehabilitation of the ankle joint.

Therefore, in order to meet the application requirements of ankle joint rehabilitation
equipment, an ankle joint rehabilitation robot with excellent performance has been de-
veloped. It not only allows patients to receive standardized and adequate rehabilitation
training, but also alleviates the country’s problem of "more patients and fewer rehabili-
tation doctors". A series of ankle rehabilitation equipment has been developed on the
market.

Kumar introduced a new type of 25PRR+1U parallel mechanism. The branch chain
composed of the spherical pair, the rotating joint and the universal hinge has a certain
working space and flexibility, and its kinematics analysis has been carried out
[20].Shahid discussed robotic equipment for treadmill and ground training and plat-
form-based parallel ankle robots [21]. Liu proposed a four-degree-of-freedom general-
ized spherical parallel mechanism, and analyzed whether the kinematics of the mecha-
nism meets the needs of ankle joint rehabilitation [22].Zhi proposed a 3-PSP parallel
mechanism, and established a mathematical model of the parallel part of the robot based
on the screw theory. Then get the inverse kinematics, and analyze the reciprocal distor-
tion, Jacobian matrix and the singularity of the robot [23].Wang C. studied a kind of
transmission branch chain of SPS mechanism. The robot uses the center ball pin pair as
the main support to simulate the movement of the ankle joint. The upper platform and
the center ball pin pair constitute a mirror image of the patient's ankle joint. It has two
degrees of freedom (DOF) connected to the lower platform, which can realize three kinds
of movement, and the dorsiflexion, plantarflexion movement and varus and valgus
movement are separated, which conforms to the physiological characteristics of the hu-
man body [24].Wang D., Choi, JAzar, etc. have respectively developed and verified a new
type of foot and ankle bionic dynamics simulator. It is a movable 6-DOF parallel mecha-
nism, URR parallel mechanism and 2R1T branch chain [25-28].Dong M. developed a
2-UPS parallel mechanism whose movement in two directions is driven by two linear
motors. It can perform rehabilitation training in dorsiflexion/plantarflexion and var-
us/valgus directions, calibrate the control accuracy of the kinematic model and derive the
inverse solution of the position [29]. Wang H. proposed a four-degree-of-freedom lower
limb rehabilitation robot, which analyzed the human-machine hybrid kinematics model
according to the Denavit-Hartenberg (D-H) method, and explored the user-based varia-
ble human-machine workspace. The trajectory tracking experiment of the prototype ver-
ifies the trajectory planning method and the human body joint analysis method
[30].Based on the theory of generalized function set, Zhang J. reveals the relationship
between the motion characteristics of a rigid body and a point on the rigid body. It is
determined that the robot body can realize the motion characteristics of the
six-dimensional ankle [31]. Kumar S, Li Y, Zhao C proposed a motion mechanism with
three degrees of freedom, which has the advantages of high rigidity, simple and strong
structure, and good stress distribution [32-34].Zhou C developed a mechanism based on
parallel kinematics. By comparing the kinematics analysis of the series mechanism, the
performance evaluation of the Jacobian matrix of the speed relationship between the an-
kle joint and the motor was carried out on the two mechanisms [35]. Yu, Li Y, Lu B, Chen
Z, and Cao Y respectively carried out kinematics analysis on the mechanism to solve the
problems of total inverse, rotational inverse and forward kinematics [36-40].

The disadvantages of the ankle joint rehabilitation robot currently under study are:

For general parallel ankle joint rehabilitation robots, the decoupling of kinematics
and dynamics is poor, and trajectory control is difficult, which affects the application and
promotion of the machine and the effect of rehabilitation training. Most ankle rehabilita-
tion robots have a small range of motion, and the degree of freedom of motion can only
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be used for dorsiflexion/plantar flexion rehabilitation training.It can only be used for the
two functions of dorsiflexion/plantar flexion, varus/valgus, internal rotation/external ro-
tation, and cannot meet the training postures required by different patients and the
comprehensive rehabilitation needs of ankle rehabilitation.The parallel mechanism robot
does not match the motion axis of the human ankle joint. The rotation center of many
ankle robots is inconsistent with the rotation center of the human ankle joint, and other
parts of the lower limbs will move together during training. This is not suitable for prac-
tical ankle rehabilitation training and may cause secondary injuries.

In summary, the ankle joint rehabilitation robot is widely used in medical rehabili-
tation, and can help users achieve the purpose of treatment. The auxiliary exercise can
exercise the ankle joint to a certain extent. Its application enhances the user's lower limb
strength and the range of motion of the ankle joint, increases the user's coordination
ability, solves the current shortage of medical resources, and makes up for the problem of
a large number of patients and a small variety of rehabilitation equipment.

3. Overall Design of Ankle Joint Rehabilitation Robot

The ankle is the smallest joint at the end of the three main joints of the lower limbs.
Although the ankle is directly connected to the foot, the surrounding muscles are not as
strong as the hip and knee joints. It is precisely because of the common use of the ankle in
human body training and the relative weakness of the surrounding muscles that active
rehabilitation training is required after the joint swelling subsides and the pain is relieved.
The ankle joint rehabilitation robot is suitable for abnormal ankle joint function caused by
various reasons. It can improve joint stiffness and prevent muscle atrophy and muscle
adhesion and ligament adhesion of related leg muscle groups.

The various angles of the ankle joint movement are shown in Figure 3.1.The range of
motion angle is shown in Table 1.
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Figure 3.1 Overall schematic diagram of multi-degree-of-freedom ankle rehabilitation
training device
Table 1 Range of motion of ankle joint

Sports form Joint Direction
Inversion 0°~45° -
Eversion 0°~30° +

Dorsiflexion 0°~30° -

Plantar flexion 0°~50° +
External rotation 0°~30° +
Pronation 0°~30° -

The working principle of the 4-UPUS parallel ankle joint rehabilitation training ro-
bot is that the human body sits on a chair, raises both legs and places it on the ankle joint
rehabilitation training robot. After the feet are put on, the ankle joint rehabilitation
training can be carried out. It consists of three modules, namely 4-UPUS parallel mecha-
nism, six-link module and foot fixing device.
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The independent design of the two feet realizes the recovery of the left and right
ankles separately, and at the same time increases the leg fixation device, which is more
practical. The treatment methods can be adjusted according to the different degree of
damage of the patient, and the best rehabilitation plan can be formulated.

The use of multiple links in the six-link mechanism module can effectively overcome
the lack of internal and external rotation of the ankle joint in the traditional model. Its
rotating pairs can be independent of each other, have completely isotropic kinematics,
and the control principle is simple.

The overall structure diagram is shown in Figure 3.2.
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Figure 3.2 Overall schematic diagram of 4-UPUS parallel ankle joint rehabilitation
training robot

3.1. UPUS branch chain structure design
The UPUS branch chain module mainly includes cross shaft universal coupling, first

reducer, servo motor, ball cage universal joint, torque sensor, and displacement sensor.
The structure of UPUS branch chain is shown in Figure 3.3.

Cross shatt universal _——
coupling

Telescopic rod

Servo motor

First reducer

Figure 3.3 UPUS branch chain

The UPUS branch chain is a part that realizes variable-angle power transmission,
and is used for the position where the direction of the transmission axis needs to be
changed. It is an important part of the universal transmission device of the entire reha-
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bilitation training system. It is fastened to the foot fixing module by a hexagonal screw
and plays the role of ankle dorsiflexion and plantar flexion. It has a certain lifting length
to ensure that the ankle joint movement components have enough coupling space, which
conforms to the physiological characteristics of the human ankle joint movement. One
end of the upper cross shaft universal coupling is fastened to the foot fixing module, and
one end is fastened to the lifting rod. The output driving force of the servo motor per-
forms the function of raising and lowering the lifting rod through the first reducer. Since
the angle and strength of the ankle joint dorsiflexion and plantar flexion are different
when the human body performs gait movement, different fuzzy PID control is adopted.
One end of the lower cross-shaft universal joint is connected with the ball-cage universal
joint, so that the entire universal joint lifting rod has sufficient paranoid mobility, and the
movable components will not be restricted when the ankle joint is rotated internally or
externally .

3.2 Structural design of six-bar linkage module

The six-link mechanism module mainly includes a permanent magnet DC motor, a
second reducer, a rotating shaft, a driving rod, a multi-link mechanism, a transmission
shaft, and upper and lower movable hinges. The modular structure design of the six-bar
linkage mechanism is shown in Figure 3.4.

!é Up and down @
I living hinge

 — Transmission
rod

Multi-link
mechanism

Drive rod

Axis of rotation

Second reducer

Figure 3.4 Schematic diagram of the six-bar linkage module structure

The six-bar linkage module is mainly linkage transmission, which is responsible for
the internal and external rotation of the ankle joint for rehabilitation. The permanent
magnet type DC motor is fixed on the support base, and the torque generated by the
permanent magnet type DC motor is output to the second reducer after deceleration, and
the rotating shaft is driven to rotate to form a high pair. The lower horizontal bottom rod
of the multi-link mechanism is used as the frame, and its center position is fixed with the
rotating shaft. The two ends of the horizontal bottom rod are connected with one end of
the two short rods to form a movable rotating lower pair. The rotating shaft is connected
and driven by key positioning. The lower end of the left short rod is connected with the
driving rod, and the upper end of the left short rod is connected with the long connecting
rod to form a multi-link mechanism.

The rotation of the rotating shaft drives the drive rod to move, and the continuous
rotating motion is changed to left and right swinging motion through a multi-link
mechanism. The two short rods are connected with the vertical transmission rod for the
function of transmitting torque, and the vertical transmission rod is connected with the
upper and lower movable hinges. The lower-upper hinge can prevent interference dur-
ing dorsal extension and plantar flexion of the ankle joint. At the same time, it can
transmit the torque in the horizontal plane. The angle sensor is installed in it, which can
effectively collect the rotation angle of the ankle joint during internal and external rota-
tion. It can monitor the range of ankle joint rotation in real time, and adjust and set the
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best rehabilitation program accordingly. Complete the internal and external rotation of
the ankle joint according to a certain exercise cycle.

3.3 Foot fixing device

The foot fixing module includes a foot pedal, a shoe wearable device, and an elastic
hinge. The elastic hinge is a rubber hinge made of non-metallic materials, which has a
certain degree of tensile ductility and rigidity.

The foot fixing device is mainly an ankle joint rehabilitation movement receiving
mechanism. The shoe-type wearing device is fixed on the foot pedal, so that the patient's
feet can be worn comfortably, and its size can meet the needs of men and women with
various foot sizes to wear shoes. The hinge is fixed under the foot pedal, and a deep
groove ball bearing is assembled therein so that a rotating pair can be formed in the axial
direction and has a fastening force in the radial direction. The hinge opening angle can
reach 90 degrees, which can complete the opening and closing actions well. When the left
foot is raised, and the right foot is not moving, the hinge pulling action can realize the
foot inversion and eversion function. The hinge is assembled with a spring. When the
multi-link actuator completes the rehabilitation training of internal rotation and external
rotation of the ankle joint, the compression and extension of the spring can make the en-
tire system device not restrained. The structure of the foot fixing device is shown in Fig-
ure 3.5.

Foot pedal Folding hinge ~ Shoe wearable device

Figure 3.5 Schematic diagram of the foot fixing device

3.4 Exercise mechanism and rehabilitation program

As shown in Figure 3.6, the left foot mechanism is defined as the first lifting rod near
the toe and the second lifting rod near the heel. When the first lifting rod is raised to a
certain height, the second lifting rod remains stationary. With the raising of the first lift-
ing rod, the two shafts of the universal joint are not on the same axis and offset, and the
universal joint of the stationary second lifting rod maintains the same included angle to
form the height difference of the foot around the ankle joint,, And the maximum included
angle with the horizontal plane range can be 20°~30°, so as to drive the upper foot pedal
and shoe wear device to form the dorsiflexion action of the back of the foot close to the
front of the calf, and the dorsiflexion training of the ankle joint of the foot can be com-
pleted.

When the first lifting rod is in a static state and the second lifting rod keeps rising at
this time, as the second lifting rod is raised, the two shafts of the universal coupling are
not on the same axis and deviate. It maintains the same included angle with the universal
coupling of the stationary second lifting rod to form the height difference of the foot
around the ankle joint, and the maximum included angle with the horizontal plane can
be 40°-50°. Therefore, the upper foot pedal 301 and the shoe wearable device 302 are
driven to form a plantar flexion movement away from the front of the calf, and the
plantar flexion movement of the ankle joint of the foot can be completed. The left foot
mechanism and the right foot mechanism work at the same time to complete the dorsi-
flexion and plantarflexion training of the left and right ankle joints.
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The movable hinge is connected with the middle end of the bottom of the foot pedal.
When the left foot mechanism and the right foot mechanism work at the same time to
complete the left and right ankle joint dorsiflexion and plantar flexion rehabilitation
training, the hinge rotates with it, so that the movement does not occur during the dorsi-
flexion and plantar flexion rehabilitation training. Interference.

The first UPUS
branch

The first UPUS
branch

The second UPUS
branch

The second UPUS

branch

Figure 3.6 Schematic diagram of left and right ankle joint dorsiflexion and plantar
flexion movement

As shown in Figure 3.7, the right foot mechanism is defined as the third lifting rod
near the toe and the fourth lifting rod near the heel. When the first and second universal
lifting rods of the left foot mechanism are raised at the same time, the third and fourth
universal lifting rods of the right foot mechanism are in a static state, and the left foot
mechanism drives the right foot mechanism through two hinges to cause an angular de-
viation .When the left foot mechanism moves to a certain height, the right foot mecha-
nism is correspondingly driven to a certain angle. At this time, the inner edge is raised,
the outer edge is lowered, and the sole of the right foot is inward and the back of the in-
step is outward. And the maximum critical angle with the horizontal plane range can be
45°. When the third and fourth universal lifting rods of the right foot mechanism are
raised at the same time, the first and second universal lifting rods of the left foot mecha-
nism are in a static state at this time. The right foot mechanism drives the left foot
mechanism to complete the action through two hinges.When the right foot mechanism
moves to a certain height, the left foot mechanism is correspondingly driven to a certain
angle. At this time, the inner edge is raised, the outer edge is lowered, and the sole of the
left foot is inward and the back of the instep is outward. The maximum critical angle with
the horizontal plane range can be 45°. Can complete the inversion training of the ankle
joint of the foot.
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Figure 3.7 Schematic diagram of the varus movement of the left and right ankle joints

As shown in Figure 3.8, when the first and second universal lifting rods of the left
foot mechanism descend at the same time, the third and fourth universal lifting rods of
the right foot mechanism are in a static state at this time, and the left foot mechanism is
driven by two hinges. The right foot mechanism has an angular deviation. When the left
foot mechanism drops to a certain height, the right foot mechanism is correspondingly
driven to a certain angle. The outer edge of the foot is raised and the inner edge is low-
ered, with the sole of the right foot facing inward and the back of the instep facing out-
ward. The maximum critical angle with the horizontal plane range can be 15°. When the
third and fourth universal lifting rods of the right foot mechanism descend at the same
time, the first and second universal lifting rods of the left foot mechanism are in a static
state, and the right foot mechanism drives the right foot mechanism through two hinges
to complete the action.When the right foot mechanism drops to a certain height, the left
foot mechanism is correspondingly driven to a certain angle, the outer edge of the foot is
raised, the inner edge is lowered, and the sole of the left foot is inward and the back of the
instep is outward. The maximum critical angle with the horizontal plane can be 15°, and
the valgus training of the ankle joint of the foot can be completed.

The second UPUS
The second UPUS ek
branch
The fourth UPUS The fowth UPUS  TL_LT 1 T
branch branch

Figure 3.8 Schematic diagram of valgus movement of left and right ankle joints

Refer to Figure 4.5. When the rotating shaft of the six-bar linkage mechanism rotates,
it drives the drive rod AB to make a circular motion, drives the drive rod BC to push DE
to swing, and FG also swings under the action of the connecting rod. The whole mecha-
nism forms a reciprocating movement that swings from side to side. The rehabilitation
actions of internal and external rotation of the ankle joint can be completed. The sche-
matic diagram of internal rotation and external rotation is shown in Figure 3.9.

\sw

Figure 3.9 Schematic diagram of internal rotation and external rotation of the left and
right ankle joints

4 Key technology research and discussion

4.1 Finite Element Static Analysis
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Considering that the patient's legs need to be placed on the robot system, the overall
structure is subjected to static stress analysis to verify whether it has a certain
load-bearing capacity to meet the requirements of the working conditions. This article
takes the overall structure of the robot system as the analysis object, and most of the loads
are from the weight of the patient's legs. The weight of the leg of the trainer on the overall
structure is regarded as a uniform load. In this design, the weight bearing range of the
human leg is 0~30kg, g=9.8 m/s?, and the left and right bearing mechanisms each bear the
weight of one leg, so the load is set to 150N.

For the elastic deformation of the running frame, the relationship between force and
displacement satisfies the following formula:

[K]x{6}={F} (

4.1

Among them: {F}is the total load array;[K] is the system structure stiffness ma-
trix; {5}is the system node displacement array;

The established finite element model analysis of the overall structure is shown in
Figure 4.1 and Figure 4.2.
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Figure 4.1 Equivalent stress diagram
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Figure 4.2 Schematic diagram of total deformation

The static analysis results show that from the equivalent stress diagram, it can be
seen that under the condition of applying a simulated load, the calculation and operation
results of the stress distribution of the overall structure show that the overall stress is
small and uniformly distributed. It is mainly concentrated at the center of the cross axis of
the universal joint. Although the stress here is slightly larger, the dynamic yield stress of
the overall structure is much smaller than the yield strength limit of the material. The
maximum strength of the frame in this state is 3.4407Mpa, and the maximum defor-
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mation is 0.0051562mm. The dynamic load stress intensity at all parts of the frame is
much smaller than the yield limit of 235Mpa, and the deformation caused by the applied
load can be ignored. It can be seen from the total deformation diagram that the main
deformation is at the center of the feet in the foot fixing device, where the overall struc-
ture is weak. As an optimized design, in the overall design, the center of the foot fixing
device has the transmission rod of the crank and rocker swing module as a support,
which can well overcome the deformation caused by the insufficient yield strength of the
material. Therefore, the mechanical performance requirements can be well met in the
fully loaded state or in the incompletely loaded static state.

4.2 Motion analysis of six-bar linkage structure
4.2.1 Motion analysis of six-bar linkage

In the robot system, the internal rotation and external rotation of the ankle joint re-
habilitation are mainly performed by a multi-link motion mechanism. As shown in Fig-
ure 4.3, the motion link mechanism mainly performs the reciprocating motion of left and
right swing relative to the external rotation and internal rotation.

Figure 4.3 Schematic diagram of six-bar linkage mechanism swing

The model is simplified into a linkage mechanism, and the solution is solved ac-
cording to the different assumptions taken.

Ls

A

Figure 4.4 Simplified model of the model

The relative position of each rod in space can be roughly determined by the sche-
matic diagram of the mechanism. As shown in Figure 4.3, roughly determine the relative
position of each rod in space. Among them, point A is the input hinge fulcrum, the AB
rod is the input rod, and its angular velocity is w1, which drives the movement of the BC
rod and promotes the movement of the DE rod, so that the EF and FG move to form a
reciprocating movement of left and right swings, thereby completing the internal rotation
of the ankle joint. Rehabilitation of external rotation.

From geometric relations, the following equations can be established:
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l,-1,cosd, =1, cosé, +1, cosb, (
l,sing, =1,sing, +1,sin 6, 4.2)

2 2 (
= 12 +12-21,], cosd),

4.3)
|,+1,cosé
cosaz—( i*1,0056,)
| <
: l,sin 6, 4.4)
sing=-"—+—-—-—
(17 +12=17)
cos S = (
21,1
4.5)

sin B =+/1—cos®

After the coordinate system is established, point A is used as the input terminal, and
a. B- 01, 02, 0sare defined in the closed vector ABCD four link, so that the position of

each point can be obtained.
X, =l,cosb, [x,=I, 1
Yo =lsing, |y,=0 4.6)

Xg = X +1,c086, =1,c0s6, +1, cos(f — )

=1,cos6, +1,(cos fcosa +sin Ssina) (
Vg =Y +1,8In 0, =1;sin 6, +1,sin(f - ) 4.7)
=1,sin 6, +1,(sin fcosa —cos Bsina)

X =1l,c086; +(I; —1,)cos b, +1; cosb, (
Ve =l,sin6; +1.8in 6, 4.8)
By formula (4.6) and formula (4.7) to determine the positions of the dynamic posi-

tioning points B and C, the mechanism can be moved. According to formula (4.8), the
movement position of point F can be calculated.

siné. sin #cosa -cos Bsina
6, = arctan——= =arctan p _ P . (
cosd, CoS fcosa +sin fsina 4.9)
6, =arctan 72— Ya (
Xg — X, 4.10)

4.2.2 Speed analysis

Derivation from equation (4.3) to time t, we get
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1,6, cos 6, = -1,6,sin 6, 1,6, sin 6, (
1,6, cos 6, = 1,6, cos 6, +1,6, cos 6, 4.11)

91 =@, 92 =0, , 93 =W, are the angular velocities of rods AB, BC, and CD re-

spectively.
0, = —I3_sm(¢91+6?3) o (
l,sin(6,-6,) 4.12)
o = |1Sin(91+92) o (
P olsin(6,-6,) 413)

Derive the time t from equation (4.8), and calculate the speed at point F

Ve, =—L0,5in 6, .0, cos b, (
4.14)
Ve, = l,; €08 0, +1;, COS B, (
4.15)

2 2
Ve = \/VFx + Ve (
4.16)

According to the same steps, the second derivative of the time t can be obtained from
the equation system, and the angular acceleration of the rod BC and CD can be obtained.

¢ =0, we can get

2 2 2
i cos(6,+6,) -, cos(6,+6,) - o] (
2 .
l,sin(6,+6,) 4.17)
_ ! cos(6,-6,)+1,0; —l,0; cos(6,-6,) (
3 .
l,sin(6,-6,) 4.18)
Calculating the second derivative of equation (4.7), the acceleration can be obtained
as
a., = -l cosd, —|.w’ cosd, —l.e,sin b, (
4.19)
ay, =—lw; sin, - l,w; sin 6, +1¢, cos b, (
4.20)

_ [32 12 (
8 =,/a5 +az, .

4.2.3 Simulation analysis of six-bar linkage
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The ankle joint is the main joint for the human body to complete gait movement
during walking. The ankle joint has the characteristics of external rotation and internal
rotation during normal walking. The range of internal rotation angle is 0°~30°; the range
of external rotation angle is 0°~50°. When used in healthy people, the angle of motion at
the ankle should be controlled within this range. However, considering that the patient's
ankle joint has basic motor dysfunction, to avoid unnecessary secondary injury, its angle
of motion should not be too large.

Verify that the motion angle of the linkage mechanism conforms to the range of the
ankle joint motion angle when the human body moves normally, to explore the control
law of the original mover, and verify the rationality of the mechanism design. The kin-
ematics images of the mechanism are shown in Figures 4.5 to 4.10.
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Figure 4.5 DE left link movement angle diagram
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Figure 4.6 FG right link movement angle diagram

The curve in Figure 4.5 reflects the trend of the movement angle of the left link over
time. The movement angle corresponds to the movement angle of the ankle joint of the
left foot. It can be seen that the angle of internal rotation of the ankle joint is 0°~+30°, and
it reflects that the angle of external rotation is between -50°~0°. The range of angle fluc-
tuation is within the range of motion of the ankle joint in the normal gait of the human
body.

The corresponding movement angle in Figure 4.6 corresponds to the movement an-
gle of the right ankle joint. It can be seen that the angle of internal rotation of the ankle
joint is 0°~+30°, and it reflects that the angle of external rotation is between -50°~0°. It

can well simulate the internal rotation and external rotation characteristics of the human
ankle joint in gait motion.
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Figure 4.7 Speed image of AB rotating rod
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Figure 4.8 Acceleration motion image of AB rotating rod
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Figure 4.9 Speed diagram of EF long link
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Figure 4.10 Acceleration diagram of EF long link

Studies have shown that the normal walking speed of humans is about 1m/s. Con-
sidering that the patient's ankle joint suffers from basic motor dysfunction, to avoid un-
necessary secondary injury, the value here is smaller than normal and is used for re-
search.

The speed and acceleration of the AB drive rod shown in Figures 4.7 and 4.8 change
with time. The curves show the changes in the speed and acceleration of the AB link in
the horizontal and vertical directions. From the speed curve, we can see that the maxi-
mum speed of the AB drive rod is within 0.1m/s.

The speed of the EF long link shown in Figures 4.9 and 4.10 varies with time. The
curves show the changes in the speed and acceleration of the EF long link in the hori-
zontal and vertical directions. From the speed curve, we can see that the maximum speed
of the EF long link is also within 0.1m/s.

It can be concluded that the speed of the AB drive rod and the EF long link can be
controlled within the speed range of 1m/s, that is, the simulation results are in line with
expectations. Therefore, the multi-link structure design is more reasonable, which can
satisfy the ankle joint activity during normal gait movement of the human body.

4.3 Dynamic analysis based on 4-UPUS parallel mechanism
4.3.1 Kinematics analysis of parallel mechanism model

As shown in Figure 4.11, the structure of the static and dynamic platform of the
parallel mechanism is a rectangle, the dynamic coordinate system o-xyz is connected to
the dynamic platform, and the static coordinate system 0-XYZ is in a fixed state. Let

[X, y.Z,a, By ] be the displacement and rotation angle of the moving platform coor-
dinate system M relative to the stationary platform coordinate system B.Among them,
[X, Y, Z] is the displacement along the X, Y, and Z coordinate axes, and [05 By ] is the
Euler angle of the dynamic coordinate system M relative to the static coordinate system
B.

Since the six-bar linkage device completes internal and external rotation actions, the
moving platform of the parallel mechanism has rotational freedom around the X, Y, Z

axes and freedom of movement along the Z axis. Then the generalized output of the
parallel mechanism moving platform is [«. /4.7 2].

> <

x B;

By
0(Bs5)
Y

B] 32

u n

=l =gt
lf? Ay z - ?Ag

? 0 (45) x
AI /Y AZ

Figure 411 4-UPUS parallel mechanism model diagram

The coordinates of Ai point in the fixed coordinate system O-XYZ are:

"A=(AcAnA)  1=12345 (

4.22)

The coordinates of Bi point in the moving coordinate system o-xyz are:
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"B, =(B,.B,.B,) i=12345 (
4.23)

The coordinates of point 0 in the fixed coordinate system 0-XYZ are:

p=(xy.2)'

The coordinates of point B in the fixed coordinate system 0-XYZ are:
T
°B, :(BiX’BiY’BiZ) =°BR+p-"A

According to the movement of each branch of the parallel mechanism, the coordi-
nates of the moving platform and the static platform are connected to the origin of the
two coordinate systems to form a closed loop . Therefore, the establishment of the geo-
metric vector relationship can analyze the speed and the Jacobian matrix.

The relationship between the input speed V, and the output speed V;, of the
4-UPUS parallel mechanism is

V. =Jv (
4.24)

J is the Jacobian matrix of the parallel mechanism. When the determinant of J is
equal to 0, V, cannot be inversely solved by V;,, and a singular configuration will ap-
pear.

The vertices b; of the moving platform of the 4-UPUS parallel mechanism are ex-

pressed as B in the dynamic coordinate system and D, in the static coordinate system.

The relationship between them is

b =RZb™ +0 (
4.25)

B . . . . . .
R, is the coordinate conversion matrix from the moving coordinate system M to

the static coordinate system B. Using ZYX Euler angle conversion method, it can be ex-
pressed as:

cos fcosa  cosasin fgsiny-sinacosy  cosasin fcosy +sinasiny

. L L . 4.26
e R®=| cosBsina sinasinBsiny+cosacosy sinasin fcosy-cosasiny ( )
-sin cos gsiny C0s fCos y

e
ctor from the center point o of the moving platform to the vertex b of the moving plat-
form is

e =b-o (

4.27)

Write the velocity of the center point o of the moving platform as
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G

0] [o 0 o 0]|°
v=lol=|o 0 0 0|?|zay, (
. 4 4.28)

2| [ooo 1]’

YA

In the formula, G represents the generalized speed of the moving platform of the
4-UPUS parallel mechanism.

Using ZYX type Euler angle, the angular velocity F of the moving platform can be
expressed as

o=Rad+R,B+Ry (
4.29)
R, R,, R;, are the directions of the three rotating shafts when the movable
platform is rotating.
R =R,
R,=R(Z,2)R, =[-sina cosa 0]T (
4.30)

R, =R(Za)R(Y B)R, =[cosacos S sinacosfB -sin ﬁ]T

Ry s R/, R, respectively represent the unit direction vectors of the three coor-

dinate axes of the static coordinate system B, so

0 -sina cosacosf O ,aB
w=|0 cosa sinacosfB 0| |=J,V, (
1 0 -sin g 0 7/ 4.31)
YA
According to the angular velocity @ of the moving platform and the speed of the
center point o of the moving platform, the input speed Vj,; of each drive branch can be
obtained.
5 =(v+wxe)s =ov+(ex8)w=d,| (
V.. =V.0. =(V+@wXE )o. =oV+(€ X0 ) =J .
ni 11 I I I 1 I rn ) 4'32)

4.3.2 Kinematics simulation verification of parallel mechanism

For the studied 4-UPUS parallel mechanism, its reachable working space is defined
as the set of all moving platform pose parameters &, [, 7 that meet the constraint
conditions.

The working space of the mechanism must satisfy a certain symmetry, and the
working space of the mechanism can be obtained by combining the inverse kinematics
solution of the mechanism. Using the coordinate search method, the points that meet the
constraints are determined in the designated area, and then the workspace image is ob-
tained through the coordinates of these points .

When analyzing the working space of the location, the single-open chain analysis
method is adopted. Regarding each branch chain as an independent movement, the in-
tersection of the workspace formed by the 4 branch chains is the positional work-
space.While satisfying the equation in 4.3.1, the position constraint equation of the par-
allel] mechanism is combined to form the constraint condition of the working space.
Record all the points that meet the constraint condition, then the volume composed of
these points constitutes the working space of the parallel mechanism.Select a constant
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point in the space and keep it still, let the Euler angles &, B, 7 change, and get all
the Euler angles that can reach the fixed position.
Given the attitude angle® , f, 7 find each angle accordingtof (&, B, 7),let

a =amm+iaw—‘i‘W(i=o,1,---,m—1)

_ 'ﬂmax_ﬂmin P m (
B = Prin +1 1 (i=01---,m-1) 4.3

7 =7/min+iM(i ~0,1,---,m—1)
m-1

Loop i times, and then search each corner one by one, and finally get the singularity
boundary curve of the attitude angle change. As shown in Figure 4.13 and 4.14.

Figure 4.12

Figure 4.13 Euler angle of single branch chain movement

It can be seen from Figure 4.12 that the linear displacement of the mechanism
changes smoothly within the reach of the working space, and there is no major sudden
change. It shows that the mechanism moves smoothly and reliably without interference,
and has certain spatial accessibility. It can be seen from Figure 4.13 that the movement
surface of the mechanism within the reach of the working space gradually increases from
one end to the central area, and forms a higher sudden change at the other end, which
changes smoothly and has a good opening and closing degree.This indicates that the de-
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signed mechanism has a good range of spatial motion, can adapt to a relatively large
posture and work space, and can meet the design requirements of ankle joint rehabilita-
tion movement angle changes.

Given a driving joint with a unit velocity vector that can be along any direction in the
joint space, constraints are added to the joint variables. According to the constraint con-
ditions and the actual demand movement angle, the kinematics image of the corre-
sponding surface in the working space of the mechanism is solved, and then the
three-dimensional image of the driving input speed can be obtained. The output speed
set of the upper platform corresponding to the corresponding driving speed can be ob-
tained through the 4.3.1 speed solving formula.

(S)ny

Figure 4.14 Speed change image

Figure 4.15 Angular velocity change image

It can be seen from Figure 4.11 that the speed vx and vy change with time, and the
image surface is close to a plane. It shows that the speed is continuous, stable, and close
to linear. However, there is a sudden bending change at the bottom, which indicates that
the speed transmission capacity of the mechanism under the mechanism parameters is
different. The speed transmission performance of the mechanism is similar, and the
speed performance is better. It can be obtained from the figure 4.15 that the angle surface
of the mechanism movement is close to the fan surface, and it can be concluded that the
angular velocity changes smoothly during the movement. So as to ensure the feasibility
of the actual application of the organization. When the mechanism has good speed
characteristics, it will greatly help the ankle joint rehabilitation.

5. Conclusions
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In this paper, a new type of ankle joint rehabilitation robot based on 4-UPUS parallel
mechanism is proposed, and the overall structure design and rehabilitation process plan
are established. A six-link kinematic model is established, and the kinematics diagram is
obtained through calculation and simulation. The kinematic model of the parallel
mechanism is constructed, and the three-dimensional figures such as the attitude angle
and linear displacement of the reachable workspace are obtained. The research results
show that the 4-UPUS parallel mechanism rehabilitation training robot has good space
and flexibility, can provide patients with the needs of rehabilitation treatment at various
angles, and can meet the maximum application in the field of ankle joint rehabilitation. It
solves the problems of single movement and insufficient spatial flexibility of the current
lower limb rehabilitation robot.

However, in the kinematics analysis, the velocity image appears abrupt change, in-
dicating that the mechanism interferes in the movement, and further debugging and op-
timization of the mechanism is required. In this paper, only the overall structure work is
done, and the content of control needs to be further studied. According to the require-
ments of ankle joint rehabilitation training, the control system of the ankle joint rehabili-
tation robot is designed to adapt to various rehabilitation strategies. The existing virtual
reality technology can realize force feedback. Through the human-computer interaction
interface, patients can observe gait motion images in real time, monitor their own reha-
bilitation status more intuitively, and increase the interest and practicability of patients'
rehabilitation treatment. It will be the focus of the next research work to make it truly
used in clinical practice for ankle rehabilitation.
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