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Abstract: Stereo garage technology can effectively alleviate the problem of parking difficulties, but
the safety problems of its actuators, via which the core of stereo parking function can be realized,
seriously affect its promotion and further development. In this paper, a two degrees of freedom
(2-DOF) parallel lifting actuator for a stereo parking robot is designed by researching the type
synthesis of the mechanism based on the screw theory. The limb constrained triangle method, the
flexibility of limb constrained triangle, and the failure probability are proposed to determine the final
configuration of the parallel lifting actuator. Then, this paper completes the dimensional optimization
of the parallel lifting actuator based on the multi-motion performance indexes and kinematic analysis,
which improves the safety and stability of the actuator. Finally, this paper verifies the validity of
the parallel lifting actuator by establishing a parallel lifting actuator verification model system. By
verifying the dynamic characteristics of the model mobile platform under different load conditions, it
is proven that the kinematic stability of the mobile platform decreases with the increase of load mass
under load conditions. Additionally, through practical application experiment, it is proven that the
parallel lifting mechanism can effectively alleviate the parking difficulty problem.

Keywords: parallel lifting actuator; stereo parking robot; type synthesis; kinematic analysis; safety
and stability

1. Introduction

With the rapid development of the economy, the number of cars in China reached
281 million by the end of 2020, which has also brought significant challenges to the parking
industry [1,2]. At present, the parking problem has become a common problem in daily
life, and sometimes even seriously affects people’s lives. The emergence of stereo parking
equipment has effectively alleviated the current parking difficulties and facilitated people’s
daily life [3,4]. Therefore, in recent years, many scholars have carried out extensive research
on stereo parking equipment to better solve the parking difficulty problem. In stereo
parking equipment, the lifting actuator of the stereo parking equipment is the core actuator
for the realization of the stereo parking function. For this reason, the research on the stereo
parking actuator has become one of the hot spots for research and has become the key to
solving the parking problem.

Among them, Song Qiuhong et al. [5] proposed a push—pull driving actuator of a tree-
like stereo garage and verified the feasibility and stability of the actuator, which provided
a great help for the optimization design of the automatic push—pull drive actuator in the
later stage. Zheng Rui et al. [6] designed an actuator for oblique stereo parking equipment
using the crank linkage mechanism, which improved the space utilization and reduced
the manufacturing and operating costs. Zhang Wenjie et al. [7] proposed a new design
scheme for the actuator of the stereo parking device. The actuator in this scheme is driven
by connecting rods, gears, and racks, which is universal and can be applied in public
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areas. Wang Zhongyuan et al. [8] proposed a four-bar actuator based on the ADAMS for
application to non-avoidance side direction stereo parking equipment, which improves the
rationality of the four-bar lifting mechanism and reduces the cost of the equipment. Yang
Jiangiang et al. [9] designed an actuator using chains, sprockets, pulleys and tracks for
transmission, which is able to realize the integration of movement (or rotation) and lifting,
further improving the efficiency. Xia Qi et al. [10] designed a new type of comprehensive
parking device, which uses the double crank actuator and lifting actuator to realize the
function of parking six cars in two parking spaces. Ye Jiagen et al. [11] designed a stereo
parking actuator driven by connecting rods and guide rails based on the consideration of
parking space and parking method, which can work automatically with the advantages
of simple operation and time saving. Zhang Liping et al. [12] designed a multi-service
station parking equipment for hydraulic clip lifting and reversing. The actuator of this
equipment is driven by the chains and sprockets, which can realize multi-service processing
and effectively improve the efficiency of vehicle access. Wang Yuehong [13] proposed a
simple stereo parking equipment based on the requirement of a no-avoidance relationship
and equipment stability. The mechanism is composed of the planetary gear actuator and
parallelogram actuator, and is driven by chains and gears. Zhang Tianyu et al. [14] designed
a small stereo parking actuator consisting of the stereo frame, the vertical lifting mechanism,
the horizontal rotary platform, the movable parking space and the transmission system.
This actuator can realize the lifting and docking of movable parking spaces to store and
extract vehicles. Chen Zhihua et al. [15] proposed a novel gait transition hierarchical control
framework for the developed hexapod wheel-legged robot, and the experimental results
show that the robot can modify the foot-end trajectory in dynamic unstructured terrain
and obtain elastic gait in obstacle avoidance. The above researchers have performed a
useful exploration of the stereo parking actuator, but these stereo parking actuators are
usually steel structure frames. As most of them use chains, gears, connecting rods, and
other mechanisms for transmission, such structures are prone to cause equipment failure
due to the failure of the frame and transmission components and the long transmission
chain, and, thus, to cause serious accidents, bringing property damage and personal injury,
and reducing people’s trust in the stereo garage. This greatly affects the application and
popularity of stereo parking technology, and the problem of difficult parking cannot be
effectively solved by stereo parking technology.

To address the above problems, this paper proposed a 2-DOF parallel lifting actuator
on a stereo parking robot by analyzing the form, size, and functional requirements of
the stereo garage. In addition, the specific contributions of this paper are as follows:
(1) according to the advantages of the parallel mechanism, such as high rigidity, short
transmission chain, stable structure, and low motion inertia [16], the parallel mechanism
is introduced into the stereo parking robot, and a comprehensive research of the type
synthesis is carried out based on the screw theory; (2) the limb constrained triangle method
is proposed to solve the problem that the movement DOF along Y-axis of the parallel
actuators cannot be constrained; (3) in order to make the modified mechanism have the
same motion properties as the original mechanism as far as possible, the flexibility of limb
constraint triangle is proposed; (4) the configuration of the parallel lifting actuator is finally
determined by combining the proposed method of selecting the driving link based on the
failure probability and the results of the comparative analysis of the parallel mechanism by
ADAMS; (5) the dimensional optimization of the actuator is completed through kinematic
analysis and multi-motion performance indexes, which further improves the safety and
stability of the actuator; (6) by constructing the verification model system and the practical
application experiment, it is proven that the actuator can effectively solve the safety and
stability problems of the stereo parking equipment, promote the development and further
popularization of the stereo parking technology, and more effectively alleviate the problem
of parking difficulties. The framework of this paper is shown in Figure 1.
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Figure 1. The proposed framework for a 2-DOF parallel lifting actuator on a stereo parking robot.

2. Type Synthesis Research of Parallel Lifting Actuator on Stereo Parking Robot
2.1. Demand Analysis of Parallel Lifting Actuator on Stereo Parking Robot

Through the analysis of the simple elevator type equipment, lifting-transferring type
equipment, and a special parking robot, it can be concluded that a stereo garage using
pallet-type equipment can use the multi-floor space more effectively and are less prone
to generate vibration and stress concentration during the process of lifting the vehicle.
Therefore, the lifting actuator of stereo parking robot was proposed to use the form of
parallel pallet lifting, and the required DOFs are the movement DOF along the Z-axis
and the rotation DOF around the X-axis. The rotation DOF is set to deal with structural
problems, such as the adverse vibration caused by the offset of the vehicle barycenter and
the failure of the kinematic chain to ensure safety and stability. Therefore, the parallel
lifting actuator required by the stereo parking robot can be determined as a IRX1T# 2-DOF
parallel actuator. The blueprint of the parallel lifting actuator applied on a stereo parking
robot is shown in Figure 2.

== =

Figure 2. Blueprint of a parallel lifting mechanism applied on a stereo parking robot.

2.2. Analysis of Constraint Screw System of 2-DOF Parallel Actuator

The screw theory is widely used in academia for the analysis of mechanisms, mecha-
nism kinematics, and dynamics. By using the screw method to analyze the kinematic screw
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and constraint screw of the IRX1T# 2-DOF parallel actuator, the desired configuration of
the parallel actuator can be synthesized.

The 1R*1T# 2-DOF parallel actuator has one rotation DOF around the X-axis and one
movement DOF along the Z-axis, and its basic kinematic screw is expressed as follows:

Si=(1 00 ; 0 0 0) )
S=(0 0 0 ; 00 1)
The basic constraint screw can be obtained by calculating the inverse screw of the
basic kinematic screw, as follows:

Ss'=(1 00 ;00 0)
S5=(0 10 ;00 0) @
1=(0 00 ;0 10)
Ss=(0 00 ;00 1)

where S| and S; represent the constraint force screws along the X-axis and Y-axis, re-
spectively, while S; and S} represent the constraint couples along the Y-axis and Z-axis,
respectively. The IRX1TZ 2-DOF parallel actuator is constrained with four DOFs in cartesian
space, and the basic constraint screw system contains four constraint screws, which is called
the constraint-4 screw system. Since the kinematic screws are constrained by the constraint
couple, the constraint force line vector and constraint force screw in space are different due
to the difference in the number, combination, and geometric relationship of the constraint
couple, constraint force line vector, and constraint force screw, the analysis of the constraint
screw system of the common 2-DOF actuator is required to form the above constraints.
Generally, due to the complexity of the screw pair and the constraint force screw in space,
the screw pair is not used in the parallel actuator. Therefore, only the constraint couple and
the constraint force line vector are considered in the analysis of the constraint screw system
of the parallel actuator.

2.3. Research on the Constraint-4 Screw System Based on the Fixed-Rotation Screw
System Method

In the common constraint screw system, each constraint couple and constraint force
line vector are independent of each other. Therefore, there are three cases in the composition
of the constraint-4 screw system, as follows: the constraint screw system A is composed of
three constraint couples and one constraint force line vector; the constraint screw system B
is composed of two constraint couples and two constraint force line vectors; the constraint
screw system C is composed of one constraint couple and three constraint force line vectors.

In this section, an analysis method of the constraint-4 screw system, called the fixed-
rotation screw system method, is proposed based on the fact that the constraint couple is
the free vector, and that the constraint force line vector is the line vector in space. In this
method, a fixed constraint screw system and a rotation constraint screw system are set up
in space, and the constraint force line vector and the constraint couple are placed in the
fixed constraint screw system and the rotation constraint screw system, respectively. The
origin of the fixed constraint screw system coincides with the origin of the world coordinate
system, and the coordinate axes of the fixed constraint screw system coincide with the
coordinate axes of the world coordinate system, respectively, and can only be rotated about
the world coordinate system, while the rotation constraint screw system is in a free state
in the cartesian coordinate system, and can be both rotated about the world coordinate
system and moved relative to the world coordinate system.

According to this method, the constraint-4 screw systems are analyzed, and there are
two types of constraint screw systems that can satisfy the DOF requirements of the 2-DOF
parallel lifting actuator, as shown in Table 1.

The rigid body has a movement DOF along the Z-axis and a rotation DOF around the Z-
axis under the action of the basic constraint screw system S;. When the rotation constraint
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screw system rotates Z around the Y-axis, S5, becomes S5, = (0 0 0 ; 0 0 1),
which constrains the rotation DOF around the Z-axis, and the rigid body has a rotation
DOF around the X-axis and a movement DOF along the Z-axis, which meets the DOF
requirements of the 2-DOF parallel lifting actuator on the stereo parking robot.

Table 1. Two constraint screw systems meet the requirements.

Constraint Screw System B Constraint Screw System C

a. The couples are coplanar and intersectant,
the force line vectors are coplanar
and intersectant

b. The force line vectors are coplanar and
disjoint, the couple parallels to the
coordinate axis

Basic constraint screw system S, Basic constraint screw system Sj

The three coplanar and disjoint constraint force line vectors constrain all movement
DOFs along the two axes in the plane where they are located, and also constrain the rotation
DOF around the axis which are perpendicular to the plane where they are located. The rigid
body has two rotation DOFs when the axis of the only constraint couple is perpendicular
to the plane where the constraint force line vectors are located, and, conversely, the rigid
body has one rotation DOF. At this point, the rigid body has one rotation DOF around the
X-axis and one movement DOF along the Z-axis under the action of the constraint screw
system S}, which meets the DOF requirements the of 2-DOF parallel lifting actuator on the
stereo parking robot.

2.4. Type Synthesis Analysis of IRX1T? 2-DOF Parallel Actuator Based on the Limb
Constrained Triangle

According to the analysis in the previous section, there are two types of constraint
screw systems that can satisfy the DOF requirements of the 2-DOF parallel lifting actuator,
which are S’ and S]. By analyzing the S'; and S}, we can determine the following:

5§a=E10020003

| S,=(0 10 ;000

Sa= s(ﬁi:(oo 0 ; 00 1 ®)
=0 00 ; 0 1 0)

Obviously, if the constraint screw system provided by a limb kinematic chain is exactly
same as S’ Z, then the basic kinematic screws of the series limb are (1 00 ; 0O 0)
and (0 00 ; 00O 1) , and the linear combination of these two basic kinematic screws
is not able to form a valid limb kinematic chain in space. Therefore, according to the
different types and quantities of constraint screws of the limb kinematic chain in S’/ it can
be divided into three cases, as shown in Table 2.

As shown in Table 2, on the basis of the obtained kinematic screws of the limb kine-
matic chain (hereinafter referred to as limb kinematic screws), the limb kinematic screws can
be linearly combined to obtain a new limb kinematic screw, and the appropriate limb kine-
matic chains will be obtained by the reasonable combination of the above kinematic screws.
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Table 2. Constraint screw of limb kinematic chain S’}

A. Constraint Force Line Vector x 2
Constraint Couple x 1

C. Constraint Force Line Vector x 1
Constraint Couple x 1

B. Constraint Force Line Vector x 1
Constraint Couple x 2

Constraint screws of limb kinematic chain

s=(1 0
SP=(0 1
§P=(0 0

o O O

o O O

= o O

0) S=(100 ;00 0) §y=(10 0 ;00 0)
0) SP=(0 00 ; 0 1 0) SP=(0 0 0 ; 0 mg ng)
o) sF-(0 v 0o

Geometric relationship between the constraint screws of limb kinematic chain

The force line vectors are coplanar and
parallel, the couples are parallel

The force line vectors are coplanar and
intersectant, the couples are parallel

The force line vectors are coplanar and intersectant,
the couples are parallel

Basic constraint screws of limb kinematic chain

7
$'=(10 0 ; 0 0 0) $4=(10 0 ; 00 0) Sq=(10 0 ;0 0 0)
3 5 s%=(0 ; 0.0 0
Se=(0 0 1 ; 0 0 0) §2=(0 0 0 ; 0 1 0) a=( Nag  Meg )
9 .
S%=(0 00 ; 0 0 1) S=(0 0 0 ; 0 0 1) §h=(0 00 ;0 1 0)
! a /10
S;=(0 00 ; 0 0 1)
Kinematic screws of the new limb kinematic chain obtained by linear combination
7
SI3 — 1 0 0 ; O 0 s/ 7( 1 0 0 ;, O Jan7 0 )
S =l O ma 5 00 0) o=l 0 s O) S5 (100 ;0 0 rus)
512_(1 00 : 0 0 7 ) San_(l 00 ; 00 ran3) lg”
o ! an2 5/2;1 = ( 1 0 0 ; 0 qansa Tans ) S an = ( 1.0 0 5 0 dqang Tano )
S0 =(0 0 0 ; 0 s fas ) S =(0 0 0 ; 0 My Manto )
Sllm = ( lopt1 Mgp11 Mgemn ; 0 0 0 )

Among them, the limb kinematic chain of type A contains three constraint screws, and
the corresponding limb kinematic chain has three DOFs. There are five kinds of kinematic
screws that can be used to construct the limb kinematic chain, where S’ ;n represents the
couple screw whose axis of rotation is located in the XOZ plane, S’ in represents the couple
screw whose axis is located in the XOY plane. The direction is parallel to the X-axis. These
couples and line vectors can only form the instantaneous limb kinematic chain.

The limb kinematic chain of type B contains three constraint screws, the corresponding
limb kinematic chain has three DOFs, and the kinematic screw contains three force line
vector screws and four couple screws. The force line vector screws represent the prismatic
pair along Y-axis, the prismatic pair along Z-axis and the prismatic pair whose axis is
located in the YOZ plane, respectively, and the rotation axes of the couple screws are
parallel to the X-axis. When the force line vectors are combined with the couples, the
prismatic pairs along the Y-axis and the Z-axis are called the instantaneous prismatic pair,
and the prismatic pair whose axis is located in the YOZ plane is not affected. Therefore, the
S§'?,5"  and S5, can form the first limb kinematic chain, and the §', §’S,, and S”2,, can
form the second limb kinematic chain.

The limb kinematic chain of type C contains two constraint screws, the corresponding
limb kinematic chain has four DOFs, and the kinematic screw contains five couple screws,
three force line vector screws, and one helical screw. Furthermore, S’ Zn represents the
rotation pair located in the XOZ plane with the axis parallel to the X-axis, S’ § represents
the rotation pair whose axis is located in the YOZ plane, S’ zn represents the rotation pair
located at any position in space with the axis parallel to the X-axis, S’ 312 represents the
prismatic pair whose axis is located in the YOZ plane, and S’ ;}1 represents a ball pair. Since
the helical pair is complicated and cumbersome in practical application, the appearance of
the helical pair will be avoided in the type synthesis process of the actuator. Therefore, in
the basic screw, S’ 2 can only be linearly combined with S’ Z

The reasonable combination of the limb kinematic chain screws are S’ 3-5’ 2,1-5’ gn and
§'3-5'% -S"° , as shown in Figure 3.



Actuators 2022, 11, 181

7 of 21

X X
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Figure 3. Screws combination of the limb kinematic chain: (a) S’ 4.5 "> (RRR); (b) S'3-58 -
S (RPR).

The two limb kinematic chains are symmetrically arranged between the fixed platform
and the mobile platform, as shown in Figure 4. By calculating the DOF of two actuators, it
can be obtained that the two types of parallel actuators have three DOFs and require three
driving links. The three DOFs are the movement DOF along the Y-axis, the movement DOF
along the Z-axis, and the rotation DOF around the X-axis. Compared with the two DOFs of
IRX1T#, the movement DOF along the Y-axis of the above two types of parallel actuators
are not restricted. Reference [17] shows that in order to ensure the constraint force line
vectors are coplanar and intersectant and the constraint screws are parallel, the form and
layout of the limb kinematic chains in the actuator need to meet the following conditions:
the center points of each limb kinematic chain are coincident, then the constraint force line
vectors can be coplanar and intersectant; in each limb kinematic chain, the axes between
the rotation pairs with parallel axes must be kept parallel at all times, and cannot be an
instantaneous mechanism.

i Az y z f Z N\
of ¥ 0 e OI
X X, yz X1 yz X

(a) (b)

Figure 4. Symmetrical arrangement of two kinds of limb kinematic chains: (a) Symmetrical arrange-

=
@

i

ment of the RRR limb kinematic chain; (b) Symmetrical arrangement of the RPR limb kinematic chain.

The limb center point of the actuator is the intersection point of the rotation pairs that
are not parallel to any coordinate axis in the limb kinematic chain. Combined with the
fixed-rotation screw system method, the limb center point can be interpreted as the origin
of the fixed-rotation screw system. During the motion of the limb kinematic chain, the
origin of the fixed-rotation screw system also changes in real time. Since the constraint
force line vectors are not free vectors, if the constraint force line vectors in different limb
kinematic chains are coplanar and intersectant under the case that the constraint screws
of each branch kinematic chain are exactly the same, only the origins of the fixed-rotation
screw systems are coincident. Since the constraint couples are free vectors, if the constraint
couples are to be parallel, only the coordinate axes of the fixed-rotation screw systems need
to be parallel to each other.

In the two limb kinematic chains of RRR and RPR, there is no intersection point of
each limb fixed-rotation screw systems, so there is no constraint on movement DOF along
the Y-axis. Due to the need to avoid actuation redundancy and meet the requirement of
symmetrical arrangement of limb kinematic chains, the fixed-rotation screw systems of
each limb kinematic chain cannot form an angle, so the constraint force line vectors cannot
be coplanar and intersectant.

The RRR limb kinematic chain and the RPR limb kinematic chain are modified without
changing the limb DOF.
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Taking the RRR limb kinematic chain as an example, the connecting rod between the
rotation pairs j, and j; are extended, respectively, and connected with the frame by the

rotation pair (same kinematic screw as S’ in) and the prismatic pair (same kinematic screw
as S’ 2) to form a limb constrained triangle Aj, as shown in Figure 5a.

Figure 5. Parallel platform constructed by the RRR limb kinematic chain with a constrained triangle:
(a) RRR limb kinematic chain with a constrained triangle; (b) Mobile platform.

For the limb kinematic chain shown in Figure 5a, the kinematic screws of the five
kinematic pairs are as follows:

ji=(1 00 ; 00 0)
]:2:(1 O 0 ; 0 q]z 1’]‘2
p=(100 ;0 g5 75 ) @)
ja=(1 00 ; 0 0 r,)
5=(0 00 ; 0 1 0)

The inverse screws of the above kinematic screws can be obtained as follows:

f=(0 00 ;010)
f=(000 ;00 1) )
f=(100 ;00 0)

The above kinematic screws can be obtained by the linear combination of the basic
kinematic screw of the B type limb kinematic chain, and the inverse screws are the same as
the constraint screw of the B type limb kinematic chain, so the limb constrained triangle
does not affect the original DOF of the limb kinematic chain. However, due to the existence
of the limb constrained triangle, the movement DOF of the limb kinematic chain in the
YOZ plane are limited.

The real unit of the kinematic screw of the rotation pair represents the direction cosine
of the rotation axis, and the dual unit is the component of the moment of the rotation axis
to the origin on each axis. Since the rotation axes of jy, jo, j3, and jy are parallel to the X-axis,
each component of the dual unit can also be used to represent the distance from the origin
to the axis. In Axj,jy, the lengths of each side are as follows:

2
lpja = A4, + (ri2 = 7ja)
le4 =Ty (6)

— /2 2
lij - q]z + rjz

According to the law of the trilateral relationship of the triangle, I,;, and [}, ;, are both
fixed values, thus, the length of the three sides must satisfy ! xjp T ! hjs > ) jar and Formula
(7) can be obtained as follows:

2 2
Ty~ 4rj,qi, < 4r]-2 )

Although the number and the properties of the DOF contained in the limb kinematic
chain have not changed, its movement in the YOZ plane still needs to meet the condition of
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Formula (7). When the two sets of limb kinematic chains are symmetrically arranged, the
rotation DOF of the actuator around the X-axis is constrained. Meanwhile, as shown in
Figure 5b, the movement DOF of the actuator along the Y-axis is also limited under the
joint constraint of the limb constrained triangles Aj; and Ajp, as well as the fixed-length
mobile platform ji3j23. Including the frame, the reconstructed RRR limb kinematic chain
parallel actuator contains eight components, eight rotation pairs and two prismatic pairs,
and there is no redundant constraint. The actuator has only one DOF and one driving link,
and the DOF of the actuator is the movement DOF along the X-axis.

Based on the above analysis, in order to obtain the rotation DOF of the actuator, it is
only necessary to constrain the constraint force line vectors within the constraint range of
the constrained triangle to be non-parallel. The actuator shown in Figure 5b is modified. As
shown in Figure 6, a prismatic pair j4 is added to the rotation pair of jp3, and its kinematic
screwisjos = (0 0 0 ; 0 mj, nj,), which does not change the DOF and property
of the limb kinematic chain.

Figure 6. Parallel platform constructed by the RRR limb kinematic chain with a modified con-
strained triangle.

Including the frame, this actuator contains nine components, eight rotation pairs and
three prismatic pairs. There is no redundant constraint, and the modified actuator has two
DOFs and requires two driving links. After the modification, the direction of the constraint
force line vectors within the range of two limb constrained triangles can be changed, and
the distance between j;3j23 can also be changed.

Based on the above analysis, as shown in Figure 7, the rotation center point of the
parallel actuator is time-varying and does not coincide with the coordinate origin.

O\ (o)
Z
& ok, g .
Zd /Y'
e C

Figure 7. Position and posture of the RRR limb kinematic chain parallel platform.

Similarly, the 1RX1TZ parallel actuator composed of the RPR series limb is shown in
Figure 8. Including the frame, this actuator contains nine components, eight rotation pairs,
three prismatic pairs, two driving links are required, and there is no redundant constraint.
The DOF number of the RPR limb parallel actuator modified by the constrained triangle
method is two, which are the movement DOF along the Z-axis and the rotation DOF around
the X-axis, which meets the DOF requirements of the IRX1T? parallel actuator.
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Figure 8. Parallel platform constructed by the RPR limb kinematic chain with a modified con-

strained triangle: (a) Parallel platform constructed by the RPR limb kinematic chain with a modified
constrained triangle; (b) Mobile platform.

3. Comparison Analysis of the Parallel Lifting Actuator on Stereo Parking Robot
3.1. Comparison Analysis of Configurations Based on the Flexibility of Limb Constrained Triangle

In the two parallel actuators, the starting points of the limb constrained triangle are
the jo3 (i = 1,2) joint of the respective limb kinematic chain. When the motion of the limb
kinematic chain is restricted by the limb constrained triangle, the extent of restriction of the
limb kinematic chain can be known by analyzing and researching the motion range of the
jiz joint.

Given the length of the fixed-length rods in the two limb kinematic chains, as shown
in Table 3, the lengths of the fixed-length rods in two limb kinematic chains are equal.

Table 3. Parameters of two kinds of limb kinematic chain.

The Length of Each Part of the RRR Limb The Length of Each Part of the RPR Limb
Kinematic Chain (mm) Kinematic Chain (mm)
ljiljzz ljzzji4 ljilji4 ljiljiz ijzji4 Ziilji4
1750 1750 variable variable 1750 1750

In the RRR limb kinematic chain, the position of joint j;, is as follows:

Liju
2 i
lfil]iz = ( 2 ) ®)

In the RPR limb kinematic chain, the position of joint j; is as follows:

2.
L) | SR I i o= 12, 2.
cosJjin Zijileji4’yP]iz lx]izcosfll’ZP]iz Xjp — Ypj, ©)

As described in Section 2.4, the constraint force screw will not satisfy the movement
limit that the sum of the length of the fixed side is greater than the length of the variable
length side of the limb constrained triangle. According to the nature of the constraint force
screw, a set of constraint forces that are coplanar and parallel to each other can limit the
rotation DOF in which the rotation axis is perpendicular to the plane where the constraint
force screws are located. When the constraint force screws are coplanar and not parallel,
the actuator has the rotation DOF. In conclusion, the number of constraint force screws
only needs to be one set and, when the number increases, it will not have other effects on
the actuator.

Therefore, while constructing the limb constrained triangle, it is necessary to make the
modified actuator have the same kinematic properties as the original actuator as much as
possible, which can be called the flexibility of limb constrained triangle. Reflected in the
two types of limb kinematic chains is the ratio of the motion trajectory of j;; with constraint
to the trajectory of ji, without constraint.
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The motion trajectories of j; in two limb kinematic chains are shown in Figure 9. The
joint jj of the RRR limb kinematic chain rotates 7t radians around the X-axis with [ ;. as
the radius without the constraint of limb constrained triangle. The motion trajectory of
the center point of the joint j;, is shown by the blue line in Figure 9a. Under the constraint
of the limb constrained triangle, the motion of the center point of the j;; joint is restricted
because of the condition that l; ;. +1;,;, > [;, ;,, must be satisfied, and its motion trajectory
is shown by the red line in Figure 9a. In the RPR limb kinematic chain, the length of [;, ;.,
needs to satisfy the condition that 0 < [;, ;,, < 3500, and the motion trajectory of the joint
center point of /;, ;,, under this constraint condition is shown by the red line in Figure 9b.
When there is no constraint, the joint center point of ;, ;,, can rotate 7t radians around
the X-axis with [; ;. as the radius, and the motion trajectory is shown by the blue line
in Figure 9b (in order to make the comparison between two motion trajectories clear, the
unconstrained motion trajectories are sparsely processed).
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Figure 9. j;; of the RRR and RPR limb kinematic chain: (a) j;; of the RRR limb kinematic chain; (b) ji»
of the RPR limb kinematic chain.

When solving the trajectory of the center point of the j; joint in the RRR limb kine-
matic chain, the length of l]»,.1 jn issetto 0 < lJ}'1 jin < 3500, and the increment from the
minimum value to the maximum value is 1. When ljil jin = 1, cos l]-i1 in ljn ju = 1/3500,
the angle ZI i I jnjpmax 18 about 1.5705 radians. When | injn = 3499, cosl inji I inja =
34992 /(2 x 3499 x 1750), the angle /I jnjialji jomin 1S about 0.0239 radians. Compared with
the unconstrained case, the angle between [}, ;,, and [} ;,, varies from 0 to 7t radians. There-
fore, the flexibility of the limb constrained triangle of the RRR limb kinematic chain is
as follows:

Ljjislinjmax = Lljyjiyljnjpmin _ 15705 — 0.0239
T B T

Since the motion modes of the RPR limb kinematic chain and the RRR limb kinematic
chain are different, the methods used to calculate the flexibility of the constrained triangle
are also different. In the process of increasing the length of /; ;. from 0 to 3500, each length
corresponds to a semicircular workspace with that length as the radius. In order to quantify
the workspace, the process of increasing [}, ;,, from 0 to 3500 is divided into 11 equal parts,
and the process of increasing the angle between [;, ;,, and [;, ;., from 0 to 77 is divided into 1,
equal parts. Therefore, the flexibility of limb constrained triangle of the RPR limb kinematic
chain is calculated as follows:

= (0.4923

ni 1
= — 10
niny na (10)

Comparing the flexibility of limb constrained triangle of the RRR limb kinematic
chain with the RPR limb kinematic chain, it can be obtained that whenn, = 1 orn, = 2,
the flexibility of the RPR limb constrained triangle is greater than that of the RRR limb
constrained triangle. However, according to the length of the three sides of the RPR limb
constrained triangle, the angle between [}, ;,, and [}, ;,, cannot reach 0.57r and 7, and when
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ny = 1or ny = 2, the continuity of the motion of the RPR limb kinematic chain is worse than
that of the RRR limb kinematic chain, resulting in poor operational stability of the actuator.

In conclusion, under the constraint of the limb constrained triangle, the flexibility of
the RRR limb kinematic chain is better than that of the RPR limb kinematic chain, and the
stability is better.

3.2. Comparison Analysis of Parallel Actuators Based on the Dynamics

The dynamic characteristics of two types of parallel actuators are compared and
analyzed using the ADAMS software. In two virtual prototypes, the variation ranges of
l]'n jins [ i and l]}'z]'14 are as described in Section 3.1. Combined with Figures 5 and 8, the
lengths of other components and the initial state of two actuators are given, as shown in
Table 4.

Table 4. Simulation parameters (mm).

2-RRR Limb Parallel Actuator 2-RPR Limb Parallel Actuator

! JioJiz lx,»ZX ljilji4 ljilx ljil Jiz
1750 2000 Initial length: 1750 2000 Initial length: 1750

In the two types of limb parallel actuators, the length change of the /;, ;, rod is used
as the driving input of the actuator. When the mobile platforms of the 2-RRR parallel
actuator and the 2-RPR parallel actuator move along the Z-axis, the driving input signal is
500sin(0.057T x time); when the mobile platform of the two parallel actuators rotate around
the X-axis, the driving input signals are 500sin(0.017t x time) and 500 sin(0.057t x time),
respectively. The displacement and acceleration of the mobile platform along the Z-axis
and the displacement and acceleration along the Y-axis are shown in Figures 10 and 11,
respectively, when the mobile platforms of the two parallel actuators move and rotate.

RRR limb with same inputs
RPR limb with same inputs
RRR limb with different inputs

RRR limb with same inputs
RPR limb with same inputs
=== =RRR limb with different inputs

100

— + —RPR limb with different inputs RPR limb with different inputs

5 1200

=

3 g 1400

=g

£ S 1600

° .2

S % -1800 -

Gy 1

o >

= "o =2000 -

[TR=!

g o -2200

ERE

S S ~2400

2

A -2600

200 300 400 0 100 200 300 400
Time(s) Time(s)
(a) (b)

Figure 10. Displacement along Y-axis and Z-axis while lifting and rotating the RRR and RPR
parallel platforms: (a) Displacement along Z-axis while lifting and rotating the RRR and RPR
parallel platforms; (b) Displacement along Y-axis while lifting and rotating the RRR and RPR
parallel platforms.

It can be seen from Figures 10 and 11 that when the input signals of two types of
parallel actuators are the same, the stability of the 2-RRR parallel actuator in the Z-axis
direction and the Y-axis direction are better than that of the 2-RPR parallel actuator. When
the input signals of two types of parallel actuators are different, the displacement change
of the 2-RRR parallel actuator mobile platform in the Y-axis direction is much smaller
than that of the 2-RPR parallel actuator mobile platform. Compared with the acceleration
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changes in the Y-axis and Z-axis directions, the stability of the 2-RRR parallel actuator is
also better than that of the 2-RPR parallel actuator.
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Figure 11. Acceleration along Y-axis and Z-axis while lifting and rotating the RRR and RPR parallel
platforms: (a) Acceleration along Z-axis while lifting and rotating the RRR and RPR parallel platforms;
(b) Acceleration along Y-axis while lifting and rotating the RRR and RPR parallel platforms.

According to the above analysis, under the constraint of the limb constrained triangle,
the kinematic flexibility of the RRR limb kinematic chain is better than that of the RPR limb
kinematic chain. Meanwhile, the 2-RRR parallel actuator is superior to the 2-RPR parallel
actuator in terms of the position change of the barycenter of the mobile platform and the
acceleration change of the barycenter with the same dimensions and the same input signal.
Therefore, compared with the 2-RPR parallel actuator, the 2-RRR parallel actuator is more
suitable for the vehicle lifting work of the stereo parking robot.

3.3. Selection of the Driving Link Based on the Failure Probability

Based on the determination that the 2-RRR parallel actuator is more suitable for the
application of stereo parking robot, the selection of the driving links is carried out according
to the structural characteristics of the 2-RRR parallel actuator.

As shown in Figure 12a, the triangle consisting of rod;, rody, and lengths provides a
constrained triangle for the 2-RRR parallel actuator. Among them, rod; and rod, are rigid
rods, and lengths is a virtual connecting rod with length generated by the combination of
motions of each kinematic pair. When considering the safety of the 2-RRR parallel actuator,
the failure of the rigid rod can be controlled and the failure of the virtual connecting rod
is uncontrollable. Therefore, the safety problems of the limb kinematic chain of 2-RRR
parallel actuator are the failure of rod; and rod,.

rod. rod: rods /) rod:
rod:
-7 777
length3 length3

(a) (b)

Figure 12. Original and modified limb kinematic chains of the 2-RRR parallel actuator: (a) Original
limb kinematic chain; (b) Modified limb kinematic chain.

Taking normal and failure as the two states of the limb kinematic chain of 2-RRR
parallel actuator, and Py, is defined as the overall failure probability of the 2-RRR parallel
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actuator. When the rod; fails alone, the 2-RRR parallel actuator is invalidated, and the
probability of failure is Pr,;;;; = 0.5; when the rod; fails alone, the 2-RRR parallel actuator
is invalidated, and the probability of failure is Py, = 0.5; when the rod; and rod; fail at
the same time, the 2-RRR parallel actuator is invalidated, and the probability of failure is
Praiz = 0.5 x 0.5 = 0.25. The failure probability of the 2-RRR parallel actuator consists of
Prain, Prairz, and Prgjp.

In order to reduce each value without changing the kinematic properties of the 2-RRR
parallel actuator, the limb kinematic chain of the 2-RRR parallel actuator is modified as
shown in Figure 12b. Adding rods as the driving rod, the DOF number of the 2-RRR
parallel actuator is not changed. At this time, the failure probability Py,; of the 2-RRR
parallel actuator is as follows: when rod; fails alone, the 2-RRR parallel actuator does not
fail, and the probability of failure is Pr,;;14 = 0; when rodj fails alone, the 2-RRR parallel
actuator is invalidated, and the probability of failure is Pf,;5 = 0.5; when rodj fails alone,
the 2-RRR parallel actuator does not fail, and the probability of failure is Pf,6 = 0; when
rod; and rods fail at the same time, the 2-RRR parallel actuator is invalidated, and the
probability of failure is Pry7 = 0.5 x 0.5 = 0.25; when rody, rod,, and rods fail at the
same time, the 2-RRR parallel actuator is invalidated, and the probability of failure is
Praiig = 0.5 x 0.5 x 0.5 = 0.125.

The failure probability of the 2-RRR parallel actuator composed of the modified limb
kinematic chain consists of P14 to Pf 8. Compared with the failure probability of the
2-RRR parallel actuator before the modification, it can be found that the failure probability
of the modified limb kinematic chain is smaller, except that rod, has the same failure
probability under the failure condition. Meanwhile, it can be obtained from the Pg,;;4 and
Pr,i16 that rody and rods constitute a dual constrained triangle to ensure the security of the
2-RRR parallel actuator. In summary, it is safer to choose the limb kinematic chain as shown
in Figure 12b.

3.4. Dimensional Optimization Based on Multi-Motion Performance Indexes

After determining the configuration of the 2-DOF parallel actuator, the overall struc-
tural parameters of the actuator need to be analyzed and researched to determine the
optimal structural parameters of the actuator, and to provide the optimal motion transfer
capability for the actuator, as well as to ensure the safety and stability. Based on the above
studies, the sketch of a parallel lifting actuator is shown in Figure 13.

Figure 13. Sketch of a parallel lifting actuator on stereo parking robot.

In Figure 13, By B/l By Bl2 is the fixed platform, P; P{ P2P£ is the mobile platform, L; are
the length of By B/2 and B;Bz, L, are the length of B; B/1 and B2B,2, L3 are the length of PlPé
and Pi P;, and Ly are the length of P; Pi and PzPé. The origin of the overall coordinate
system O — XYZ is located at the center of the fixed platform, the X-axis direction is
parallel to the B; B; direction, the Y-axis direction is parallel to the B; B,2 direction, and
the Z-axis is perpendicular to the plane where the fixed platform is located. The origin
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of the local coordinate system O' — X'Y'Z is located at the center of the mobile platform,
the X’-axis direction is parallel to the P; P{ direction, the Y’-axis direction is parallel to the
P Pé direction, and the Z’-axis is perpendicular to the plane where the mobile platform is
located. The length of the drive rod B;M; (i = 1,2) in the parallel actuator is /;;. The length
between point Q; and slider N; is ;. The length between point M; and point P; on the
mobile platform is /;3.The length of rod B;Q; is lj4. The distance between the base B; and
the slider N; is I;5. The length between point Q; and point N; is [4.

According to the isotropy evaluation index, the singular degree evaluation index, and
working space index proposed in the literature [18,19], the parameters of each component
of the 2-DOF parallel actuator are finally determined as shown in Table 5. Under these
parameters, the average value of the singular degree evaluation index and the isotropy
evaluation index are the lowest, and the isotropy evaluation index shows that the actuator
has great kinematic performance, thus, ensuring the overall stability of the actuator.

Table 5. Parameters of components of the parallel actuator.

Dimensions of Each Component (mm), i =1,2

Ii1 Iin Iin I Iin

1200~1750 1750 1155 1750 595
Platform parameters
Length of Ly Length of L, Length of L3 Length of L4
4000 1500 4000 1500

4. Experimental Research on Parallel Lifting Actuator on Stereo Parking Robot
4.1. Verification Model System for Parallel Lifting Actuator on Stereo Parking Robot

The verification model system of the parallel lifting actuator on the stereo parking
robot is shown in Figure 14.

Figure 14. Verification model system of the parallel actuator on the stereo parking robot.

The system consists of a computer, a verification model, a motion control system,
sensor detection software, motion control software, and sensors. The sensor is a 9-axis
accelerometer sensor, which can measure the angle, angular velocity, and acceleration
of the XYZ axes of the world coordinate system. The sampling interval is 0.1 s, and the
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measurement errors are 0.01°, 0.05° /s, and 0.05 g, respectively. Considering the accuracy
of the sensor and the machining error of the verification model, the sensor is not directly
arranged at the barycenter of the mobile platform. Instead, the sensor is arranged on the
N;P; rod of the verification model, and the acceleration along the Y-axis and Z-axis of the
world coordinate system at the barycenter of the mobile platform is indirectly measured by
measuring the angle and angular velocity of N;P;.

4.2. Verification Model of Parallel Lifting Actuator on Stereo Parking Robot

Figure 15 shows the verification model of the parallel actuator on a stereo parking
robot. The verification model consists of a fixed platform, a mobile platform, a screw sliding
table, and various connecting rods. The verification model uses B;N; as the driving link to
facilitate the construction and control of the verification model.

Figure 15. Verification model of a parallel lifting actuator on a stereo parking robot.

As shown in Figure 16, the different postures of the verification model are shown in
(a—d), which are the initial posture, lifting posture, right rotation posture, and left rotation
posture of the model, respectively. The correctness and effectiveness of the type synthesis
theory of the parallel lifting actuator on a stereo parking robot can be concluded from
Figures 15 and 16.

(@)

(b) (©) (d)

Figure 16. Different postures of the verification model: (a) Initial posture; (b) Lifting posture; (c) Right
rotation posture; (d) Left rotation posture.

4.3. Verification of the Dynamic Characteristics of the Model Mobile Platform under Different
Load Conditions

In this section, the dynamic characteristics tests of the model mobile platform un-
der different load conditions were carried out. Different load tests with a drive speed of
12.5 mm/s were carried with loads of 500 g, 1000 g, and 1500 g, respectively. The accelera-
tion value of the mobile platform of the verification model along the Y-axis and Z-axis is
shown in Figure 17.
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Figure 17. Dynamic characteristics of the mobile platform with a load of 500 g/1000 g/1500 g:
(a) Rising process, load is 500 g; (b) Rising process, load is 500 g; (c) Falling process, load is 500 g;
(d) Falling process, load is 500 g; (e) Rising process, load is 1000 g; (f) Rising process, load is 1000 g;
(g) Falling process, load is 1000 g; (h) Falling process, load is 1000 g; (i) Rising process, load is 1500 g;

(j) Rising process, load is 1500 g; (k) Falling process, load is 1500 g; (1) Falling process, load is 1500 g.

The mean value and standard deviation of the above data sets are shown in Table 6.



Actuators 2022, 11, 181

18 of 21

Robot body

— Loading pallet & 1

Initial state

{ oo Rl

Table 6. Mean value and standard deviation of mobile platform’s acceleration along the Y-axis and
Z-axis with different loads.

Mean Value/Standard Deviation

Load 500 g Load 1000 g Load 1500 g

Acceleration along the Y-axis when rising 2.92/3.94 3.07/4.03 3.70/4.91
Acceleration along the Z-axis when rising 9.04/14.31 9.70/14.79 11.06/15.69
Acceleration along the Y-axis when falling 3.33/4.53 3.85/5.15 4.53/6.14
Acceleration along the Z-axis when falling 9.56/13.29 11.39/15.14 13.36/18.00

According to Table 6, with the increase of loads, the mean value and standard deviation
of the acceleration of the Y-axis and Z-axis directions are increasing in the rising and falling
process, and the increasing range is getting larger. For example, the mean value/standard
deviation of the Y-axis acceleration in the rising process is only 2.92/3.94 when the load is
500 g, but increases to 3.07/4.03 when the load is 1000 g and to 3.70/4.91 when the load
is 1500 g. In addition, the mean value/standard deviation of acceleration in the falling
process is larger than that in the rising process, due to the effect of gravitational acceleration.
Taking the load as 1500 g as an example, the mean value/standard deviation of the Y-axis
acceleration in the rising process is 3.70/4.91, and the mean value/standard deviation of
the Y-axis acceleration in the falling process is 4.53/6.14. In summary, it can be concluded
that, overall, the motion stability of the mobile platform of the verification model decreases
with the increase of load mass in the presence of load, which provides a solid theoretical
basis for improving the safety and stability of the actuator.

4.4. Practical Application Experiment of Parallel Lifting Actuator on Stereo Parking Robot

The Figure 18 shows the experimental environment of the parallel lifting actuator on
the stereo parking robot.

Oil source

Electric machinery
Moving system of robot

Running track

Figure 18. Experimental environment of the parallel lifting actuator on the stereo parking robot.

The Figure 19 shows the lifting process of the stereo parking robot.

The stereo parking robot relies on its own moving system and lifting actuator to carry
and access vehicles in the stereo garage with tracks. Figure 20a shows the robot moving
system, Figure 20b shows the layout of the moving system, and Figure 20c is the plane
sketch of the stereo garage.
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Figure 20. Moving system of the transporting system: (a) Moving system of the stereo parking
robot; (b) Arrangement of the moving system on the stereo parking robot; (c) Plan sketch of the
stereo garage.

The moving system can be contacted and separated from the track by the expansion
and contraction of the hydraulic cylinder shown in Figure 20a. The lateral moving system
and the longitudinal moving system are switched at the intersection, as shown in Figure 20c,
to realize the all-round movement in the stereo garage. When combined with the lifting
actuator, the all-round access of vehicles in the three-dimensional garage can be realized.

5. Conclusions

In this paper, in view of the safety and stability problems of the current stereo parking
actuator, the parallel mechanism is used as the carrier to design and develop the parallel
lifting actuator on the stereo parking robot, so as to improve the safety and stability of
stereo parking equipment. Meanwhile, by converting the motion demand of the stereo
parking robot into the DOF problem of the parallel actuator, the 2-DOF parallel mechanism
(rotating around the X-axis and moving along the Z-axis of the overall coordinate system)
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is determined as the main body of the parallel lifting actuator on the stereo parking robot.
Based on the screw theory, a comprehensive study of the 2-DOF parallel actuator is carried
out, and all constraint-4 screw systems corresponding to the 2-DOF parallel actuator are
studied. On this basis, two limb kinematic chains are proposed to meet the requirements
of the parallel lift actuator of the stereo garage robot. According to the proposed concept
of a limb constrained triangle, the problem of no centroid during the operation of the
2-DOF parallel actuator is solved, and the movement DOF of the parallel lifting actuator
along the Y-axis is constrained to obtain a parallel lifting actuator with one rotation DOF
around the X-axis and one movement DOF along the Z-axis. According to the proposed
concept of constrained triangle flexibility, a limb kinematic chain with a flexibility of 0.4923
is selected. The concept of failure probability is proposed by comparison, the minimum
value of failure probability of the actuator is reduced from 0.25 to 0, the driving mode
of the 2-DOF parallel actuator is determined, and the safety and stability of the 2-DOF
parallel actuator are improved. Based on the isotropy evaluation index, singular degree
evaluation index and working space index, the dimensional optimization of the actuator
is completed, which further improves the safety and stability of the actuator. Finally, the
validity of the actuator is proven by building a verification model system, and, by verifying
the dynamic mechanical characteristics of the model mobile platform under different load
conditions, it is proven that the kinematic stability of the verification model mobile platform
decreases with the increase of the load mass under loaded condition, which provides a
solid theoretical basis for improving the safety and stability of the actuator. Additionally,
the 2-DOF parallel actuator is applied to a stereo parking robot, which can realize all-round
movement and vehicle access in the stereo garage when arranged with tracks and structural
frames, providing an effective solution to effectively alleviate the parking problem.
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