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ABSTRACT Driven by the significant demand for space control mechanism in the development of
national space field, topology synthesis method for the hybrid mechanism based on finite and instantaneous
screw (FIS theory) is studied in this paper. The number and types of degrees of freedom (DOF) required
for capturing, detumbling, screwing and plugging control tasks are analyzed in depth, and the simplest
mathematical expression of continuous motion corresponding to space control tasks are formed. According
to the requirements of space control task, the synthesis principle of serial and parallel mechanism is proposed,
and the arrangement principle of expected motion pattern is summarized. The standard limb is analytically
characterized based on the expected motion pattern, and derivative limbs satisfying the expected motion
pattern are derived based on joint equivalent transformation. By determining assembly conditions, the
available topological structures satisfying the requirements of space control tasks are generated. Based
on serial and parallel mechanisms that satisfy design principles, the simplest analytical expression of the
topology of hybrid space control mechanism is obtained using finite screw principle. The general topology
synthesis method of hybrid mechanisms is established, and various topological structures of hybrid space
control mechanism are obtained, which lays a foundation for the research and development of novel hybrid
space control mechanisms.

INDEX TERMS Space control mechanism, hybrid mechanism, FIS theory, topology synthesis.

I. INTRODUCTION
With the continuous in-depth research on space control
mechanisms at home and abroad, serial mechanisms with
simple structure, large workspace, and good flexibility are
used in international and domestic space stations to complete
operational tasks [1], [2], [3], [4], [5]. But the use of
serial mechanism in different tasks, need to replace the
corresponding special claw to complete the task. Although
serial mechanisms are widely used in modern manufacturing,
they are limited in special applications requiring high
load, high precision, and large working space. In view of
this phenomenon, combining the advantages of serial and
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parallel mechanisms, a hybrid mechanism with high load
capacity, high positioning accuracy, high stiffness and large
workspace is proposed, which leads to a new research
direction for the innovative development of mechanism
science [6].

According to the development history ofmechanics, hybrid
mechanisms are widely used as a novel type of mechanism
in modern manufacturing industry. Because of its advantages
of higher precision, stiffness, and load capacity, it is very
popular in the fields of aerospace, high-speed machining,
and medical instruments. Due to the complex topology
of hybrid mechanisms, there are few innovative studies
on hybrid mechanisms at home and abroad [7], [8], [9].
Currently, hybrid mechanisms include two structures: the
first type is a combination of multiple parallel mechanisms,
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which are relatively limited in application due to their
relatively complex structures [10], [11], [12]. The second
type is a combination of serial and parallel mechanisms,
which combines serial and parallel mechanisms to form a
new mechanism. This hybrid mechanism is a high-quality
mechanism that has the advantages of large workspace
and good flexibility of serial mechanisms, as well as the
characteristics of high stiffness, high load capacity, and high
accuracy of parallel mechanisms.

The serial-parallel hybrid mechanism can be divided into
two types according to actual application scenarios. One is
the parallel mechanism as the base and the end as the serial
mechanism. This type of hybrid mechanism is widely used
in machine tool processing and multi legged robots due to
its high load capacity, high stiffness, and large workspace.
The other is the serial mechanism as the base and the end
as parallel mechanism. Due to the characteristics of high
vacuum, ultra-low temperature, and strong radiation in the
space environment [13], as well as the increasingly complex
and diverse space control tasks, the difficulty of astronauts
performing extravehicular tasks has increased sharply. If it
can be used to assist or replace astronauts to complete some
complex and dangerous space control tasks, it can not only
improve the efficiency of space control tasks, but also reduce
the risk of astronauts’ extravehicular activities. Therefore,
the in-depth study of the space control mechanism, which
is an important technical equipment for space exploration
activities, has important scientific significance and research
value.

Topology synthesis of mechanism is the first step in
the innovative design of robot equipment, and it is one
of the research hotspots in modern mechanism science
[14], [15], [16]. Given the number and type of DOF of
mechanisms, the goal of topology synthesis is to construct the
number, type and position arrangement of limbs and joints,
to obtain many mechanisms that satisfy the expected motion
requirements of mechanisms. So far, scholars at home and
abroad have conducted a large amount of research on the
issue of mechanism topology synthesis and proposed various
methods for topology synthesis [17], [18], [19], [20], [21],
[22]. According to different description methods, topology
synthesis methods can be divided into instantaneous motion
and finite motion, including constrained screw synthe-
sis, differential geometry synthesis, displacement subgroup
synthesis, azimuth-characteristic synthesis. The description
methods based on instantaneous motion all stay at the level
of instantaneous constraints, which cannot fully reflect the
limited motion characteristics of mechanisms. Moreover,
some currently proposed measures to avoid instantaneous
DOF of mechanisms still lack universality. The description
method based on finite motion needs to analyze and
distinguish specific structures, which is difficult to reflect the
continuous motion characteristics of mechanisms accurately
and comprehensively. Therefore, the FIS theory [23], [24],
[25], [26], [27], [28] is used to topology synthesis of
the mechanism in this paper, and the topology model of

the mechanism is obtained through algebraic derivation,
which lays a theoretical foundation for the subsequent
performance modeling and optimization design, to ensure
that the integrated analysis and optimization research of
the mechanism is completed under the unified mathematical
framework [29], [30], [31].

II. FINITE AND INSTANTANEOUS SCREW THEORY
According to Chasles’ theorem, the axis of motion of a rigid
body and the rotation and translation about/along the axis
constitute the elements to describe the continuous motion of
a rigid body. For finite motion of any rigid body, using finite
screw, the continuous motion process of rigid body can be
described as

Sf = 2 tan
θ

2

(
sf

rf × sf

)
+ t

(
0
sf

)
(1)

where sf denotes the unit direction vector of the axis, rf is
the position vector of the axis, θ and t are the rotational angle
and translational distance about/along the axis, respectively.
Sf is the pose change process of rigid body rotating angular
displacement θ about Chasles’ axis and translation line
displacement t along the axis. Therefore, Sf denotes finite
screw.

Finite screw is a complex nonlinear operation based on
screw triangle theorem, which is called screw triangle product
for short. If the rigid body moves Sf ,1 and Sf ,2 continuously,
they are denoted by finite screw respectively

Sf ,1 = 2 tan
θ1

2

(
sf ,1

rf ,1 × sf ,1

)
+ t1

(
0
sf ,1

)
(2)

Sf ,2 = 2 tan
θ2

2

(
sf ,2

rf ,2 × sf ,2

)
+ t2

(
0
sf ,2

)
(3)

The final continuous motion Sf ,12 of the rigid body
can be expressed as (4), as shown at the bottom of
the next page, where ‘‘1’’ denotes the screw triangle
product [24].

Sf ,2 × Sf ,1

=


2 tan θ2

2 sf ,2 × 2 tan θ1
2 sf ,1

2 tan θ2
2 sf ,2 ×

(
2 tan θ1

2

(
rf ,1 × sf ,1

)
+ t1sf ,1

)
+(

2 tan θ2
2

(
rf ,2 × sf ,2

)
+ t1sf ,2

)
× 2 tan θ1

2 sf ,1


(5)

The finite motion of a rigid body can be described as
the sum of several rotations and translations. As shown in
Fig. 1, the finite motion of the jth joint of the ith limb can
be respectively described as

Sf ,i,j,r = 2 tan
θi,j

2

(
si,j

ri,j × si,j

)
(6)

Sf ,i,j,t = ti,j

(
0
si,j

)
(7)
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FIGURE 1. Finite motion of the joints.

III. CONTINUOUS MOTION DESCRIPTION OF SPACE
CONTROL TASK
As shown in Fig. 2, space control tasks mainly include
capture, detumbling, screw and plugging. The number and
types of DOF required to realize the four control tasks are
analyzed based on the FIS theory, and the simplest mathe-
matical expression of the continuous motion corresponding
to the space control tasks can be obtained.

The capture function requires the end of the mechanism to
realize 3-DOF translation, it can be expressed as

Sf ,1 = t3

(
0
s3

)
1t2

(
0
s2

)
1t1

(
0
s1

)
(8)

The detumbling function requires the end of the mecha-
nism to realize rotation about the axis of the controlled object,
it can be expressed as

Sf ,2 = 2 tan
θc

2

(
sc

rc × sc

)
(9)

The screw function requires the end of the mechanism to
realize rotation about and translation along the axis of the
controlled object, it can be expressed as

Sf ,3 = 2 tan
θc

2

(
sc

rc × sc

)
1t3

(
0
s3

)
(10)

The plugging function requires the end of the mechanism
to align the plane and translation along the axis of the
controlled object, it can be expressed as

Sf ,4 = t3

(
0
s3

)
12 tan

θb

2

(
sb

rb × sb

)
12 tan

θa

2

(
sa

ra × sa

)
(11)

To complete all the tasks of space control, the hybrid
mechanism needs to satisfy the above four finite continuous

motions. Therefore, the expected motion Sf ,M of the hybrid
space control mechanism can be expressed as

Sf ,M = 2 tan
θc

2

(
sc

rc × sc

)
12 tan

θb

2

(
sb

rb × sb

)
× 12 tan θa

2

(
sa

ra × sa

)
1t3

(
0
s3

)
1t2

(
0
s2

)
× 1t1

(
0
s1

)
(12)

IV. DESIGN PRINCIPLES OF HYBRID SPACE CONTROL
MECHANISM
According to section III, the expected motion of the
hybrid space control mechanism is three rotations and three
translations (3R3T). To complete all tasks in space control,
the hybrid mechanism topology designed in this paper
takes serial mechanism as the base and parallel mechanism
is installed at the end. The hybrid mechanism combines
the advantages of serial and parallel mechanisms, and has
the characteristics of large workspace, high accuracy, and
high stability. How to assign the expected motion to serial
and parallel mechanisms is the key content of this paper.
According to the tasks to be completed by the hybrid
mechanism, the corresponding arrangement principles are
proposed as follows

(1) Considering the complex diversity of space control
tasks, the serial mechanism is designed as a multi-DOF
structure to ensure its good flexibility.

(2) Considering the influence of the stiffness deformation
caused by the parallel mechanism at the end on the serial
mechanism, the parallel mechanism is designed as a minor-
DOF structure to reduce the load pressure of the serial
mechanism.

(3) Due to the kinematic decoupling of between serial
and parallel mechanisms, the kinematic relationship is not
simply a linear superposition, but rather is obtained through a
nonlinear operation - intersection algorithm (screw triangular
product).

Based on the above three arrangement principles, the serial
mechanism is defined as multi-DOF mechanism, and the
parallel mechanism is defined as minor-DOF mechanism.
The expected motion of the hybrid mechanism can satisfy the
requirement of space control task.

As shown in Fig. 3, the serial mechanism is composed of
several revolute or prismatic joints with uni-DOF, and the
output motion of each front joint is the input motion of the
rear joint. The finite motion of the whole serial mechanism is
the output motion of its end, and its motion is the triangular
product of the continuous motion of n joints, which can be

Sf ,12 = Sf ,11Sf ,2=
Sf ,1 + Sf ,2 +

Sf ,2×Sf ,1
2 − tan θ1

2 tan θ2
2

(
t2

(
0
sf ,1

)
+ t1

(
0
sf ,2

))
1 − tan θ1

2 tan θ2
2 s

T
f ,1sf ,2

(4)
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FIGURE 2. Parameterized description of space control task.

expressed as

Sf ,serial = Sf ,n1Sf ,n−11 · · · Sf ,1 (13)

As shown in Fig. 4, the parallel mechanism is a closed-
loop mechanism that consists of a moving platform and a
fixed platform connected by at least two independent limbs.
Therefore, the mechanism has at least two or more DOF and
is driven in parallel. Each limb of the parallel mechanism
can be regarded as an individual serial mechanism, and the
continuous motion of each limb is the triangular product of
the continuous motion of each joint of the limb. The motion
of the moving platform in the parallel mechanism is the
intersection of the finite motion of the ends of m limbs. It can
be expressed as

Sf ,parallel = Sf ,1 ∩ Sf ,2 ∩ · · ·Sf ,m (14)

As shown in Fig. 5, in the hybrid mechanism, the end of
the serial mechanism is connected to the fixed platform of the
parallel mechanism, and its continuous motion is equivalent
to the synthesis of the finite motion of the serial mechanism
and the finite motion of the parallel mechanism, which can
be expressed as

Sf = Sf ,serial1Sf ,parallel (15)

V. TOPOLOGY SYNTHESIS OF HYBRID SPACE CONTROL
MECHANISM
Based on the topology design principles of hybrid mecha-
nisms, the finite instantaneous screw expression for space
control tasks is analyzed, and the expected motion pattern
3R3T is divided into 2R1T and 1R2T, which makes it easier
to implement the motion pattern. The hybrid mechanism
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FIGURE 3. Topology of serial mechanism.

designed in this paper is based on the moving platform of
the parallel mechanism with minor-DOF. Therefore, 2R1T
is assigned as the expected motion pattern of the parallel
mechanism, which can directly fulfill the task objective of
plugging function. Then the expected motion pattern of the
serial mechanism is 1R2T.

As shown in Fig. 6, the continuous motion parameteri-
zation of serial and parallel mechanism is performed based
on the FIS theory. The derivative limb is obtained through
position transformation and type replacement of joints, and
the corresponding topology is obtained according to the
assembly conditions. On this basis, the topology of serial
and parallel are further assembled, and finally the topology
of hybrid mechanism satisfying the space control task is
obtained.

According to the finite and instantaneous screw theory, the
expected motions of serial and parallel mechanisms can be
parameterized as

Sf ,parallel = t3

(
0
s3

)
12 tan

θb

2

(
sb

rb × sb

)
× 12 tan

θa

2

(
sa

ra × sa

)
(16)

Sf ,serial = t2

(
0
s2

)
1t1

(
0
s1

)
12 tan

θc

2

(
sc

rc × sc

)
(17)

As shown in Table 1, the following standard limb forms
can be obtained by adding zero, one, or two parameter finite
screws.

A. TOPOLOGY SYNTHESIS OF SERIAL MECHANISM
Adding one-parameter finite screws, based on the finite and
instantaneous screw theory, the standard type of the limb of
the serial mechanism is

{
Sf ,1R3T

}
serial,1T = t2

(
0
s2

)
1t1

(
0
s1

)

12 tan
θc

2

(
sc

rc × sc

)
1t3

(
0
s3

)
(18)

{
Sf ,2R2T

}
serial,1R = t2

(
0
s2

)
1t1

(
0
s1

)

12 tan
θc

2

(
sc

rc × sc

)

12 tan
θa

2

(
sa

ra × sa

)
(19)
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FIGURE 4. Topology of parallel mechanism.

Adding two-parameter finite screws, based on the finite
and instantaneous screw theory, the standard type of the limb
of the serial mechanism is{

Sf ,2R3T
}
serial,1T1R

= t2

(
0
s2

)
1t1

(
0
s1

)
12 tan

θc

2

(
sc

rc × sc

)
× 12 tan

θa

2

(
sa

ra × sa

)
1t3

(
0
s3

)
(20)

In Eq. (18) to Eq. (20), ti and si (i = 1,2,3) respectively
denote unit vectors of different translation distances and axis
directions; θa, θb and θc respectively denote three rotation

angles; ra, rb and rc denote position vectors of three rotation
axes.

Eq. (18) to Eq. (20) correspond to standard limbs
P3RcP1P2, RaRcP1P2 and P3RaRcP1P2, respectively. Next,
by changing the type and position of the joints in Eq. (18) to
Eq. (20), the derivative limb with 4-DOF and 5-DOF of the
serial mechanism will be synthesized.

As shown in Fig. 7, 4-DOF limb synthesis is taken as an
example.

Type 1: 1R3T
(1) Type replacement of joints
The derivative limb of P3RcP1P2 can be constructed by

type replacement of joint in the following two methods.
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TABLE 1. Standard limb structure.

FIGURE 5. Topology of hybrid mechanism.

Method 1: Replace P3Rc in P3RcP1P2 limb with RcRc to
obtain RcRcP1P2 limb, which can be expressed as{

S′f ,1R3T
}
serial,1T = t2

(
0
s2

)
1t1

(
0
s1

)
12 tan

θc2

2

(
sc

rc2 × sc

)
12 tan

θc1

2

(
sc

rc1 × sc

)
(21)

According to the screw triangle product algorithm, it can
be rewritten as{
S′f ,1R3T

}
serial,1T

= t2

(
0
s2

)
1t1

(
0
s1

)

× 1

 0(
exp

(
−θc2 s̃c

)
− exp

(
−

2∑
i=1

θci s̃c

)) (
rc2 − rc1

)


× 12 tan

2∑
i=1

θci

2

(
sc

rc × sc

)
(22)

Without changing the value range of the above equation,
the following substitutions of symbols can be made

2∑
i=1

θci 7→θc, rc2 7→ rc{
S′f ,1R3T

}
serial,1T

= t2

(
0
s2

)
1t1

(
0
s1

)
1

(
0(

exp
(
−θc2 s̃c

)
− exp (−θcs̃c)

) (
rc − rc1

) )
12 tan

θc

2

(
sc

rc × sc

)
(23)

where s̃c denotes the skew-symmetric matrix of sc, and the
third finite screw denotes a move along a ring of radius∣∣rc − rc1

∣∣ that is perpendicular to sc. When
∣∣rc − rc1

∣∣ → ∞

and sc × (s1 × s2) ̸= 0, the third finite screw can denote
the third translation that is linearly independent of s1 and s2.
It is proved that Eq. (21) is equivalent to Eq. (18), that is, the
derivative limb RcRcP1P2 is equivalent to the standard limb
P3RcP1P2.
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FIGURE 6. Topology synthesis flow of hybrid mechanism.

Method 2: Replace RcP1P2 in P3RcP1P2 limb with
P3RcRcRc to obtain P3RcRcRc limb, which can be expressed
as

{
S′f ,1R3T

}
serial,1T = 2 tan

θc3

2

(
sc

rc3 × sc

)
12 tan

θc2

2

(
sc

rc2 × sc

)
12 tan

θc1

2

(
sc

rc1 × sc

)
1t3

(
0
s3

)
(24)

According to the properties of screw triangular product,
Eq. (24) is equivalent to Eq. (18), that is, the derivative limb
P3RcRcRc is equivalent to the standard limb P3RcP1P2.
By replacing prismatic joints with one or two revolute

joints, the corresponding number of independent ring trans-
lations are replaced by directional translations, but the one
rotation and three translations generated by limbs remained
the same. By using this rule, two derivative limbs are
synthesized.

(2) Position transformation of joints
Two derivative limbs are obtained based on the type

replacement of joints, and other types of limb structures are
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FIGURE 7. Topology synthesis of serial mechanism.

obtained through the position transformation of P joint in the
limb.

Firstly, the position of the P joint in P3RcP1P2 limb is
transformed to obtain 3 types of limbs RcP3P1P2, P3P1RcP2
and P3P1P2Rc. Where, RcP3P1P2 limb can be expressed as{

S′f ,1R3T
}
serial,1T = t2

(
0
s2

)
1t1

(
0
s1

)
1t3

(
0
s3

)
12 tan

θc

2

(
sc

rc × sc

)
(25)

According to the properties of screw triangular product,
Eq. (25) is equivalent to Eq. (18), that is, the derivative
limb RcP3P1P2 is equivalent to the standard limb P3RcP1P2.

Similarly, other derivative limbs P3P1RcP2 and P3P1P2Rc are
equivalent to the standard limb RcRcP1P2.
Secondly, the position of the P joint in RcRcP1P2 limb is

transformed to obtain 5 types of limbs P1RcRcP2, P1P2RcRc,
RcP1RcP2, RcP1P2Rc and P1RcP2Rc. Where, P1RcRcP2 limb
can be expressed as

{
S′f ,1R3T

}
serial,1T = t2

(
0
s2

)
12 tan

θc2

2

(
sc

rc2 × sc

)
12 tan

θc1

2

(
sc

rc1 × sc

)
1t1

(
0
s1

)
(26)
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FIGURE 8. Topology synthesis of parallel mechanism.
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FIGURE 9. Topology synthesis of hybrid mechanism.

According to the properties of screw triangular product,
Eq. (26) is equivalent to Eq. (21), that is, the derivative

limb P1RcRcP2 is equivalent to the standard limb RcRcP1P2.
Similarly, other derivative limbs P1P2RcRc, RcP1RcP2,
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RcP1P2Rc and P1RcP2Rc are equivalent to the standard limb
RcRcP1P2.
Finally, the position of the P joint in P3RcRcRc limb is

transformed to obtain 3 types of limbs RcRcRcP3, RcP3RcRc
and RcRcP3Rc. Where, RcRcRcP3 limb can be expressed as{

S′f ,1R3T
}
serial,1T

= t3

(
0
s3

)
12 tan

θc3

2

(
sc

rc3 × sc

)
12 tan

θc2

2

(
sc

rc2 × sc

)
12 tan

θc1

2

(
sc

rc1 × sc

)
(27)

According to the properties of screw triangular product,
Eq. (27) is equivalent to Eq. (24), that is, the derivative
limb RcRcRcP3 is equivalent to the standard limb P3RcRcRc.
Similarly, other derivative limbs RcRcRcP3, RcP3RcRc and
RcRcP3Rc are equivalent to the standard limb RcRcP1P2.
Type 2: 2R2T
(1) Type replacement of joints
The derivative limb of RaRcP1P2 can be constructed by

type replacement of joint in the following two methods.
Method 1: Replace RcP1 in RaRcP1P2 limb with RcRc to

obtain RaRcRcP2 limb, which can be expressed as{
S′f ,2R2T

}
serial,1R

= t2

(
0
s2

)
12 tan

θc2

2

(
sc

rc2 × sc

)
12 tan

θc1

2

(
sc

rc1 × sc

)
12 tan

θa

2

(
sa

ra × sa

)
(28)

According to the properties of screw triangular product,
Eq. (28) is equivalent to Eq. (19), that is, the derivative limb
RaRcRcP2 is equivalent to the standard limb RaRcP1P2.

Method 2: Replace RcP1P2 in RaRcP1P2 limbwith RcRcRc
to obtain RaRcRcRc limb, which can be expressed as{

S′f ,2R2T
}
serial,1R

= 2 tan
θc3

2

(
sc

rc3 × sc

)
12 tan

θc2

2

(
sc

rc2 × sc

)
12 tan

θc1

2

(
sc

rc1 × sc

)
12 tan

θa

2

(
sa

ra × sa

)
(29)

According to the properties of screw triangular product,
Eq. (29) is equivalent to Eq. (19), that is, the derivative limb
RaRcRcRc is equivalent to the standard limb RaRcP1P2.
By replacing prismatic joints with one or two revolute

joints, the corresponding number of independent ring trans-
lations are replaced by directional translations, but the one
rotation and three translations generated by limbs remained
the same. By using this rule, two derivative limbs are
synthesized.

(2) Position transformation of joints
Based on the type replacement of joints, two derivative

limbs are obtained. As the RaRcRcRc limb did not contain
P joints, it only considered the position transformation of P
joints by other limbs to obtain other types of limb structure.

TABLE 2. 4-DOF limb of serial mechanism.

Firstly, the position of the P joint in RaRcP1P2 limb
is transformed to obtain 2 types of limbs RaP1RcP2 and
RaP1P2Rc. Where, RaP1RcP2 limb can be expressed as{

S′f ,2R2T
}
serial,1R

= t2

(
0
s2

)
12 tan

θc

2

(
sc

rc × sc

)
1t1

(
0
s1

)
12 tan

θa

2

(
sa

ra × sa

)
(30)

According to the properties of screw triangular product,
Eq. (30) is equivalent to Eq. (19), that is, the derivative
limb RaP1RcP2 is equivalent to the standard limb RaRcP1P2.
Similarly, other derivative limb RaP1P2Rc is equivalent to the
standard limb.
Secondly, the position of the P joint in RaRcRcP2 limb

is transformed to obtain 2 types of limbs RaRcP2Rc and
RaP2RcRc. Where, RaP2RcRc limb can be expressed as{

S′f ,2R2T
}
serial,1R

= 2 tan
θc2

2

(
sc

rc2 × sc

)
12 tan

θc1

2

(
sc

rc1 × sc

)
1t2

(
0
s2

)
12 tan

θa

2

(
sa

ra × sa

)
(31)

According to the properties of screw triangular product,
Eq. (31) is equivalent to Eq. (28), that is, the derivative
limb RaP2RcRc is equivalent to the standard limb RaRcRcP2.
Similarly, other derivative limb RaRcP2Rc is equivalent to the
standard limb.

In summary, the 4-DOF limb synthesis of the serial
mechanism can be obtained, as shown in Table 2.

The following is the 5-DOF limb synthesis with type of
2R3T.

(1) Type replacement of joints
Like the synthesis process of 4-DOF limb, for 5-DOF

limb standard limb P3RaRcP1P2, the derivative limb of
P3RaRcP1P2 can be constructed in the following four
methods.
Method 1: Replace P3RaRc in P3RaRcP1P2 limb with

RaRaRc andRaRcRc to obtain RaRaRcP1P2 andRaRcRcP1P2
limb. Where, RaRaRcP1P2 limb can be expressed as{

S′f ,2R3T
}
serial,1T1R

= t2

(
0
s2

)
1t1

(
0
s1

)
12 tan

θc

2

(
sc

rc × sc

)
12 tan

θa2

2

(
sa

ra2 × sa

)
12 tan

θa1

2

(
sa

ra1 × sa

)
(32)
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According to the properties of screw triangular product,
Eq. (32) is equivalent to Eq. (20), that is, the derivative limb
RaRaRcP1P2 is equivalent to the standard limb P3RaRcP1P2.
Similarly, other derivative limb RaRcRcP1P2 is equivalent to
the standard limb P3RaRcP1P2.
Method 2: Replace RaRcP1P2 in P3RaRcP1P2 limb with

RaRaRcRc to obtain P3RaRaRcRc limb, which can be
expressed as{

S′f ,2R3T
}
serial,1T1R

= 2 tan
θc2

2

(
sc

rc2 × sc

)
12 tan

θc1

2

(
sc

rc1 × sc

)
12 tan

θa2

2

(
sa

ra2 × sa

)
12 tan

θa1

2

(
sa

ra1 × sa

)
1t3

(
0
s3

)
(33)

According to the properties of screw triangular product,
Eq. (33) is equivalent to Eq. (20), that is, the derivative limb
P3RaRaRcRc is equivalent to the standard limb P3RaRcP1P2.

Method 3: Replace RaRcP1P2 in P3RaRcP1P2 limb
with RaRaRaRc and RaRcRcRc to obtain P3RaRaRaRc
and P3RaRcRcRc limb. Where, P3RaRaRaRc limb can be
expressed as{

S′f ,2R3T
}
serial,1T1R

= 2 tan
θc

2

(
sc

rc × sc

)
12 tan

θa3

2

(
sa

ra3 × sa

)
12 tan

θa2

2

(
sa

ra2 × sa

)
12 tan

θa1

2

(
sa

ra1 × sa

)
1t3

(
0
s3

)
(34)

According to the properties of screw triangular product,
Eq. (34) is equivalent to Eq. (20), that is, the derivative limb
P3RaRaRaRc is equivalent to the standard limb P3RaRcP1P2.
Similarly, other derivative limb P3RaRcRcRc is equivalent to
the standard limb P3RaRcP1P2.
Method 4: Replace all the P joints in the P3RaRcP1P2 limb

with R joints to obtain RaRaRaRcRc and RaRaRcRcRc limb.
Where, RaRaRaRcRc can be expressed as{

S′f ,2R3T
}
serial,1T1R

= 2 tan
θc2

2

(
sc

rc2 × sc

)
12 tan

θc1

2

(
sc

rc1 × sc

)
12 tan

θa3

2

(
sa

ra3 × sa

)
12 tan

θa2

2

(
sa

ra2 × sa

)
12 tan

θa1

2

(
sa

ra1 × sa

)
(35)

According to the properties of screw triangular product,
Eq. (35) is equivalent to Eq. (20), that is, the derivative limb
RaRaRaRcRc is equivalent to the standard limb P3RaRcP1P2.
Similarly, other derivative limb RaRaRcRcRc is equivalent to
the standard limb P3RaRcP1P2.
(2) Position transformation of joints

Based on the type replacement of joints, seven derivative
limbs are obtained. As the RaRaRaRcRc and RaRaRcRcRc
limb did not contain P joints, it only considered the position
transformation of P joints by other limbs to obtain other types
of limb structure.
Firstly, the position of the P joint in P3RaRcP1P2 limb

is transformed to obtain 9 types of limbs RaRcP3P1P2,
P3P1RaRcP2, P3P1P2RaRc, RaP3RcP1P2, RaP3P1RcP2,
RaP3P1P2Rc, P3RaP1RcP2, P3RaP1P2Rc and P3P1RaP2Rc.
Where, RaRcP3P1P2 limb can be expressed as{

S′f ,2R3T
}
serial,1T1R

= t2

(
0
s2

)
1t1

(
0
s1

)
1t3

(
0
s3

)
12 tan

θc

2

(
sc

rc × sc

)
12 tan

θa

2

(
sa

ra × sa

)
(36)

According to the properties of screw triangular product,
Eq. (36) is equivalent to Eq. (20), that is, the derivative limb
RaRcP3P1P2 is equivalent to the standard limb P3RaRcP1P2.
Similarly, other 8 derivative limbs are equivalent to the
standard limb P3RaRcP1P2.
Secondly, the position of the P joint in RaRaRcP1P2 limb

is transformed to obtain 9 types of limbs RaRaP1P2Rc,
RaP1P2RaRc, P1P2RaRaRc, RaRaP1RcP2, RaP1RaRcP2,
P1RaRaRcP2, RaP1RaP2Rc, P1RaRaP2Rc and P1RaP2RaRc.
Where, RaRaP1P2Rc limb can be expressed as{
S′f ,2R3T

}
serial,1T1R

= 2 tan
θc

2

(
sc

rc × sc

)
1t2

(
0
s2

)
1t1

(
0
s1

)
12 tan

θa2

2

(
sa

ra2 × sa

)
12 tan

θa1

2

(
sa

ra1 × sa

)
(37)

According to the properties of screw triangular product,
Eq. (37) is equivalent to Eq. (32), that is, the derivative limb
RaRcP3P1P2 is equivalent to the standard limb P3RaRcP1P2.
Similarly, other 8 derivative limbs are equivalent to the stan-
dard limb P3RaRcP1P2. Using the same method, 9 derived
derivative limbs equivalent to RaRcRcP1P2 are obtained.
RaRcP1P2Rc, RaP1P2RcRc, P1P2RaRcRc, RaRcP1RcP2,
RaP1RcRcP2, P1RaRcRcP2, RaP1RcP2Rc, P1RaRcP2Rc and
P1RaP2RcRc.
Thirdly, the position of the P joint in P3RaRaRcRc limb

is transformed to obtain 4 types of limbs RaRaP3RcRc,
RaRaRcRcP3, RaRaRcP3Rc and RaP3RaRcRc. Where,
RaRaP3RcRc limb can be expressed as{

S′f ,2R3T
}
serial,1T1R

= 2 tan
θc2

2

(
sc

rc2 × sc

)
12 tan

θc1

2

(
sc

rc1 × sc

)
1t3

(
0
s3

)
12 tan

θa2

2

(
sa

ra2 × sa

)
12 tan

θa1

2

(
sa

ra1 × sa

)
(38)
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According to the properties of screw triangular product,
Eq. (38) is equivalent to Eq. (33), that is, the derivative limb
RaRaP3RcRc is equivalent to the standard limb P3RaRaRcRc.
Similarly, other 3 derivative limbs are equivalent to the
standard limb P3RaRcP1P2.
Finally, the position of the P joint in P3RaRaRaRc limb

is transformed to obtain 4 types of limbs RaRaRaP3Rc,
RaRaP3RaRc, RaP3RaRaRc and RaRaRaRcP3. Where,
RaRaRaRcP3 limb can be expressed as{

S′f ,2R3T
}
serial,1T1R

= t3

(
0
s3

)
12 tan

θc

2

(
sc

rc × sc

)
12 tan

θa3

2

(
sa

ra3 × sa

)
12 tan

θa2

2

(
sa

ra2 × sa

)
12 tan

θa1

2

(
sa

ra1 × sa

)
(39)

According to the properties of screw triangular product,
Eq. (39) is equivalent to Eq. (34), that is, the derivative limb
RaRaRaRcP3 is equivalent to the standard limb P3RaRaRaRc.
Similarly, other 3 derivative limbs are equivalent to the stan-
dard limb P3RaRaRaRc. Using the same method, 4 derived
derivative limbs equivalent to P3RaRcRcRc are obtained.
RaRcRcP3Rc, RaRcP3RcRc, RaP3RcRcRc and RaRcRcRcP3.
In summary, the 5-DOF limb synthesis of the serial

mechanism can be obtained, as shown in Table 3.
So far, 21 types of 4-DOF limbs and 75 types of 5-

DOF limbs have been synthesized. According to the design
principles defined in Section IV, the serial mechanism is
a 3-DOF mechanism (one rotation and two translations).
Therefore, the assembly conditions can be defined by the
cooperative relationship between joint motions, and the serial
mechanism needs to satisfy the following conditions

Sf ,serial = t2

(
0
s2

)
1t1

(
0
s1

)
12 tan

θc

2

(
sc

rc × sc

)
(40)

Considering that the mechanism is applied in a space
environment, RaRcRcRaRa limb with revolute structure is
selected, and its adjacent axes are arranged in parallel,
satisfying Eq. (40). Therefore, it can be determined that
the limb RaRcRcRaRa is a serial mechanism that satisfies
practical engineering requirements, and its topology can be
expressed as follows

Sf ,serial = 2 tan
θa

2

(
sa

ra × sa

)
12 tan

θc

2

(
sc

rc × sc

)
12 tan

θc

2

(
sc

rc × sc

)
12 tan

θa

2

(
sa

ra × sa

)
12 tan

θa

2

(
sa

ra × sa

)
(41)

B. TOPOLOGY SYNTHESIS OF PARALLEL MECHANISM
Adding one-parameter finite screws, based on the finite and
instantaneous screw theory, the standard type of the limb of

the parallel mechanism is{
Sf ,3R1T

}
parallel,1R

= t3

(
0
s3

)
12 tan

θb

2

(
sb

rb × sb

)
12 tan

θa

2

(
sa

ra × sa

)
12 tan

θc

2

(
sc

rc × sc

)
(42){

Sf ,2R2T
}
parallel,1T

= t3

(
0
s3

)
12 tan

θb

2

(
sb

rb × sb

)
12 tan

θa

2

(
sa

ra × sa

)
1t1

(
0
s1

)
(43)

Adding two-parameter finite screws, based on the finite
and instantaneous screw theory, the standard type of the limb
of the parallel mechanism is{

Sf ,3R2T
}
parallel,1T1R

= t3

(
0
s3

)
12 tan

θb

2

(
sb

rb × sb

)
12 tan

θa

2

(
sa

ra × sa

)
12 tan

θc

2

(
sc

rc × sc

)
1t1

(
0
s1

)
(44)

In Eq. (42) to Eq. (44), ti and si (i = 1,2,3) respectively
denote unit vectors of different translation distances and axis
directions; θa, θb and θc respectively denote three rotation
angles; ra, rb and rc denote position vectors of three rotation
axes.

Eq. (42) to Eq. (44) correspond to standard limbs
RcRaRbP3, P1RaRbP3 and P1RcRaRbP3, respectively.
As shown in Fig. 8, by changing the type and position of the
joints in Eq. (42) to Eq. (44), the derivative limb with 4-DOF
and 5-DOF of the parallel mechanism will be synthesized.
According to the assembly conditions, the typical topology
of 3-DOF parallel mechanism is obtained.
4-DOF limb synthesis is carried out below, including two

standard limb types.
Type 1: 3R1T
(1) Type replacement of joints
Replace all the P joints in the RcRaRbP3 limb with R joints

to obtain RcRaRbR1 limb (denoting the R joint without the
origin of the original R joint as R), which can be expressed as{

S′f ,3R1T
}
parallel,1R

= 2 tan
θ1

2

(
s1

r1 × s1

)
12 tan

θb

2

(
sb

rb × sb

)
12 tan

θa

2

(
sa

ra × sa

)
12 tan

θc

2

(
sc

rc × sc

)
(45)

(2) Position transformation of joints
Firstly, the position of the P joint in RcRaRbP3 limb

is transformed to obtain 3 types of limbs P3RcRaRb,
RcP3RaRb and RcRaP3Rb. Where, RcRaP3Rb limb can be
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TABLE 3. 5-DOF limb of serial mechanism.

expressed as{
S′f ,3R1T

}
parallel,1R

= 2 tan
θb

2

(
sb

rb × sb

)
1t3

(
0
s3

)
12 tan

θa

2

(
sa

ra × sa

)
12 tan

θc

2

(
sc

rc × sc

)
(46)

According to the properties of screw triangular product,{
S′f ,3R1T

}
parallel,1R

= t3

(
0

exp (−θbs̃b) s3

)
12 tan

θb

2

(
sb

rb × sb

)
12 tan

θa

2

(
sa

ra × sa

)
12 tan

θc

2

(
sc

rc × sc

)
(47)

As can be seen from the above,
{
Sf ,3R1T

}
parallel,1R ⊆{

S′f ,3R1T
}
parallel,1R is valid, but it is not equivalent to Eq. (42).

The RcRaP3Rb limb is a feasible limb, but it is not equivalent
to RcRaRbP3. Similarly, the other 2 limbs are feasible limbs
that are not equivalent to RcRaRbP3.
Secondly, the position of the R1 joint in RcRaRbR1 limb is

transformed to obtain 3 types of limbs RcRaR1Rb, RcR1RaRb
and R1RcRaRb. Where, RcRaR1Rb limb can be expressed as{

S′f ,3R1T
}
parallel,1R

= 2 tan
θb

2

(
sb

rb × sb

)
12 tan

θ1

2

(
s1

r1 × s1

)
12 tan

θa

2

(
sa

ra × sa

)
12 tan

θc

2

(
sc

rc × sc

)
(48)

According to the properties of screw triangular product,{
Sf ,3R1T

}
parallel,1R ⊆

{
S′f ,3R1T

}
parallel,1R is valid, but it is

not equivalent to Eq. (45). The RcRaR1Rb limb is a feasible
limb, but it is not equivalent to RcRaRbR1. Similarly, the

other 2 limbs are feasible limbs that are not equivalent to
RcRaRbR1.
Type 2: 2R2T
(1) Type replacement of joints
The derivative limb of P1RaRbP3 can be constructed by

type replacement of joint in the following two methods.
Method 1: Replace RbP3 in P1RaRbP3 limb with RbRb to

obtain P1RaRbRb limb, which can be expressed as{
S′f ,2R2T

}
parallel,1T

= 2 tan
θb2

2

(
sb

rb2 × sb

)
12 tan

θb1

2

(
sb

rb1 × sb

)
12 tan

θa

2

(
sa

ra × sa

)
1t1

(
0
s1

)
(49)

According to the properties of screw triangular product,
Eq. (49) is equivalent to Eq. (43), that is, the derivative limb
P1RaRbRb is equivalent to the standard limb P1RaRbP3.
Method 2: Replace all the P joints in the P1RaRbP3

limb with R joints to obtain RaRbRbRb limb, which can be
expressed as{

S′f ,2R2T
}
parallel,1T

= 2 tan
θb3

2

(
sb

rb3 × sb

)
12 tan

θb2

2

(
sb

rb2 × sb

)
12 tan

θb1

2

(
sb

rb1 × sb

)
12 tan

θa

2

(
sa

ra × sa

)
(50)

According to the properties of screw triangular product,
Eq. (50) is equivalent to Eq. (43), that is, the derivative limb
RaRbRbRb is equivalent to the standard limb P1RaRbP3.
(2) Position transformation of joints
Based on the type replacement of joints, two derivative

limbs are obtained. As the RaRbRbRb limb did not contain
P joints, it only considered the position transformation of P
joints by other limbs to obtain other types of limb structure.
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TABLE 4. 4-DOF limb of parallel mechanism.

Firstly, the position of the P joint in P1RaRbP3 limb
is transformed to obtain 2 types of limbs RaP1RbP3 and
RaP1P3Rb. Where, RaP1RbP3 limb can be expressed as{

S′f ,2R2T
}
parallel,1T

= t3

(
0
s3

)
12 tan

θb

2

(
sb

rb × sb

)
1t1

(
0
s1

)
12 tan

θa

2

(
sa

ra × sa

)
(51)

According to the properties of screw triangular product,
Eq. (51) is equivalent to Eq. (43), that is, the derivative
limb RaP1RbP3 is equivalent to the standard limb P1RaRbP3.
Similarly, other derivative limb RaP1P3Rb is equivalent to the
standard limb.
Finally, the position of the P joint in P1RaRbRb limb

is transformed to obtain 2 types of limbs RaP1RbRb and
RaRbP1Rb. Where, RaP1RbRb limb can be expressed as{

S′f ,2R2T
}
parallel,1T

= 2 tan
θb2

2

(
sb

rb2 × sb

)
12 tan

θb1

2

(
sb

rb1 × sb

)
1t1

(
0
s1

)
12 tan

θa

2

(
sa

ra × sa

)
(52)

According to the properties of screw triangular product,
Eq. (52) is equivalent to Eq. (49), that is, the derivative
limb RaP1RcP2 is equivalent to the standard limb RaRcP1P2.
Similarly, other derivative limb RaP1P2Rc is equivalent to the
standard limb.

In summary, the 4-DOF limb synthesis of the parallel
mechanism can be obtained, as shown in Table 4.

The following is the 5-DOF limb synthesis with type of
3R2T.

(1) Type replacement of joints
Like the synthesis process of 4-DOF limb, for 5-DOF

limb standard limb P1RcRaRbP3, the derivative limb of
P1RcRaRbP3 can be constructed in the following two
methods.
Method 1: Replace RaRbP3 in P1RcRaRbP3 limb with

RaRbR3 to obtain P1RcRaRbR3 limb, which can be expressed
as {

S′f ,3R2T
}
parallel,1T1R

= 2 tan
θ3

2

(
s3

r3 × s3

)
12 tan

θb

2

(
sb

rb × sb

)
12 tan

θa

2

(
sa

ra × sa

)
12 tan

θc

2

(
sc

rc × sc

)
1t1

(
0
s1

)
(53)

According to the properties of screw triangular product,
Eq. (53) is equivalent to Eq. (44), that is, the derivative limb
P1RcRaRbR3 is equivalent to the standard limb P1RcRaRbP3.
Method 2: Replace all the P joints in the P1RcRaRbP3

limb with R joints to obtain R1RcRaRbR3 limb, which can
be expressed as{

S′f ,3R2T
}
parallel,1T1R

= 2 tan
θ3

2

(
s3

r3 × s3

)
12 tan

θb

2

(
sb

rb × sb

)
12 tan

θa

2

(
sa

ra × sa

)
12 tan

θc

2

(
sc

rc × sc

)
12 tan

θ1

2

(
s1

r1 × s1

)
(54)

According to the properties of screw triangular product,
Eq. (54) is equivalent to Eq. (44), that is, the derivative limb
R1RcRaRbR3 is equivalent to the standard limb P1RcRaRbP3.
(2) Position transformation of joints
Firstly, the position of the P joint in P1RcRaRbP3 limb

is transformed to obtain 9 types of limbs P1P3RcRaRb,
RcP1P3RaRb, RcRaP1P3Rb, RcRaRbP1P3, P1RcP3RaRb,
P1RcRaP3Rb, RcP1RaP3Rb, RcP1RaRbP3 and RcRaP1RbP3.
Where, P1P3RcRaRb limb can be expressed as{

S′f ,3R2T
}
parallel,1T1R

= 2 tan
θb

2

(
sb

rb × sb

)
12 tan

θa

2

(
sa

ra × sa

)
12 tan

θc

2

(
sc

rc × sc

)
1t3

(
0
s3

)
1t1

(
0
s1

)
(55)

According to the properties of screw triangular product,{
Sf ,3R2T

}
parallel,1T1R ⊆

{
S′f ,3R2T

}
parallel,1T1R is valid, but it is

not equivalent to Eq. (44). The P1P3RcRaRb limb is a feasible
limb, but it is not equivalent to P1RcRaRbP3. Similarly, the
other 8 limbs are feasible limbs that are not equivalent to
RcRaRbR1.

Secondly, the position of the P1 and R3 joint in
P1RcRaRbR3 limb is transformed to obtain 19 types of limbs
P1R3RcRaRb, RcP1R3RaRb, RcRaP1R3Rb, RcRaRbP1R3,
P1RcR3RaRb, P1RcRaR3Rb, RcP1RaR3Rb, RcP1RaRbR3,
RcRaP1RbR3, R3P1RcRaRb, RcR3P1RaRb, RcRaR3P1Rb,
RcRaRbR3P1, R3RcP1RaRb, R3RcRaP1Rb, R3RcRaRbP1,
RcR3RaP1Rb, RcR3RaRbP1 and RcRaR3RbP1. Where,
P1RcRaR3Rb limb can be expressed as{

S′f ,3R2T
}
parallel,1T1R

= 2 tan
θb

2

(
sb

rb × sb

)
12 tan

θ3

2

(
s3

r3 × s3

)
12 tan

θa

2

(
sa

ra × sa

)
12 tan

θc

2

(
sc

rc × sc

)
1t1

(
0
s1

)
(56)

According to the properties of screw triangular product,{
Sf ,3R2T

}
parallel,1T1R ⊆

{
S′f ,3R2T

}
parallel,1T1R is valid, but it is
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TABLE 5. 5-DOF limb of parallel mechanism.

TABLE 6. Typical topologies of hybrid mechanism.

not equivalent to Eq. (53). The P1RcRaR3Rb limb is a feasible
limb, but it is not equivalent to P1RcRaRbR3. Similarly, the
other 18 limbs are feasible limbs that are not equivalent to
P1RcRaRbR3.
Finally, the position of the R joint in R1RcRaRbR3 limb

is transformed to obtain 9 types of limbs R1R3RcRaRb,
RcR1R3RaRb, RcRaR1R3Rb, RcRaRbR1R3, R1RcR3RaRb,
R1RcRaR3Rb, RcR1RaR3Rb, RcR1RaRbR3 and RcRaR1
RbR3. Where, R1RcRaR3Rb limb can be expressed as{

S′f ,3R2T
}
parallel,1T1R

= 2 tan
θb

2

(
sb

rb × sb

)
12 tan

θ3

2

(
s3

r3 × s3

)
12 tan

θa

2

(
sa

ra × sa

)
12 tan

θc

2

(
sc

rc × sc

)
12 tan

θ1

2

(
s1

r1 × s1

)
(57)

According to the properties of screw triangular product,{
Sf ,3R2T

}
parallel,1T1R ⊆

{
S′f ,3R2T

}
parallel,1T1R is valid, but it is

not equivalent to Eq. (54). The R1RcRaR3Rb limb is a feasible
limb, but it is not equivalent to R1RcRaRbR3. Similarly, the
other 18 limbs are feasible limbs that are not equivalent to
R1RcRaRbR3.
In summary, the 5-DOF limb synthesis of the parallel

mechanism can be obtained, as shown in Table 5.

So far, 21 types of 4-DOF limbs and 75 types of
5-DOF limbs have been synthesized. When using these
limbs to assemble parallel mechanism, it is necessary
to consider the assembly relationship between the limb
motions. According to the design principles defined in
Section IV, the parallel mechanism is a 3-DOF mechanism
(two rotations and one translation), that is, it should
contain three limbs to satisfy the requirements of DOF.
Therefore, assembly conditions can be defined based on
the cooperative relationship between limb motions. Three
limbs in the parallel mechanism need to satisfy the following
conditions

Sf ,parallel
= Sf ,1 ∩ Sf ,2 ∩ Sf ,3

= t3

(
0
s3

)
12 tan

θb

2

(
sb

rb × sb

)
12 tan

θa

2

(
sa

ra × sa

)
(58){

s1,a = s2,a = s3,a
s1,b = s2,b = s3,b

(59)

Considering that the mechanism is applied in a space
environment, select three 3R2T limbs with identical limbs
according to assembly conditions, and arrange them sym-
metrically, satisfying eq. (58) to eq. (59). Assemble a 3-
RSR parallel mechanismwith fixed andmoving platform that
satisfies practicalengineering requirements, and its topology
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can be expressed as follows

Sf ,i = 2 tan
θi,b

2

(
si,b

ri,b × si,b

)
12 tan

θi,a

2

(
si,a

ri,a × si,a

)
12 tan

θi,c

2

(
si,c

ri,c × si,c

)
12 tan

θi,b

2

(
si,b

ri,b × si,b

)
12 tan

θi,b

2

(
si,b

ri,b × si,b

)
i = 1, 2, 3 (60)

Sf ,parallel=Sf ,1 ∩ Sf ,2 ∩ Sf ,3

= t3

(
0
s3

)
12 tan

θb

2

(
sb

rb × sb

)
12 tan

θa

2

(
sa

ra × sa

)
(61)

As shown in Fig. 9, according to the design principles
defined in Section IV, the hybrid mechanism topology
designed in this paper takes serial mechanism as the base and
parallel mechanism installed at the end. Finally, the following
three typical topologies of hybrid mechanism are obtained,
as shown in Table 6.

The hybrid mechanism can complete all the tasks in space
control, combine the advantages of serial and parallel mech-
anisms, and has the characteristics of large workspace, high
precision, and high stability. According to the calculation
rule of finite and instantaneous screw theory in Section II,
the topology of RaRcRcRaRa+3-RSR mechanism can be
obtained

Sf = Sf ,serial1Sf ,parallel

= 2 tan
θc

2

(
sc

rc × sc

)
12 tan

θb

2

(
sb

rb × sb

)
12 tan θa

2

(
sa

ra × sa

)
1t3

(
0
s3

)
1t2

(
0
s2

)
1t1

(
0
s1

)
(62)

VI. CONCLUSION
To improve the on-orbit service technology in the field
of aerospace in China, the parametric research system for
the topology synthesis of hybrid space control mechanism
is proposed in this paper, which is of great significance
for promoting the basic theoretical research of mechanism
science and accelerating the independent innovation and
engineering application of space control mechanism.

(1) The continuous motion of capture, detumbling, screw
and plugging is described parametrically, and the simplest
mathematical expression of the continuous motion of space
control task is formed through the intersection algorithm.

(2) Based on the requirements of space control tasks, the
topology design principles of serial and parallel mechanism
are proposed, and the joint arrangements of serial and parallel
mechanism are determined.

(3) The standard limb of the mechanism is described
parametrically based on the expected motion pattern, and
various derivative limbs are generated by joint equivalent
transformation. Through the limb cooperative relationship,

novel available topologies satisfying the conditions are
synthesized.

(4) According to the analytical expressions of the serial
and parallel mechanism satisfying the design principles, the
analytical expression of the hybrid space control mechanism
is deduced by using screw triangle product.
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