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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 of mechanics, 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
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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

9 Sf 0
Sf_ZtaHE(erSf)H(Sf) M

where sy denotes the unit direction vector of the axis, ry is
the position vector of the axis, 6 and ¢ are the rotational angle
and translational distance about/along the axis, respectively.
Sy is the pose change process of rigid body rotating angular
displacement 6 about Chasles’ axis and translation line
displacement ¢ along the axis. Therefore, Sy 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 Sy 1 and Sy > continuously,
they are denoted by finite screw respectively

01 5.1 0
Sr1 =2tan — ’ t 2
/! 2 (’f»l ><Sf,1)Jr 1(%) @

) Sf2 0
Sro =2tan — ’ t 3
f.2 > (rf,z Xsf)z) +1n (sf,z) 3)

The final continuous motion Sy 12 of the rigid body
can be expressed as (4), as shown at the bottom of
the next page, where “A” denotes the screw triangle
product [24].

Sf,z X Sfyl
2 tan %sf,z X 2tan %st
= [ 2tan %2 x (20 % (rrr xs7.0) + 15y ) +
(2 tan 972 (rf,z X Sf,z) + tlsjr’z) X 2tan %lsf,l
(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

0; Sij

Sf’,,]’r = 2tan 7 (ri’j % Sl"j (6)
0

Srase =i () ™
Sij

VOLUME 11, 2023



L. Zhang, Y. Qi: Topology Synthesis of Hybrid Space Control Mechanism Based on FIS Theory

IEEE Access

N z
iy
A X y
o . s, . 0
- Zhi i _
S/,i,i,r =2tan 2 ["i,/ Xsi,/] S/‘,::_/,f =1, s,
(a) R joint (®) Pjoint

FIGURE 1. Finite motion of the joints.

Ill. 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

0 0 0
s (9) () (2)

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

90 Sc
Sf,z = 2tan? (rc % Sc)

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

®

C))

O .
() ()
2 \re. xs; 53

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

. 0 Op sp Oa Sa
Sfa=13 (s3) A2 tan > ("b w5, AZtanE ro X S

(11)

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

Sr3 =2tan (10)

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

6 0
—c( Se )AZtan—b( Sb )
2 \Fe X Sc 2 \rp X$p
x AZtan%"( Sa )Atg(O)Atz(O)
Fg X Sq 3 2
x Atl(O) (12)
s

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’M = 2tan

Sea+ 82+ _Sf,z;S_/,]

—tan % tan 2
tanztan2

() (%))

Sr12 =871A87 2=
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FIGURE 2. Parameterized description of space control task.

expressed as

Sf,serial = Sf,nASf,n—lA T Sf,l (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 =S¢, 1 NSr 2N -+ -Spm (14)
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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,serialASf,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

VOLUME 11, 2023



L. Zhang, Y. Qi: Topology Synthesis of Hybrid Space Control Mechanism Based

IEEE Access

on FIS Theory

—> Fixed platform

=

m——— =2tan—'( ! J_
' K XS, S, =8,A--AS
= 0 o s
=t A---A2tan—
S5 2\ nxs,
S/2—2tan—z[ %2 ]— l
’ 2\rxs,
Yes Satisfy No
calculation rules
S5, —2tan—3[ . j— of FIS theory
2\rxs, Equivalent
0 simplification
=t
f.4 4 S4
i 0
[0 Thesimplest = o _, (01, 8| ®
rs=h mathematical expression s 2 rxs,
Moving platform
Topological structure Each joint’s

of serial mechanism motion

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

0
Sf ,parallel = 13 ( 53 )

6
A2tan >
2

Sb
rp, X Sp

0,
x A2tan -2 ( Sa ) (16)
2 \Iqg X $q
S 0 0 90 Sc
St serial =12 (Sz) An (sl ) A2tan7 (rc % sc) an
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As shown in Table 1, the following standard limb forms
can be obtained by adding zero, one, or two parameter finite
SCIews.

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
0 0

the serial mechanism is
A
A2 tan —

0, Sc 0
re X 8¢ Ats $3 (18)

2
0 0
{Sf,szT}serial,lR =), Al S1

N

{Sf,1R3T}seria1,1T =n ( 1

0, Sc
A2 tan — ( ¢ )
2\ re xs.
0, Sa
AZtanE(ra Xsa) (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}seria1,1T1R

0,
=t2(O)At1(O)A2tan—c( Se )
52 S1 2 \Ie X Se
ea Sa 0
X A2tan > ("a « Sa) AVA] (s3) (20)

In Eq. (18) to Eq. (20), t; and s; (i = 1,2,3) respectively
denote unit vectors of different translation distances and axis
directions; 6,, 6, and 6, respectively denote three rotation
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angles; r,, rp and r, denote position vectors of three rotation
axes.

Eq. (18) to Eq. (20) correspond to standard limbs
P3;R.P1P7, R,R PP, and P3R,R P P>, 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 P3R.P{P, can be constructed by
type replacement of joint in the following two methods.

VOLUME 11, 2023
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TABLE 1. Standard limb structure.

Adding parameter

Parallel mechanism Serial mechanism

Arrangement mode 1
Arrangement mode 2
Arrangement mode 3
Arrangement mode 4

Zero
one-DOF translation
one-DOF rotation
two single DOF

Topological structure
of hybrid mechanism

2RIT IR2T
2R2T IR3T
3RIT 2R2T
3R2T 2R3T
— 1
I
I
I
I
I
_ I
S s |

Topological structure
of serial mechanism

|

|_Sf,seria1 = Sf,sASfAASfﬁASfJASﬂl

FIGURE 5. Topology of hybrid mechanism.

Method 1: Replace P3R, in P3R.P;P; limb with R.R. to
obtain R.R PP, limb, which can be expressed as

/ 0 O
{S f,1R3T}serial,lT =h (52 Al $1

0.
A2tani( Se )
2 \Fey, X Sc
Sc

re xsc) @1

According to the screw triangle product algorithm, it can
be rewritten as

A2tan9i(
2

{Slf’ 1R3T}sel‘ial, 1T

= (s(;) Aty (sol)
0
(exp (—8cyfc) — exp (— é 9s)) (re, =re))

2
S,
% A2tan =1 ( Sc )
2 Fe X 8¢
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(22)

v _
Topological structure
of parallel mechanism

Sf,parullel = Sf,l ﬂ Sf»z ﬂ Sf_3

(I

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

2
E Oc; 00, Ty H> Te

i=1

{S/f’ IR3T } serial, 1T

=0 (soz) Ary (;)1)
A ((exp (=0e,5.) — exg(—Gcﬁc)) (re — rcn))

6
A2 tan = ( Se )
Fe X S¢

2

where §. denotes the skew-symmetric matrix of s., and the
third finite screw denotes a move along a ring of radius
|rc —re | that is perpendicular to s.. When |rc —re | - 0
and s, x (s1 X s2) # 0, the third finite screw can denote
the third translation that is linearly independent of 51 and s5.
It is proved that Eq. (21) is equivalent to Eq. (18), that is, the
derivative limb R R.P1P; is equivalent to the standard limb
P3R.PP;.

(23)

48755



IEEE Access

L. Zhang, Y. Qi: Topology Synthesis of Hybrid Space Control Mechanism Based on FIS Theory

v

v

Expected motion pattern Expected motion pattern of
of parallel mechanism serial mechanism
A& 1T2R A‘/ ‘\‘> 2T1R .
screw triangle
S Standard product Standard
f,parallel g g [ ,serial
limb structure 5 limb structure

arrangements

parameter

-

Assembly conditions

task

|

|
|
I Topology of parallel Topology of serial I
| . . !
I 9 mechanism y O mechanism B I
| | Yes ] :
| L |
|| No Satisfy No :
| requirements of |
|
| space control :
| !

FIGURE 6. Topology synthesis flow of hybrid mechanism.

Method 2: Replace R PP, in P3R.P;P, limb with
P3R.R.R, to obtain P3R.R.R. limb, which can be expressed
as

48756

According to the properties of screw triangular product,
Eq. (24) is equivalent to Eq. (18), that is, the derivative limb
P3R.R.R, is equivalent to the standard limb P3R P P;,.

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

VOLUME 11, 2023
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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 P3R. PP, limb is
transformed to obtain 3 types of limbs R.P3PP>, P3P|R.P>
and P3P1P>R.. Where, R P3P P, limb can be expressed as

’ 0 y
{8 1r37 bgepiarir = 12 (sz A s
0 95 sC
Atz (S3) A2 tan 5 (rc X 8¢ (25)

According to the properties of screw triangular product,
Eq. (25) is equivalent to Eq. (18), that is, the derivative
limb R P3P1P; is equivalent to the standard limb P3R.P;P5.

VOLUME 11, 2023

Type replacement of

Y Y

Type replacement of
motion joint I motion joint [T

() ﬁk () ﬁk
R(x) R(x) .I

- '

R(x) R(X)R(y)

}
'

Similarly, other derivative limbs P3P{R.P, and P3P;P,R, are
equivalent to the standard limb R.R P P;.

Secondly, the position of the P joint in R.R.P;P> limb is
transformed to obtain 5 types of limbs PR R P>, P{PoR(R,
RCP1RCP2, RCP1P2RC and P1R6P2RC. Where, P]RCRCPQ limb
can be expressed as

0 902 Sc
{S f 1R3T}serlal 1T =n ( ) AZtan 7 Fe, X 8¢

6,
A2tanﬂ( S )Atl(o)
2 Fep X S¢ S1

(26)

48757



IEEE Access

L. Zhang, Y. Qi: Topology Synthesis of Hybrid Space Control Mechanism Based on FIS Theory

48758

Continuous motion of
parallel mechanism

12: REIR()TC:)
(0) z

\

Adding 0 Adding 1 Adding 2
parameter parameter parameter
continuous motion of limb continuous motion of limb continuous motion of limb
RX)R(W)I(2) RX)RWI(2)1(x) ROX)R()R()T(2)T(x)

\/

R(X)R() R()R()

T(z) 1(z)

R(x)

UP-UPR-UPS

FIGURE 8. Topology synthesis of parallel mechanism.

SP-SPR-UPS

VOLUME 11, 2023



L. Zhang, Y. Qi: Topology Synthesis of Hybrid Space Control Mechanism Based on FIS Theory I E E EACCGSS "

Continuous motion of hybrid mechanism

RXORMRETX)TW)T()

\J . v
Continuous motion of Continuous motion of
serial mechanism parallel mechanism
RE@TX)T() RXR()T(z2)
Actuation Actuation arrangements
arrangements

R(z)

R(z) 'y
Assembly
conditions

S, =

S

0. s. O, s e s, 0 0 0

' seriaDS f parana = 2 tan—= A2tan—= A2tan—= At, At, A,
’ ’ 2\r xs, 2\r, xs, 2\r,xs, s, s, s,
| o |

D
Type 1 Type 2

FIGURE 9. Topology synthesis of hybrid mechanism.

According to the properties of screw triangular product, limb P;R R P, is equivalent to the standard limb R .R.P{P>.
Eq. (26) is equivalent to Eq. (21), that is, the derivative Similarly, other derivative limbs P;P>R.R., R.P;R.P2,
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R.P1P3R. and PR P>R, are equivalent to the standard limb
R(R.P1P>.

Finally, the position of the P joint in P3R.R.R. limb is
transformed to obtain 3 types of limbs R.R.R.P3, R.P3R R,
and R.R.P3R.. Where, R.R.R.P3 limb can be expressed as

{S,f’ 1R3T}serial,]T

O X
=3 0 A2 tan —2 Sc
$3 2 \Te3 X S¢

0 , 0 .
A2tan-2 (% Ya2tan fc 27)
2 \Tey X Se¢ 2 \re X Se

According to the properties of screw triangular product,
Eq. (27) is equivalent to Eq. (24), that is, the derivative
limb R.R.R.P3 is equivalent to the standard limb P3R.R.R..
Similarly, other derivative limbs R.R.R.P3, R.P3R R, and
R.R/P3R, are equivalent to the standard limb R R P{P;.

Type 2: 2R2T

(1) Type replacement of joints

The derivative limb of R,R.P1P> can be constructed by
type replacement of joint in the following two methods.

Method 1: Replace R.P; in R,R PP, limb with R.R. to
obtain R,R.R P> limb, which can be expressed as

{S,f’ZRzT}serial,lR

6
:tz(O)A2tan£( Sc )
52 2 \re, xsc

0, )
A2tan L[ % Y A2tan 2 e (28)
2 \F¢ X S¢ 2 \ry XS,

According to the properties of screw triangular product,
Eq. (28) is equivalent to Eq. (19), that is, the derivative limb
R4R.R.P; is equivalent to the standard limb R,R.PP>.

Method 2: Replace R.P1 P> in R,R PP, limb with R.R R,
to obtain R,R.R.R. limb, which can be expressed as

{Slf’2R2T}serial,lR

6 6,
= 2tan — S A2 tan —2 Sc
2 \Te; XS 2 \Te, X S¢

0 0
A2tan <t (% Y A2tan 2 fe (29)
2 \re, x s 2 \ra x s,

According to the properties of screw triangular product,
Eq. (29) is equivalent to Eq. (19), that is, the derivative limb
R,R.R(R, is equivalent to the standard limb R,R P P>.

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 R,R.R.R, 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 2. 4-DOF limb of serial mechanism.

Type Limb structure
PsR:P1P2 RPsPiP2 PsPiIR:P. PsPiP2Re

IR3T RKRPi1P2 PiR:RP> PiP2RR: RePiRP2
RPiP2Re PiRcP2Re PsRERcRe ReReR(P3
RcPsRERe ReRePsRe

IR2T RuRP1P2 RsPIRP2  RiPiP2Re RuRcR(P2
R.RP2R: RiP2RcRe RuRCReRe

Firstly, the position of the P joint in R,R PP, limb
is transformed to obtain 2 types of limbs R,P;R.P; and
R,P1P2R.. Where, R,P|R.P> limb can be expressed as

{S,f,2R2T } serial, IR

9
=t2(O)A2tan—c( Sc )
A\ 2 Fe X 8¢
0
Atl(O)A2tan—a( Sa ) (30)
S1 2 Fg X Sq

According to the properties of screw triangular product,
Eq. (30) is equivalent to Eq. (19), that is, the derivative
limb R,P1R.P; is equivalent to the standard limb R,R.P;P>.
Similarly, other derivative limb R,P{P>R. is equivalent to the
standard limb.

Secondly, the position of the P joint in R;R.R P> limb
is transformed to obtain 2 types of limbs R,R.P>R. and
R,P>2R.R.. Where, R,PoR R, limb can be expressed as

’
{S f’ZRZT}serial,IR

0. . 6. .
= 2tan —= Se A2 tan —- Se

2 \re X 8¢ 2 \re XSe

4
Atz(O)AZtan—a( Sa ) 31)
) 2 \rg X$8q

According to the properties of screw triangular product,
Eq. (31) is equivalent to Eq. (28), that is, the derivative
limb R, P2R.R, is equivalent to the standard limb R,R R P>.
Similarly, other derivative limb R,R.P>R,. 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 P3;R,R.P;P;, the derivative limb of
P3R,R.P1P; can be constructed in the following four
methods.

Method 1: Replace P3R,R. in P3R,R.P;P> limb with
R,R R.and R ;R R, to obtain R,R,R.P;P> and R,R.R.P{ P>
limb. Where, R,R,R PP, limb can be expressed as

{S/fﬂZR?’T}serial,lTlR

6,
=t2(O)At1(O)A2tan—‘( Sc )
2 51 2 Fe X 8¢

0 0
A2tan -2 [ %¢ ) Antan 4 Se (32)
2 \Fa, XS8q 2 \Faq XS8q
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According to the properties of screw triangular product,
Eq. (32) is equivalent to Eq. (20), that is, the derivative limb
R,R,R P1P; is equivalent to the standard limb P3R,R.P{P>.
Similarly, other derivative limb R,R. R PP is equivalent to
the standard limb P3;R,R P P>.

Method 2: Replace R,R PP, in P3R,R PP, limb with
R,R,R.R. to obtain P3R,R,R.R. limb, which can be
expressed as

{S,f ~2R3T}serial,1T1R

6 . (%) .
= 2tan -2 Se A2 tan —- Sc
2 \re, xs¢ 2 \re xse
6 6
A2 tan -2 ( Sa )A2tanﬂ ( Sa )
2 \ 14, X84 2 \rq X $q

Atz (s(; ) (33)

According to the properties of screw triangular product,
Eq. (33) is equivalent to Eq. (20), that is, the derivative limb
PsR,R R R, is equivalent to the standard limb P3R,R.P{P5.

Method 3: Replace R,R.P;P, in P3R,R.P;P, limb
with R,R,R,R, and R,R.R.R. to obtain P3;R,R,R,R,
and P3R,R.R.R. limb. Where, P3R,R,R,R, limb can be
expressed as

{S/f ,2R3T} serial,ITIR

6 . [7)
= 2tan — Sc A2 tan -2 Sa
2 \r. xs. 2 \ra; XS4
[7) (%)
A2 tan —2 ( Sa )AZtanﬂ ( Sa )
2 \ra, X84 2 \rq X Sq

Ag(g) (34)

According to the properties of screw triangular product,
Eq. (34) is equivalent to Eq. (20), that is, the derivative limb
PsR,R,R R, is equivalent to the standard limb P3R,R.P{P5.
Similarly, other derivative limb P3R,R.R.R. is equivalent to
the standard limb P3R,R P P5.

Method 4: Replace all the P joints in the P3R,R.P1P> limb
with R joints to obtain R,R,;R,R R, and R,R,R R R, limb.
Where, R,R,R,R:R. can be expressed as

{S,f v2R3T}serial,1T1R

6 . [7) .
= 2tan -2 Se A2 tan —L Sc
2 \re, xsc 2 \re xse

6 6
A2tan-2(  S¢ ) A2@n-2( S
2 \ra; X 8q 2 \rg, X84

0
Aztanﬂ( Sa ) (35)

2 Fay X Sq

According to the properties of screw triangular product,
Eq. (35) is equivalent to Eq. (20), that is, the derivative limb
R,R/R,R(R, is equivalent to the standard limb P3R,R.P{P>.
Similarly, other derivative limb R,R,R.R R, is equivalent to
the standard limb P3R,R P P;.

(2) Position transformation of joints
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Based on the type replacement of joints, seven derivative
limbs are obtained. As the R,R,R,;R.R, and R,R,R.R.R,
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 P3R,R.P{P> limb
is transformed to obtain 9 types of limbs R,R.P3P;P,,
P3PiR,RP2, P3P1P2R.R., R;P3R.P1P2, R,P3PR.P;,
RaP3P1P2RC, P3RaP1RCP2, P3RaP1P2RC and P3P1RHP2RC.
Where, R,R P3P P, limb can be expressed as

{S,f>2R3T}serial,lTlR

—n(2)an(2)an(®)

0, 0
Aztan—‘( Se )Aztan—“( Sa ) (36)
2 Fe X 8¢ 2 rg X Sq

According to the properties of screw triangular product,
Eq. (36) is equivalent to Eq. (20), that is, the derivative limb
R,R.P3P1P; is equivalent to the standard limb P3R,R.P|P>.
Similarly, other 8 derivative limbs are equivalent to the
standard limb P3R,R.P{P>.

Secondly, the position of the P joint in R,R,R PP, limb
is transformed to obtain 9 types of limbs R,R,PiP2R,,
RoP1P2R4Re, P1P2RGRGR., RiR PIRP2, RyP1R;R P2,
PiR,R.R P>, R,P1R,P2R,, P1R,R,P2R. and P;R,Po,R,R..
Where, R,R,P1P>R, limb can be expressed as

{S,f s2R3T}serial,1T1R

6 .
:2mmﬁ( se )AQ(O)AH(O)
2 \re XS, ) S1

0 0
A2tan 22 [ %¢ ) A2@an -  Se (37)
2 \rg X84 2 \rq X8q

According to the properties of screw triangular product,
Eq. (37) is equivalent to Eq. (32), that is, the derivative limb
R R P3PP; is equivalent to the standard limb P3R,R.P{P>.
Similarly, other 8 derivative limbs are equivalent to the stan-
dard limb P3R,R.P{P;. Using the same method, 9 derived
derivative limbs equivalent to R,R.R.P;P> are obtained.
RaRcPlPZRm RaPlP2R6R07 P1P2RaRcRc’ RaRcPlRCPL
RalecRCPQ, PlRaRcRCPQ, RaP1RCP2RC, PlRaRCPQRC and
PiR,P2R.R,.

Thirdly, the position of the P joint in P3R,;R,R.R. limb
is transformed to obtain 4 types of limbs R,R,P3R/R.,
RsR.RR.P3, R/R,R.P3R. and R P3R;R.R.. Where,
R,R,P3R R, limb can be expressed as

{Slf’2R3T}serial,lT1R

0. . 0,
= 2tan -2 Sc A2 tan —L Se
2 \ry, xs¢ 2 \re xs¢
0,
At3<0)A2tanﬂ( Sa )
$3 2 \Tgy X Sq
6
A2 tan 241 ( Sa ) (38)
2 ral X 8q
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According to the properties of screw triangular product,
Eq. (38) is equivalent to Eq. (33), that is, the derivative limb
R,R,P3R R, is equivalent to the standard limb P3R,R,R.R,.
Similarly, other 3 derivative limbs are equivalent to the
standard limb P3R,R.P{P5.

Finally, the position of the P joint in P3R,R,;R,;R. limb
is transformed to obtain 4 types of limbs R,R,R,P3R,
R.,R.P3R,R., R,P3R,R,R. and R, R,R,R.P3;. Where,
R,R,/R R P3 limb can be expressed as

{S,f»ZR?’T}serial,lTlR

[7)
=t3(0)A2tan—c( Se )
53 2 \r. xs,
[7) [Z)
A2 tan =2 Sa A2 tan —2 Sa
2 Fagy X Sq 2 Fa, X 8¢

9
A2 tan -4 ( Sa ) (39)
2 Fgy X Sq

According to the properties of screw triangular product,
Eq. (39) is equivalent to Eq. (34), that is, the derivative limb
R,R,R R P3 is equivalent to the standard limb P3R,R,;R,R..
Similarly, other 3 derivative limbs are equivalent to the stan-
dard limb P3R,R,R,R.. Using the same method, 4 derived
derivative limbs equivalent to P3R,R.R.R. are obtained.
R,RR.P3R., R;R.P3R.R,, R,P3R.R.R, and R,R R R.P3.

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

0 0 (R Se
Sf,serial =10 (Sz) Aty (Sl ) A2 tan 36 ("c ;sc) (40)

Considering that the mechanism is applied in a space
environment, R,R.R.R;R, 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 R,R.R.R R, is a serial mechanism that satisfies
practical engineering requirements, and its topology can be
expressed as follows

ea Sa ec Sc
St serial = 2tan > (l‘a » Sa) A2 tan > ("c 5.

6 . [7)
A2 tan — ( Se ) A2 tan — ( Sa )
2 \Fe XSc 2 \ra X 8q

ea ( Sa )
A2tan — 41

2 \ry xs,

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
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the parallel mechanism is

{Sf v3R1T}parallel IR

()
$3 rp X Sp

O
2
A2tan—( ) —c( S ) 42)
Fu X Sg 2 \r. x s,

{stZRZT}parallel, 1T

7
:tg(O)AZtan—b( Sb )
$3 2 \rp XS$p
Ga Sa 0
s2an(, % Yan()) @3)

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

{SJU 3R2T} parallel, I TIR

0
=t3(0)A2ta—b( S )
53 2 \rp x$p
0, .
A2tan—”( Sa )AZtan—C( Sc )
2 Fqa X 8q 2 Fe X S¢
At1(0) (44)
81

In Eq. (42) to Eq. (44), t; and 5; (i = 1,2,3) respectively
denote unit vectors of different translation distances and axis
directions; 6,, 6, and 6, respectively denote three rotation
angles; r,, rp and r, denote position vectors of three rotation
axes.

Eq. (42) to Eq. (44) correspond to standard limbs
R.R/RpP3, P1R,RpP3 and PR R R,P3, 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 R.R,R,P3 limb with R joints
to obtain R.R,R,R limb (denoting the R joint without the
origin of the original R joint as R), which can be expressed as

>

{S/f’-?’RlT}parallel,lR

0 0
:2tan—l( S1 )AZtan—b( Sb )
2 \ri Xsj 2 \rp XSp

0 0 .
A2 tan 2% ( Sa ) A2 tan =< ( Se ) (45)
2 \ry xs, 2 \re x s

(2) Position transformation of joints

Firstly, the position of the P joint in R.R;R,P3 limb
is transformed to obtain 3 types of limbs P3R.R;Rp,
R.P3R, R, and R .R,P3R;. Where, R.R,P3R;, limb can be
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TABLE 3. 5-DOF limb of serial mechanism.

Type Limb structure
PsRuRP1P2 RuR:P3P1P2 P;PiR.R.P2 PsP1P2RAR. R.P3RP1P2
R.P3PiRP2 R.P3P1P2R. PsR.P1R:P2 PsR.PiP2R. P;PiR.P2R,
RuR:RP1P2 RuR.Pi1P2R. R.P1P2RuRe PiP2R.RaRe R:RPi1RP>
R.P1R.RP> PiR:R4RP2 R.PiR.P2R. PiR.R.P2R. PiR.P2R.R.
R«RcR.P1P2 RuRP1P2R, R.P1P2RcRy PiP2R.RR, RuRP1R.P2
RaPiRR:P2 PiR«RR.P2 RsPiRP2R. PiRuRP2R, PiR/P2RcR,
R.RcRP1P2 R«RPiP2Re R.P1P2RcRe PiP2RuRcRe RuRP1RP2

2R3T R4.P1RR:P2 PiR.RRP> R.P1R:P2Re PiR.R:P2Re PiR.P2RcR.
P3R.R4RRe RuR.P3RR. RuRRRP3 RuR«RP3R. R4.P3RuRRe
RuP3R:RcRs RuRRP3R, RuRP3RcR. PsR.R:RcRa RuRRR.P3
P;R.R.RuRe RuRRP3Re RuRsP3RaRe RaPsRuRaRe RuRR:R:P3
RuRRR.P3 RuRoRP3R, RuRP3RR, R4P3R:RR4 P3;R.R.RR4
RuRcRaRAP3 R:RR.P3R, RuRP3R:R, R4P3R:R:R, P3;R:R:R:R,
P3;R.RcRcRe RuRcRP3Re R.RP3RR. RuP3RcRcRe RuRRRP3
RoR.RRRe RuR.RRR4 RuRRRuR RuRoRRRe R.RRRRy

expressed as

{S,f,SRlT }parallel, IR

6 0. )
A2 tan — ( Sa ) A2 tan — ( Se ) (46)
2 \Ig X84 2 \re. Xs.

According to the properties of screw triangular product,

{S,f’ 3R1T}paral]el, IR

0 Op Sp
: (eXp (—9bsb)S3) 3 ("b X Sp

0 0
AZtan—a( Sa )AZtan—C( Se ) (47)
2 Fg X 8q 2 re X Se

As can be seen from the above, {Sf~3R1T}para11el R S

{S" £.3R 1T} arallel, IR is valid, but it is not equivalent to Eq. (42).
The R.R,P3R;, limb is a feasible limb, but it is not equivalent
to RcR,RpP3. Similarly, the other 2 limbs are feasible limbs
that are not equivalent to R.R;R;P3.

Secondly, the position of the R jointin R.R;RpR limb is
transformed to obtain 3 types of limbs R.R,R Ry, R.R1R,Rp,
and R1R.R,R;,. Where, R.R,R1R;, limb can be expressed as

{S,f ’3R1T}parallel,1R

6 0
=2tan—b( 56 )AZtan—l( 51 )
2 \rp Xsp 2 \r1 xsi

04 Sa 0; Se
AZtanE (ra ng) A2tan§ ("c s, (48)

According to the properties of screw triangular product,

, . . . .
{Sf’3R]T}parallel,lR < {S f>3R1T}parallel,lR is valid, but it is
not equivalent to Eq. (45). The Rc.R,R R, limb is a feasible
limb, but it is not equivalent to R.R,RpR. Similarly, the
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other 2 limbs are feasible limbs that are not equivalent to
R.R RpR;.

Type 2: 2R2T

(1) Type replacement of joints

The derivative limb of P{R,R;P3 can be constructed by
type replacement of joint in the following two methods.

Method 1: Replace R,P3 in P1R,R,P3 limb with RyRy to
obtain P1R,R;R;, limb, which can be expressed as

{S lf»ZRZT}parallel,lT

0 6
= 2tan 2o Sb A2tan o Sb
2 \Ip, XSp 2 \Irp X 8p

6,
Aztan—“( Sa )Atl(o) (49)
2 \rg XSg S1

According to the properties of screw triangular product,
Eq. (49) is equivalent to Eq. (43), that is, the derivative limb
P1R,RpR} is equivalent to the standard limb P1R,R;P3.

Method 2: Replace all the P joints in the PiR,R,P3
limb with R joints to obtain R,RpR;R;, limb, which can be
expressed as

{S,vaRZT}parallel, 1T

0 %
= 2tan s Sb A2 tan o §b
2 Fpy X Sp 2 Fpy, X Sp

Op, S 04 Sa
A2tan > (rb1 ¥ Sb) A2 tan > (ra 5, (50)

According to the properties of screw triangular product,
Eq. (50) is equivalent to Eq. (43), that is, the derivative limb
R,RpRpR} is equivalent to the standard limb P1R,R,P3.

(2) Position transformation of joints

Based on the type replacement of joints, two derivative
limbs are obtained. As the R,RyR,R}, 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.

Type Limb structure

3RIT RRaRsP; PsR:R:Ry RP3R:Rp  RR.P3Ry
RRRsR1 RRGRiIRy  R:RiRaRs RiRcRoRs

YRAT PiIR:RyPs R.PIRsP3;  R.P1P3R,  PiR.RsRy
RoP1RsRs  RuRsP1Rs  RuRpR1Rp

Firstly, the position of the P joint in PjR,R,P3 limb
is transformed to obtain 2 types of limbs R,P{R,P3 and
R,P1P3R,. Where, R,P1R,P3 limb can be expressed as

{S /f »2R2T}parallel,lT

6
=t3(O)A2tan—h( Sb )
§3 2 \rp XS8p
0 9a Sa
At (Sl ) A2tan3 ("a « Sa) (&28)

According to the properties of screw triangular product,
Eq. (51) is equivalent to Eq. (43), that is, the derivative
limb R,P{RP3 is equivalent to the standard limb P;R,R;P3.
Similarly, other derivative limb R,P;P3R;, is equivalent to the
standard limb.

Finally, the position of the P joint in P{R,RpR; limb
is transformed to obtain 2 types of limbs R,P1R,R; and
R,RpP1Ry. Where, R,P1R;R;, limb can be expressed as

{S,f>2R2T}parallel, 1T

6 6
= 2tan 2oy 56 A2 tan 2oy 5o
2 rp, X Sp 2 rp, X Sp

0
Aty ( 0 ) A2 tan -2 ( Sa ) (52)
S1 2 \rg XSq

According to the properties of screw triangular product,
Eq. (52) is equivalent to Eq. (49), that is, the derivative
limb R,P1R.P; is equivalent to the standard limb R,R P P>.
Similarly, other derivative limb R,P1P;R, 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 P;R.R,RpP3, the derivative limb of
PiR.R;RyP3 can be constructed in the following two
methods.

Method 1: Replace R,RpP3 in P1R.R,R;P3 limb with
R.RpR3 to obtain P{R.R,RpR3 limb, which can be expressed
as

/
{S f »3R2T}parallel,lTlR

% 6
=2tan—3( 53 )AZtan—b( 5b )
2 \r3 Xs3 2 \rp X$p
0, 0,
AZtan—a( Sa )AZtan—c( Sc )
2 Fa X Sq 2 re X Se¢

At (sol) (53)
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According to the properties of screw triangular product,
Eq. (53) is equivalent to Eq. (44), that is, the derivative limb
P1R.R,RpR3 is equivalent to the standard limb P;R.R,R,P5.

Method 2: Replace all the P joints in the P{R.R,R;P3
limb with R joints to obtain R{R:R;R;R3 limb, which can
be expressed as

/
{S f73R2T}parallel,lTlR

0, 0
A2 tan =< ( Se ) A2 tan = ( S1 ) (54)
2 Fe X S¢ 2 rp Xs1

According to the properties of screw triangular product,
Eq. (54) is equivalent to Eq. (44), that is, the derivative limb
RiR:R,RyR3 is equivalent to the standard limb P1R.R,R;,P3.

(2) Position transformation of joints

Firstly, the position of the P joint in PjR.R;R;P3 limb
is transformed to obtain 9 types of limbs P;P3R.R;Rp,
R.P1P3R,Rp, RR P1P3R,, ReRRpP1P3, PiR.P3R;Ry,
PlRCRaP3Rb, RCP1RaP3Rh, chlRathg, and RcRalebP3.
Where, P{P3R.R,R;, limb can be expressed as

R
{S f’3R2T}parallel,lTlR

0, ,
Aztan—‘( Se )At3(0)At1(0) (55)
2 \re X s8¢ $3 S1

According to the properties of screw triangular product,
{Sy >3R2T}parallel,lTlR c {s’ »3R2T}para11e1,1T1R is valid, but it is
not equivalent to Eq. (44). The P1P3R.R,R; limb is a feasible
limb, but it is not equivalent to P1R.R,R,P3. Similarly, the
other 8 limbs are feasible limbs that are not equivalent to
RcR RpR;.

Secondly, the position of the Py and Rz joint in
P1R:R,RpR3 limb is transformed to obtain 19 types of limbs
P]B.;’RCRGR[)’ RcP1§3RaRb, RcRaPIEL’aRlﬁ RcRaRbPlz_R_Ba
PiR:R3R,Rp, PIR:R R3R;, RPIRR3R;, R.P1R;R,R3,
R:RP1RpR3, R3PIR:RRp, RR3PIRRp, R:RR3PIRp,
RcRaRb;RJPl, §3RCP1RQRb7 §3RCR(ZP1Rb7 &RcRaRbPIv
RcR3R,PIR;, RR3R.RpP; and R.R,R3R,P;. Where,
P1R.R,R3R}, limb can be expressed as

/
{S f,3R2T}para11e1,1T1R

rg X
At (SOI) (56)

According to the properties of screw triangular product,
. I . . ..
{S-f’?’RZT}pa.rallel,lTlR < {S f,3R2T}pamleLlTlR is valid, but it is
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TABLE 5. 5-DOF limb of parallel mechanism.

Type Limb structure
PiRcRuRpP3 Pi1PsRcR4Rp RcPiP3R.Rs RcR.P1P3Ry RcRRsP1P3
PiRcP3RaR» PiRcRaP3Rs RcP1R4P3Rs RcP1RaRsP3 RcR4P1RsP3
PiPsRcR:R» PiRPsR:Rs RP1PsRR) R:P1P3R.R» R:P1R:P3Rs
RR.P1P3Rs RR.P1P3Rs RcR.P1RsP3 R:R.RsP1P3
P1R:R.RsR3 PiRsRcRaR» RcP1R3RaRp RcRP1R3Rs RcRR»P1R3
PiRR3R.R» PiR:R.R3Rp RcPiR.R3Rs RcPiRaRsR3 RcRP1RsR3
3R2T RsPiRRGRp RR3PiRR» RRR5PIRs RcRR»R3PI R3sRP1RRy
R3RcRAPiRp R3R:R:R»Pi RcR3R.PiRp RcR3R.R5Pi RcRR3R5Pi
P1RcRcR:R» RcP1RcReRs RRcPiRRs RcP1R:RaRs R:R.P1RRs
RcReRaPiRp RcRP1RsRs RcRaR»P1Rs RcRaRyR5P1
RiRcRRsR3 RiRsRcR:R» RRIRRRy  RRRiRsRs  RR«RoRIR3
RiRR3RRy  RiR:RaR3Rs RRiRR3R,  RRiRRiR3  RRRiIRsR3
ReRRRaRy ~ RcRaRaRaRs ~ RRaRsRsR»

TABLE 6. Typical topologies of hybrid mechanism.

Type Serial mechanism  Parallel mechanism Hybrid mechanism
Type 1 3-RSR RiRcRcRaR.+3-RSR
Type 2 RiRcRcRaR4 UP-UPR-UPS R:RRRR,+UP-UPR-UPS
Type 3 SP-SPR-UPS RaRcRcRaR;+SP-SPR-UPS

not equivalent to Eq. (53). The P1{R.R;R3R;, limb is a feasible
limb, but it is not equivalent to P{R:R;R;R3. Similarly, the
other 18 limbs are feasible limbs that are not equivalent to
PiR.R,RpR3.

Finally, the position of the R joint in R{R:R,R;R3 limb
is transformed to obtain 9 types of limbs RiR3R.R,Ry,
R:RiIR3R:Rp, ReRGRIR3Rp, ReRGRpRIR3, RiIRR3RARy,
RiRRR3Rp, RRIRR3Rp, RRIRZRpR3 and RRAR;
RyR3. Where, RiR:R,R3R, limb can be expressed as

’
{8r 32T} pyranien i miv

0 (%
=2tan—b( 56 )AZtan—S( 53 )
2 \rp Xsp 2 \r3 xs3
0,
A2tan—a( Sa )
2 \Iqg X $q

6, )
A2tan—c( Se )
2 \re X S¢

’1 ) (57)

01
A2tan —
r; X 81

2

According to the properties of screw triangular product,
{sy ’3R2T}palallel,lTlR c{ss *3R2T}parallel,1T1R is valid, butitis
not equivalent to Eq. (54). The Ri{R.R,R3R;, limb is a feasible
limb, but it is not equivalent to RiR:R,R;R3. Similarly, the
other 18 limbs are feasible limbs that are not equivalent to
RiRR RpR3.

In summary, the 5-DOF limb synthesis of the parallel
mechanism can be obtained, as shown in Table 5.

VOLUME 11, 2023

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,para]lel
= Sfyl N Sf,z N Sf,3

6 6,
=1 0 A2 tan 2 Sb A2 tan — Sa
53 2 \Tb X Sp 2 \Ta X Sq

Sl,a =582,a =83.a (59)
S1,b =82,b =83,

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 mechanism with fixed and moving platform that
satisfies practicalengineering requirements, and its topology
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can be expressed as follows

Oip Sib bi.a Sia
Sf; =2tan — ’ A2tan — ’
fod 2 ("i,b X Sib 2 \Fia XSia
0; ¢ . 0; :
A2 tan —£ Sic A2 tan =2 Sib
2 \Tic XSic 2 \Trib XSibp
9. .
A2 tan 22 ( Sib )i =1,2,3 (60)
2 \TFib XSip
St parallel =871 N Sr 2 NSy 3
[7)
=t3(0)A2tan—b( S )
53 2 \Ip XS$p
[¥)
A2 tan & ( Sa ) 61)
2 \Fa X 8¢

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 R ,R.R.R,R;+3-RSR mechanism can be
obtained

Sf = Sf,serial ASf,parallel

6 . %)
=2tan—c( Se )AZtan—b Sb )
2 \re XS¢ 2 \rp X8p

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,
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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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