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Abstract. In this paper, the authors developed a double-layer ring truss deployable antenna mechanism (RT-
DAM) based on a scissor unit, which can be used as the deployment and support mechanism in large-aperture
satellite antenna. Firstly, three configuration state diagrams of the scissor multi-rod RTDAM were displayed:
folded, half-deployed, and deployed. The mechanism was decomposed into a closed-ring deployable mecha-
nism unit and several non-closed-ring deployable mechanism units. The screw constraint topological diagram
of the closed-ring deployable mechanism unit was drawn, and the number of degrees of freedom (DOFs) was
calculated via the screw theory method. Then, the expressions for screw velocity and screw acceleration of each
component in the resultant mechanism were analyzed, calculated, and solved. The screw velocity and screw
acceleration of each component were obtained, and the six-dimensional velocity and acceleration of each com-
ponent were obtained through screw conversion and recursion. Finally, using the Newton–Euler equation and
virtual work principle, the dynamic equation of the RTDAM with an integral scissor multi-rod ring truss mech-
anism was established, and the theoretical analysis was validated through numerical calculation and simulation
results. The RTDAM of the scissor multi-rod ring truss proposed in this paper has a single DOF and can be well
applied to the large-aperture satellite antenna.

1 Introduction

In recent years, due to the rapid development of aerospace
science and technology, the demand for large/super-large de-
ployable mechanisms with deployment scales of tens or even
hundreds of meters has become rather time-critical (Song
et al., 2017; Huang et al., 2022; Yang et al., 2022; Dai et al.,
2020; Zhang et al., 2022; Wu et al., 2019; Cao et al., 2018).
This urgency has made space deployable mechanisms vital;
a particularly important application direction of the space de-
ployable mechanism is their use as the deployment and sup-
port mechanism of satellite antennae (Wang et al., 2014).
Hence, it is of great significance to carry out a series of
studies on the main line of innovative design in space de-
ployable antenna mechanisms as it will improve the interna-
tional space science research level (Nie et al., 2017; Chen

et al., 2017; Xing and Zheng, 2014). The truss mechanism
has been widely used in satellite antennae due to its high
overall stiffness, easy control of shape, and surface accuracy
(Okhotkin et al., 2017), for example, the ring truss deploy-
able antenna mechanism (RTDAM) on the US NISAR satel-
lite (Kobayashi et al., 2019; Focardi and Harrell, 2019; Fo-
cardi and Vacchione, 2019) and the AstroMesh RTDAM of
NGST (Meguro et al., 2000). In addition, there are circular
scissor deployable antennas from Russian companies (Cher-
niavsky et al., 2005; Medzmariashvili et al., 2009) and frame
deployable antennas on Japanese satellite ETS–VIII (Meguro
et al., 2009).

Many studies on developable mechanisms were carried
out. Han et al. (2019, 2020) synthesized the ring truss an-
tenna deployable mechanism using the constraint synthesis
method. Ma et al. (2021) proposed a novel modular parabolic
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cylindrical antenna with geometric scalability. Wang and
Kong (2018) have studied various ways to construct de-
ployable polyhedral mechanisms. Liu and Hao (2022) de-
signed two types of space deployable mechanisms using the
bistable flexible mechanism. Next, Shi et al. (2018) proposed
a double-layer ring truss deployable antenna. Yang et al.
(2018) proposed and developed a triangular prism mast with
tape-spring hyperelastic hinges. Kiani et al. (2022) designed
a deployable Kirigami antenna mechanism for MIMO ap-
plications. Tian et al. (2022) proposed a new multi-folded
rib modular deployable antenna mechanism. Huang et al.
(2022) proposed a new type of cylindrical deployable mech-
anism that was based on rigid origami. Zhang et al. (2009)
designed a deployable operating mechanism for spacecraft
hatch. Wang et al. (2022) proposed a new three-limb deploy-
able mechanism able to form a large complex surface to sup-
port the curved membrane. Some scholars have also studied
planar deployable mechanisms and created many configura-
tions (Meng et al., 2022; Zhuang and Ju, 2014; Vu et al.,
2006).

The large-aperture spatial deployable mechanism is a dy-
namic system with spatial multi-closed-ring coupling and
a flexible mechanism. Chen et al. (2005) and Chen and
You (2008) calculated some of the classical linkage mech-
anisms’ kinematic characteristics when constituting a space
deployable mechanism. He et al. (2021) carried out a numer-
ical analysis of space deployable mechanisms based on the
shape memory polymer. Chen et al. (2021) observed in ex-
periments that state jumps occur in space deployable mecha-
nisms working in alternating temperature environments, find-
ing a method to reduce their influence. Xu et al. (2018, 2019,
2020) analyzed the module topology to establish the numeri-
cal model of the deployable truss antenna configuration. Dai
and Xiao (2020) optimized the design and analysis of deploy-
able antenna truss mechanisms with constrained dynamic
characteristics. Zhao et al. (2015) established the kinematic
and dynamic Hessian matrix of the mechanism based on the
screw theory. Wang et al. (2014, 2015) proposed a type of
synthesis method for deployable truss mechanisms based on
a two-step topology synthesis method.

Many traditional space mechanisms and deployable an-
tenna mechanisms were analyzed in the above-presented lit-
erature review. Thus, in this paper, the authors proposed a
double-layer multi-rod RTDAM based on a scissor unit. The
overall mechanism configuration was analyzed, followed by
the mechanism decomposition. The number of DOFs of the
mechanism was calculated based on the screw theory, and
the screw velocity equation and screw acceleration equation
of each mechanism component were established through the
screw constraint topological diagram. The six-dimensional
velocity and accelerations of each component were analyzed
and solved recursively. Based on the Newton–Euler equa-
tion and virtual work principle, the dynamic equation of the
whole mechanism was established, and numerical calcula-
tion and simulation verification were carried out. This paper

Figure 1. Mechanism diagram of the RTDAM.

Figure 2. Scissor-type multi-rod RTDAM.

aims to explore the kinematic and dynamic characteristics of
the scissor multi-rod RTDAM and to lay the foundations for
further research.

2 Scissor multi-rod RTDAM

A truss space-deployable antenna generally comprises the
ring truss, front and rear nets, metallic mesh, and multiple
tension ropes. As shown in Fig. 1, the nodes are located at
the front and rear ends of the peripheral ring truss. The front
and rear nets are connected to the front and rear nodes, re-
spectively. Further, metallic mesh is stretched into the shape
of reflective paraboloids via multiple tension ropes installed
between front and rear nets. The metallic mesh is attached to
the nets and located in the intermediate of the front and rear
nets. The scissor multi-rod RTDAM in this study acts as a
ring of the whole antenna.

A scissor-type multi-rod RTDAM was shown in Fig. 2; it
has a sunflower shape, as shown in Fig. 2d. The mechanism
has high structural symmetry. By changing the number of
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Figure 3. The schematic diagram of the front and rear net connec-
tion.

scissor units in the whole mechanism and the length of their
members, the RTDAM can be formed with different scales.

The mechanism shown in Fig. 2 is comprised of N scissor
units, whereN is a positive integer greater than or equal to 3.
The scissor unit consists of 10 nodes, two pairs of 3R con-
necting rods (R stands for revolute joint), and four pairs of
scissor rods. Multiple scissor units are arranged in an array,
with adjacent units being connected by sharing two pairs of
outer nodes and two intermediate nodes.

The RTDAM is the antenna deployment and support
mechanism. The front and rear nets are connected to the
ring truss mechanism, while the reflected net is connected
to the front net by tension and stretched into a parabolic
shape according to the tension. The double-layer RTDAM
shown in this paper has no harsh geometric conditions due to
the 3R mechanism which is included in the inner ring. The
mechanism length can be designed flexibly and the outer ring
truss can connect the network. The blue scissor rod (Fig. 3)
is mounted between the outer ring and the outer node and
can improve the structural stiffness of the ring truss when
deployed. Moreover, its outer node has a limited influence
on the overall size of the RTDAM when folded.

This antenna mechanism has three states – deployed, half-
deployed, and folded. The deployed state refers to the mech-
anism state when it works in outer space and is the primary
working state. The half-deployed state is the primary area of
this study; it refers to the mechanism movement and mainly
reflects its performance. Finally, the folded state reduces the
occupied space of the mechanism itself, reducing transporta-
tion costs. The kinematic joints in the mechanism are all rev-
olute joints, and the outer ring truss and the inner ring truss
are connected through the intermediate scissor rod.

3 DOF analysis

3.1 DOF analysis of the closed-ring deployable
mechanism unit

A spatial Cartesian coordinate system was established for the
closed-ring deployable mechanism unit, as shown in Figs. 4
and 5. The coordinate system originO is located at the center
of the bottom node G. The X axis points from node G to
the projection of the intermediate node (node H,I ) on the
bottom. TheZ axis points up towards the outer nodeC, while
the Y axis is determined using the right-hand rule.

Figure 4. Schematic diagram of the deployable mechanism unit.

Figure 5. The top view of the closed-ring deployable mechanism
unit.

In Fig. 4, each node is marked with capital letters, while
the rod number is represented by the marks of the node
it joins. For example, the number of scissor rods between
nodes A and G is AG, and the numbers of two connecting
rods between nodesD and E are DE1 and DE2, respectively.
Other components follow the same naming convention.

The length of the intermediate scissor rods (rods AG, CD,
BJ, and EF) connected with the inner node (nodes A, B, D,
and E) is p, while the length of the section connected to the
outer nodes (nodes C, F ,G, and J ) is q. Further, r marks the
length of an outer scissor rod section connected to the inter-
mediate node (nodes H and J ). The length of the inner scis-
sor rods (AB1, AB2, DE1, and DE2) connected to the inner
node is h. The angle between the intermediate scissor rods is
designated as θ1, while θ2 is the angle between the inner con-
necting rods. The distance between each revolute joint axis
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on the inner node and the center is l. Moreover, the distance
between the axis of each revolute joint located on the outer
node and the center is m, and lastly, the distance between the
axis of each revolute joint located on the intermediate node
and the center is n.

In Fig. 5, included angles of forks on the inner and outer
nodes are α and β, respectively. Furthermore, the following
relationship between the parameters in Figs. 4 and 5 holds:

(q + r)cos
θ1

2
cosϕ1 = (q +p)cos

θ1

2
sinϕ2+hsin

θ2

2
. (1)

In Eq. (1), the symbolic expression is as follows:{
ϕ1 = α+β − 180

ϕ2 = α− 90
. (2)

The proportional relationship formula and the proportional
relationship diagram between components can be obtained
from Figs. 4 and 5:

p

q
=

1− sin
(

180
N

)
1+ sin

(
180
N

) (3)

q

r
=

cosϕ3

1− cosϕ3
, (4)

p

r
=

cosϕ3

[
1− sin

(
180
N

)]
(1− cosϕ3)

[
1+ sin

(
180
N

)] . (5)

In Eq. (5), the symbol is related as follows:

ϕ3 = α+β − 180, (6)
lCG

q
= 2sin

θ1

2
, (7)

lA

q
=

1+
1− sin

(
180
N

)
1+ sin

(
180
N

)
sin

θ1

2
. (8)

In Eqs. (7) and (8), the variable lCG represents the distance
between the nodeC andG, while lA is the projection distance
between the node A and the plane O–XY .

Furthermore, the spatial position coordinates of the revo-
lute joint 25 connecting the rod CI and the rod GH, as well
as the axial direction of the revolute shaft of the revolute
joint 25, can be obtained from Fig. 4, as follows:

r25 =
(
m+ q cos θ1

2 0 q sin θ1
2

)
, (9)

S25 = ( 0 1 0 ). (10)

In Fig. 9, members are represented by circles, revolute
joints are represented by lines, and movements at different
joints are represented by digital kinematic screws. For exam-
ple, the screw constraint topological diagram of the closed-
ring deployable mechanism unit can be obtained using $5

to represent the movement of the revolute joint connecting
rods AG and CD. The relative revolution velocity between
the two components can be divided into two parts: a vector
representing the direction of the velocity and a scalar repre-
senting the value of the velocity. The direction of the arrow in
Fig. 9 corresponds to the direction of the revolute joint, and
when the direction of the arrow changes, the calculated ve-
locity scalar will also change. Therefore, the arrow direction
will not affect the final calculation.

Using Fig. 9, the expression of the revolute joint unit 25
movement screw can be obtained as follows:

$25 =
[

0 1 0 −q sin θ1
2 0 m+ q cos θ1

2

]T
. (11)

On this basis, and combined with the functional relation-
ship between the rod and the node shown in Fig. 4, expres-
sions can also be obtained for other motion screws (shown in
Fig. 9).The corresponding screw constraint equations are es-
tablished based on the five closed rings (i–v, shown in Fig. 9),
and the corresponding screw constraint equations are written
as follows:

d1− e1 = 0
d2+ e2 = 0
d3− e3 = 0
d4+ e4 = 0
d5− e5 = 0

. (12)

In Eq. (12), the symbolic expressions are as follows:

d1 = ω1$1+ω2$2+ω3$3+ω12$12−ω4$4−ω5$5
d2 = ω6$6+ω7$7+ω8$8+ω9$9+ω10$10+ω14$14
d3 = ω5$5+ω18$18−ω13$13
d4 = ω19$19+ω23$23+ω24$24
d5 = ω11$11+ω16$16−ω15$15
e1 = ω6$6+ω7$7+ω8$8+ω9$9+ω10$10+ω11$11
e2 = ω15$15+ω20$20+ω21$21−ω18$18−ω19$19
e3 = ω14$14+ω17$17+ω25$25
e4 = ω25$25+ω26$26−ω20$20
e5 = ω21$21+ω22$22+ω26$26

. (13)

Regarding Eqs. (12) and (13), symbol meanings are as fol-
lows: ωi is the angular velocity of the revolute joint i in the
mechanism unit, and 0 is a six-dimensional zero vector.

By combining Eqs. (12) and (13) to record the matrix con-
taining ωi as the unknown matrix W, the expression of the
unknown matrix W is written as follows:

W=
[
ω1 ω2 ω3 . . . ω24 ω25 ω26

]T
. (14)

The matrix containing $i is written as the coefficient ma-
trix Q, and the expression of the coefficient matrix Q is as
follows:

Q=


Q3 Q4 Q1 Q1 Q2
Q5 Q6 Q7 Q8 Q2
Q9 Q1 Q10 Q1 Q11
Q1 Q1 Q1 Q12 Q13
Q1 Q14 Q15 Q16 Q17

 . (15)
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Figure 6. Two-dimensional diagram of the proportional scissor rod relationship.

Figure 7. Three-dimensional diagram of the proportional scissor
rod relationship.

Finally, Eq. (15) symbols are expressed as

Q1 =
(

0 0 0 0 0 0
)

Q2 =
(

0 0
)

Q3 =
(

$1 $2 $3 −$4 −$5 −$6
)

Q4 =
(
−$7 −$8 −$9 −$10 −$11 $12

)
Q5 =

(
0 0 0 0 0 $6

)
Q6 =

(
$7 $8 $9 −$10 0 0

)
Q7 =

(
0 $14 $15 0 0 −$18

)
Q8 =

(
−$19 $20 $21 0 0 0

)
Q9 =

(
0 0 0 0 $5 0

)
Q10 =

(
−$13 −$14 0 0 −$17 −$18

)
Q11 =

(
−$25 0

)
Q12 =

(
$19 −$20 0 0 $23 $24

)
Q13 =

(
$25 $26

)
Q14 =

(
0 0 0 0 $11 0

)
Q15 =

(
0 0 −$15 $16 0 0

)
Q16 =

(
0 0 −$21 −$22 0 0

)
Q17 =

(
0 −$26

)

. (16)

In Eq. (16), symbols 0 and $i are six-dimensional zero vec-
tors.

Equations (12) and (13) can be written in the form of a ma-
trix according to the unknown matrix W and the coefficient
matrix Q:

QW= 0. (17)

The screw constraint matrix Q in Eq. (17) is a 30× 26
matrix. The number of DOFs of the closed-ring deployable
mechanism unit corresponds to the dimension of the screw
constraint matrix zero space, which can be calculated using
MATLAB:

rank(Q)= 25. (18)

In Eq. (18), rank(•) represents the matrix rank.
The number of columns of the screw constraint matrix Q

is 26, and the dimension of its null space is the number
of columns minus its rank. Therefore, the obtained number
of DOFs of the closed-ring deployable mechanism element
was 1.

3.2 DOF analysis of the scissor multi-rod RTDAM

The mechanism of the double-layer RTDAM can be decom-
posed into a closed-ring deployable mechanism unit and mul-
tiple non-closed-ring deployable units, as shown in Fig. 4.

As shown in Fig. 10, the non-closed-ring deployable
mechanism units only contains one type, as shown in Fig. 11.

The closed-ring deployable mechanism unit and coordi-
nate systems are those shown in Fig. 11. The node of the
right mechanism unit is numbered with capital letters; the
numbering convention and arrow direction for rods and rev-
olute joints are the same as outlined in the previous section.
The screw constraint topological diagram of the non-closed-
ring deployable mechanism unit in Fig. 11 can be obtained
and is shown in Fig. 12.

The screw constraint equations are established for the five
closed rings (i–v) shown in Fig. 12, with the screw constraint
equations obtained as follows:
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Figure 8. Proportional diagram of the height of the node.

Figure 9. Topology diagram of the screw constraint of the closed-
ring deployable mechanism unit.

Figure 10. Structural decomposition.



f 1−g1 = 0
f 2+g2 = 0
f 3−g3 = 0
f 4+g4 = 0
f 5−g5 = 0

. (19)

Figure 11. Combined mechanism and the associated coordinate
system.

Figure 12. Topology diagram of the screw constraint of the non-
closed-ring deployable mechanism unit.

In Eq. (19), the symbolic expressions are

f 1 = ω27$27+ω28$28+ω29$29+ω30$30−ω10$10−ω11$11
f 2 = ω10$10+ω15$15+ω31$31+ω32$32+ω33$33+ω34$34
f 3 = ω11$11+ω38$38−ω15$15
f 4 = ω39$39+ω42$42+ω43$43
f 5 = ω35$35+ω37$37−ω36$36
g1 = ω12$12+ω31$31+ω32$32+ω33$33+ω34$34+ω35$35
g2 = ω36$36+ω40$40+ω41$41−ω38$38−ω39$39
g3 = ω16$16+ω42$42+ω44$44
g4 = ω45$45+ω46$46−ω40$40
g5 = ω41$41+ω43$43+ω47$47

. (20)
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In Eq. (20), symbol meanings are as follows: ωi is the an-
gular velocity of the revolute joint i in the mechanism unit,
and 0 is a six-dimensional zero vector.

In Fig. 11, the nodes B,E, F , and J , the intermediate scis-
sor mechanism (rods BJ and EF), and the five revolute joints
connected to them are shared by the two mechanism units.
When Eqs. (12), (13), (19), and (20) are combined, revolute
joints shared by the mechanism units are calculated repeat-
edly. Hence, when calculating the DOFs of the unit combi-
nation mechanism, the repeatedly calculated kinematic screw
should be removed. In other words, $10, $11, $12, $15, and $16
should only be calculated once. Here, the repeatedly calcu-
lated screw motion in the non-closed-ring deployable mech-
anism unit was removed (the red part in Fig. 12).

The matrix containing ωi in Eqs. (19) and (20) is regarded
as an unknown matrix W′ and expressed as

W′ =
[
ω27 ω28 ω29 . . . ω45 ω46 ω47

]T
. (21)

The matrix containing $i is written as the coefficient ma-
trix Q′ and expressed as

Q′ =


Q′3 Q′4 Q′1 Q′1 Q′2
Q′5 Q′6 Q′7 Q′1 Q′2
Q′1 Q′1 Q′8 Q′9 Q′2
Q′1 Q′1 Q′10 Q′11 Q′2
Q′1 Q′12 Q′13 Q′14 Q′15

 , (22)

with symbols expressed as follows:

Q′1 =
(

0 0 0 0 0
)

Q′2 = (0)

Q′3 =
(

$27 $28 $29 $30 −$31

)
Q′4 =

(
−$32 −$33 −$34 −$35 0

)
Q′5 =

(
0 0 0 0 $31

)
Q′6 =

(
$32 $33 $34 0 $36

)
Q′7 =

(
0 −$38 −$39 $40 $41

)
Q′8 =

(
0 $38 0 0 0

)
Q′9 =

(
$42 0 $44 0 0

)
Q′10 =

(
0 0 $39 −$40 0

)
Q′11 =

(
$42 $43 0 $45 $46

)
Q′12 =

(
0 0 0 $32 −$36

)
Q′13 =

(
$37 0 0 0 −$41

)
Q′14 =

(
0 −$43 0 0 0

)
Q′15 = (−$47)

. (23)

In Eq. (23), 0 and $i are six-dimensional zero vectors.
Equations (19) and (20) are written as matrices according

to the unknown matrix W′ and the coefficient matrix Q′, as
follows:

Q′W′ = 0. (24)

Further, in Eq. (18), the screw constraint matrix Q′ is a
30× 21 matrix and can be calculated via MATLAB:

rank(Q′)= 21. (25)

After combining Eqs. (17) and (24), the screw constraint
equations of the unit combination mechanism can be ob-
tained:

UV= 0. (26)

In Eq. (26), the coefficient matrix U is

U=
[

Q 030×21
030×26 Q′

]
. (27)

The unknown matrix V is

V=
[
W W′

]T
. (28)

It can be seen from Eq. (27) that the matrix U rank mainly
depends on matrices Q and Q′. The rank of the coefficient
matrix U can be easily obtained through Eqs. (18) and (25)
using MATLAB:

rank(U)= rank(Q)+ rank(Q′)= 46. (29)

It can be concluded that the number of DOFs of the com-
bined mechanism is equal to the number of the coefficient
matrix U columns minus its rank; the obtained DOF value
is 1. Therefore, the number of DOFs of the combined mecha-
nism is equal to that of a single closed-ring deployable mech-
anism unit.

When the non-closed-ring deployable mechanism unit is
continuously added based on the combined mechanism, as
shown in the prior analysis, the overall mechanism num-
ber of DOFs remains the same as that of a single closed-
ring deployable mechanism unit. Through the same analy-
sis, when a single closed-ring deployable mechanism unit is
joined with multiple non-closed-ring deployable mechanism
units to form a scissor multi-rod RTDAM, its overall num-
ber of DOFs remains the same as that of a single closed-ring
deployable mechanism unit. Hence, the whole scissor multi-
rod RTDAM has only 1 DOF. Since the number of DOFs of
the component movements in the mechanism is less than or
equal to that of the whole mechanism, each moving compo-
nent in the scissor multi-rod RTDAM has only 1 DOF.

4 Velocity analysis

4.1 Unit velocity analysis of the closed-ring deployable
mechanism

Based on the analysis provided in Sect. 3.2, the unit combina-
tion mechanism is a single-DOF mechanism. Thus, given one
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of the inputs (ω17), the angular velocity of each component
can be found using the screw constraint equations provided
in Eqs. (12), (13), (19), and (20). Furthermore, based on the
configuration relationship of the unit combination mecha-
nism and the screw constraint topological diagram (shown
in Figs. 9 and 12), the screw velocity of each component can
be obtained through screw operation.

In the coordinate system with the nodeG as the coordinate
origin (see Fig. 4) and the screw constraint topological dia-
gram (Fig. 9), the screw velocity of each component in the
closed ring III is calculated as

V G = 0
V GH = ω17$17

V AG = ω13$13

V CI = ω17$17+ω25$25

V CD = ω13$13−ω5$5

V C = ω17$17+ω25$25−ω18$18

, (30)

where 0 is a six-dimensional zero vector, and V i represents
the screw velocity of component i.

In the closed ring IV of the screw constraint topological
diagram (Fig. 9), the screw velocities of the components CI
and GH are obtained via Eq. (30). Screw velocities of other
closed ring IV components can be calculated from the previ-
ously obtained screw velocities. Based on the screw velocity
of component GH, the screw velocity of other components in
closed ring IV is
V H = V GH−ω23$23

V JH = V GH−ω23$23−ω24$24

V FI = V GH−ω23$23−ω24$24−ω26$26

V I = V GH−ω23$23−ω24$24−ω26$26+ω20$20

. (31)

Similarly, the screw velocity of each component in closed
rings I, II, and V (Fig. 9) and closed rings i–v (Fig. 12) can
also be solved in turn.

According to the physical meaning of the velocity screw,
the angular velocity coordinate quantity and linear velocity
quantity of each component are

ωi = ω(V i), (32)
νi = ν(V i), (33)

where ω(•) represents the original part of the velocity screw
(the first three terms), and ν(•) is the dual part of the velocity
screw (the last three terms).

Therefore, the linear velocity of the center of mass of the
component is

ν′i = ν(V i)+ω(V i)× r i, (34)

where r i is the vector from the coordinate origin to the cen-
troid position of the component.

Figure 13. Combined mechanism comprised of two units and its
coordinate system.

Through the above-presented analysis and calculation, the
angular and linear velocity at the center of mass of the closed-
ring deployable mechanism unit can be solved.

4.2 Velocity analysis of other closed-ring deployable
mechanisms

Since closed-ring deployable mechanism units in the scissor
multi-rod RTDAM have the same size, each unit moves to
the center of the ring truss during the movement. Therefore,
if the coordinate system is established at the same position of
each closed-ring deployable mechanism unit, and the direc-
tion of the coordinate system remains the same, the member
with the same position in each closed-ring deployable mech-
anism unit will have equal velocities in their coordinate sys-
tems.

As shown in Fig. 13, the velocity of each component of
the expandable closed-ring deployable mechanism unit in
Sect. 4.1 was obtained in the coordinate system O–XYZ of
the unit shown on the left side of Fig. 13. The coordinate
system O1–X1Y1Z1 was established for the coordinate ori-
gin at the node J of the closed-ring deployable mechanism
unit adjacently on the right side. Then, the velocity of the
node B in the coordinate system O–XYZ is the same as that
of the node K in the coordinate system O1–X1Y1Z1, which
can be expressed as{
OωB =

O1ωK
Ov′B =

O1v′K
. (35)

Other components in the closed-ring deployable mecha-
nism unit shown on the right side of Fig. 13 have similar
relationships. The same principle can be extended to the re-
maining scissor multi-rod ring trusses. Kinematic relation-
ships among other closed-ring deployable mechanism units
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Figure 14. Deployable mechanism and coordinate system of the
scissor multi-rod RTDAM.

are also shown in Fig. 13 using two closed-ring deployable
basic units. If the double-layer multi-rod RTDAM can be di-
vided into N closed-ring deployable mechanism units, then
N coordinate systems can be established (O–XYZ to ON−1–
XN−1YN−1ZN−1). The selected coordinate system O–XYZ
is the global coordinate system, and the included angle be-
tween the X axes of coordinate systems established by δ in
adjacent units is δ = 360/N , as shown in Fig. 14.

The selected coordinate systemO–XYZ is the global coor-
dinate system; the velocity of each component is expressed
using the global coordinate system, as follows:{
Oωk =

O
Oj

ROjωk +
∑j

b=1
O
Ob−1

ROb−1ωOb
Ov′k =

O
Oj

ROj ν′k +
∑j

b=1
O
Ob−1

ROb−1ωOb
, (36)

where k is the component number and j is the coordinate
system number. The expression of the revolute transforma-
tion matrix can be written as

O
Oj

R=

cos(jδ) −sin(jδ) 0
sin(jδ) cos(jδ) 0

0 0 1

 . (37)

Through the analysis and calculation procedure shown
above, the angular and linear velocities at the center of mass
of each component in the mechanism can be solved and ex-
pressed in the global coordinate system.

After the angular velocity and centroid linear velocity of
each component are obtained, the six-dimensional veloc-
ity vector of the component can be obtained by combining
them. As the mechanism is a single-DOF mechanism, only
one drive is required. Therefore, the Jacobian matrix of each
component can be obtained by extracting the input velocity
from the six-dimensional velocity vector of each component
through symbolic operation:

M ′i =

[
ωi
ν′i

]
=

[
ω(V i)

ν(V i)+ω(Vi)× r i

]
= Ji(ς )ς̇ , (38)

where M ′i is the six-dimensional velocity vector of compo-
nent i, Ji(ς ) is the velocity Jacobian matrix of component
i , and ς is the driving input of the whole mechanism (the
driving angle function).

5 Acceleration analysis

Screw acceleration can be expressed as

Ai =

[
εi

a−ω× ν′

]
, (39)

whereAi represents the screw acceleration of the ith mecha-
nism component (the six-dimensional acceleration measure-
ment of the coincidence point of the component reference
coordinate system origin), εi is the angular acceleration mea-
surement of the coincidence point of the origin of the com-
ponent reference coordinate system, and a is the linear accel-
eration at the component centroid.

It is evident from Eq. (39) that, among the six-dimensional
screw accelerations, the first three terms are the component
angular velocity, and the last three terms represent the differ-
ence between its linear and centripetal acceleration.

The screw acceleration synthesis rule of a multi-rigid-
body system is

0A0n =

n−1∑
i=0

0Ai(i+1)+

n−2∑
i=0

n−1∑
j=i+1

Lie
[

0M i(i+1),
0Mj (j+1)

]
, (40)

where Lie[] is a Lie bracket operation, a six-dimensional vec-
tor.

If there are two screws,$1 =
(
s1 s′1

)
$2 =

(
s2 s′2

) , (41)

where s1 is the original part of $1 (the first three terms), and
s′1 is the dual part of $1 (the last three terms). The same is
true for $2.

Next, the Lie bracket operation of the two screws is

Lie
[
$1,$2

]
=

[
s1× s2

s1× s
′

2− s2× s
′

1

]
. (42)

By combining Fig. 9 and Eq. (40), the screw acceleration
equations of each closed ring can be obtained. This includes
the closed ring III shown in Fig. 9, for which we write{
ε17$17+ ε18$18+ ε25$25+ $1

Lie = GεC

ε5$5+ ε13$13+ ε14$14+ $2
Lie = GεC

. (43)
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In Eq. (43), the symbolic expression is as follows:

$1
Lie = Lie

[
ω17$17,ω18$18

]
+Lie

[
ω17$17,ω25$25

]
+Lie

[
ω18$18,ω25$25

]
$2

Lie = Lie
[
ω5$5,ω13$13

]
+Lie

[
ω5$5,ω14$14

]
+Lie

[
ω13$13,ω14$14

]
, (44)

Therefore, there are

ε17$17+ ε18$18+ ε25$25+ $1
Lie− ε5$5− ε13$13

− ε14$14− $2
Lie = 0. (45)

Similarly, corresponding screw acceleration equations can
be obtained for closed rings I, II, IV, and V shown in Fig. 9
and closed rings i–v in Fig. 12. When the input angular ac-
celeration (e. g. ε17) is known, the screw acceleration of each
component in the unit combination mechanism can be solved
via Eq. (45) and other screw acceleration equations.

After finding the screw acceleration of each component,
the corresponding angular accelerations can be obtained by
extracting its original part:

εi = ε(εi$i), (46)
ai = a(ai$i). (47)

In Eqs. (46) and (47), ε(•) represents the original part of
the extracted screw acceleration (the first three terms), and
a(•) is the dual part of the extracted screw acceleration (the
last three terms).

The linear acceleration at the center of mass of the com-
ponent is solved, yielding

a′i =
[
ai +ωi × ν

′
i

]
+ [εi × r i]+ [ωi × (ωi × r i)] . (48)

Similar to the velocity analysis shown in Sect. 4, the ac-
celeration of components with the same position in each unit
combination mechanism is the same (in their coordinate sys-
tem). The acceleration of components in each unit combina-
tion mechanism is expressed in the global coordinate system
as{
Oεk =

O
Oj

ROj εk +
∑j

b=1
O
Ob−1

ROb−1εOb
Oa′k =

O
Oj

ROj a′k +
∑j

b=1
O
Ob−1

ROb−1a′Ob
, (49)

where k represents the component number, and j is the coor-
dinate system number.

Based on the conducted analysis and calculation, the an-
gular and linear accelerations of the center of mass of each
component in the double-layer RTDAM can be solved and
expressed in the global coordinate system.

6 Kinetic analysis

6.1 Dynamic modeling

Using the Newton–Euler formula, we obtain{
F =ma

N = Iε+ω× Iω
, (50)

where F is the outer force of the component, m is the com-
ponent mass,N is the moment of the component, and I is the
component inertia tensor.

In the double-layer multi-rod RTDAM based on the scissor
unit studied in this paper, the inertia force of each component
can be obtained using

F i =−miai . (51)

For each component in the unit combination mechanism,
whose coordinate system coincides with the global coordi-
nate system, the inertia moment of each component can be
obtained through the following expression:

N i =−

(
RiIiRTi εi +ωi ×

(
RiIiRTi ωi

))
. (52)

When calculating the inertia moment of components in the
basic mechanism units of other coordinate systems, it is nec-
essary to add a revolute transformation matrix. In that case,
the expression of the inertia moment of each component in
the global coordinate system is

N i =−

(
ROji RIiRTi εi +ωi ×

(
ROji RIiRTi ωi

))
. (53)

Since the deployable antenna operates in space, which can
be regarded as weightless, the inertia force and moment of
each component are written in the form of a six-dimensional
force vector without considering the influence of gravity:

F ′i =

[
N i

F i

]
. (54)

According to the virtual work principle, the overall dy-
namic equation of the double-layer multi-rod RTDAM based
on a scissor unit is as follows:

T+
∑

JTi F
′

i = 0, (55)

where T is the input matrix, and Ji is the component Jacobian
matrix.

6.2 Numerical simulation verification of mechanism
expandability and dynamics

The simulation model of a double-layer multi-rod RTDAM
based on a scissor unit is established. The dynamic simula-
tion software ADAMS and MATLAB were used to carry out
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Table 1. Mechanism and physical parameter values.

Parameter Numerical value

Length of the inner scissor rod [mm] 150
Length of the intermediate scissor rod [mm] 491.5
Length of the outer scissor rod [mm] 406.5
Distance between the inner node pin shaft and the center [mm] 20
Distance between the intermediate node pin shaft and the center [mm] 10.3
Distance between the outer node pin shaft and the center [mm] 33.8
Inner scissor rod quality [kg] 0.052
Intermediate scissor rod quality [kg] 0.174
Outer scissor rod quality [kg] 0.144
Inner node quality [kg] 0.075
Intermediate node quality [kg] 0.051
Outer node quality [kg] 0.070
Inner scissor rod inertia matrix [kgmm2] diag (7.72, 89.61, 95.35)
Intermediate scissor rod inertia matrix [kgmm2] diag (3080.47, 2021.66, 2117.97)
Outer scissor rod inertia matrix [kgmm2] diag (1652.22, 1241.52, 1201.05)
Inner node inertia matrix [kgmm2] diag (10.30, 12.61, 19.85)
Intermediate node inertia matrix [kgmm2] diag (3.90, 7.66, 9.50)
Outer node inertia matrix [kgmm2] diag (9.97, 10.73, 17.87)
The angle between the inner node forks [◦] 105
The angle between the intermediate node forks [◦] 100
The angle between the outer node forks [◦] 115
Driving angle input function 0.5t2

Simulation time [s] 8

Figure 15. Linear velocity of each component mass center.

numerical calculations. The simulation model parameters are
given in Table 1.

All scissor rods and all nodes in a deployable closed-ring
mechanism unit in a local coordinate system consistent with
the global coordinate system are selected as target compo-
nents. The theoretical calculation results and simulation re-
sults are shown in Figs. 15–19.

As shown in each of the curves shown in Figs. 15 to 19,
theoretical values were in agreement with simulation values,
confirming the correctness of the analysis and calculation
method of the kinematic model and dynamic model.

Figures 15 to 18 show that, in the truss mechanism in
which the scissor mechanism occupies the main body, the
velocity and acceleration of each component coincide. This
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Figure 16. Acceleration of the centroid line for each component.

Figure 17. Angular velocity of each component.

coincidence is also in accordance with the scissor mechanism
motion characteristics.

As shown in Figs. 17 and 18, the angular velocity and an-
gular acceleration of all the nodes are zero during the move-
ment of the whole scissor multi-rod RTDAM. That is, each
node has only 1 movement DOF and no revolute DOFs,
which is the result presented in this paper.

Based on the geometric parameters shown in Table 1, the
mechanism prototype was made. Aiming to maintain geo-
metric conditions, the prototype was made by 3D printing
components and aluminum connecting rods. Prototype dia-
grams of the folded and deployed state of the prototype are
shown in Fig. 20.

Figure 18. Angular acceleration of each component.

7 Conclusion

In this paper, a RTDAM suitable for satellites is designed.
The distribution of connecting rods and nodes in the truss
mechanism was discussed, and the unit was in the shape of a
convex pentagon when viewed from the top. The unit DOFs
and the whole DOFs of the mechanism were verified, and
the velocity and acceleration of the rod and the node were
calculated. Combined with theoretical analysis and software
simulation, the rationality of the overall mechanism of the
RTDAM and the correctness of the movement in the process
of deployment-folding were verified. The main conclusions
are detailed here.
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Figure 19. Driving torque.

Figure 20. Prototype diagrams of scissor multi-rod RTDAM.

A double-layer multi-rod RTDAM based on a scissor unit
was proposed, and its DOFs were analyzed. It was calculated
that the mechanism has only 1 DOF. The mechanism advan-
tages include a simple mechanism and a low number of driv-
ing numbers; additionally, it can support and deploy large
space antennas.

Both the theoretical and simulation models of the RTDAM
with an integral scissor multi-rod ring truss mechanism were
established. The kinematic model of the RTDAM was estab-
lished by screw theory and Lie bracket operation, and the
numerical calculation and simulation verification were car-
ried out. The calculation and simulation results have verified
the theoretical analysis results provided in this paper.

A prototype was made by 3D printing, and the prototype
was established according to the ratio of 10 : 1. The diame-
ter of the prototype was 0.4 m when it was completely folded
and 1.4 m when it was deployed. And the prototype can com-
plete the action of folding and deployment well in the process
of testing.

Limited to the level of knowledge and experimental con-
ditions, in this paper, the mechanism was theoretically calcu-
lated according to the knowledge of screw theory and mecha-
nism, and the kinematic and dynamic models of the RTDAM
were initially established. In the future, a flexible mathemat-
ical model of RTDAM will be established for more realis-
tic dynamic calculation. In addition, the gravity unloading
system will be established to simulate the weightless space
environment more realistically, so as to complete the more
detailed measurement of the prototype deployment process
and get more accurate experimental data.
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