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Abstract

Deployable mechanism with preferable deployable performance, strong expansibility, and lightweight has attracted
much attention because of their potential in aerospace. A basic deployable pyramid unit with good deployability
and expandability is proposed to construct a sizeable deployable mechanism. Firstly, the basic unit folding principle
and expansion method is proposed. The configuration synthesis method of adding constraint chains of spatial
closed-loop mechanism is used to synthesize the basic unit. Then, the degree of freedom of the basic unit is analyzed
using the screw theory and the link dismantling method. Next, the three-dimensional models of the pyramid unit,
expansion unit, and array unit are established, and the folding motion simulation analysis is carried out. Based

on the number of components, weight reduction rate, and deployable rate, the performance characteristics

of the three types of mechanisms are described in detail. Finally, prototypes of the pyramid unit, combination

unit, and expansion unit are developed to verify further the correctness of the configuration synthesis based

on the pyramid. The proposed deployable mechanism provides aference for the design and application of antennas
with a large aperture, high deployable rate, and lightweight. It has a good application prospect in the aerospace field.

Keywords Pyramid unit, Deployable mechanism, Configuration synthesis, Structural design, Lightweight networking

1 Introduction

As one of the -cutting-edge technologies in the
international aerospace field, space-deployable structures
have become an advanced research topic in space science
and technology. Over the years, the critical technologies
of space deployable structures have made breakthroughs
in deployable mechanisms, cable membrane form finding,
dynamic analysis, reliable environmental adaptability
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analysis, and verification [1]. With the development of
communication, remote sensing, and navigation sat-
ellites, the research on deployable structure technol-
ogy with large space antennas as the primary research
object has attracted much attention. Researchers have
paid significant interest to signal harvesters’ equipment
[2, 3]. Space deployable antenna mechanism is the criti-
cal equipment to support large-scale space antenna.
With the characteristics of occupying a small space with
a folding pose in the storage and launch stage and then
gradually expanding when entering orbit, the antenna
has high gain and high efficiency. Its development trend
is large-scale, lightweight, and high deployable rate [4-7].
As an essential type of space deployable antenna, the
truss deployable antenna mechanism has been success-
fully applied in the aerospace field with the advantages of
good structural stability and high deployable rate. Typical
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applications in China are the Beidou-3 satellite [8] and
the HJ-1C satellite [9].

The deployable characteristic of the deployable
mechanism is the premise of realizing a large unfolding
rate. High enough stiffness and stability are the
guarantees of supporting the antenna reflector, and the
effective combination of large aperture and lightweight is
the goal of mechanism design. The deployable mechanism
is different from the general series/parallel mechanisms.
It is a spatial multi-closed-loop mechanism composed
of multiple basic units. Therefore, the basic unit
configuration and deployable method of the deployable
mechanism that meets the above characteristics still
need to be continuously explored. For example, Phocas
et al. [10] studied a reconfigurable and deployable
linkage mechanism applied to the construction field.
Sun et al. [11] studied a ring mesh deployable antenna
mechanism based on H-shaped deployable units. Chen
et al. [12] demonstrated the deployable mechanism
design and networking method based on the classical
linkage Bennett. Hofmann et al. [13] conducted design
research on the positioner of the deployable spacecraft
mechanism. In addition, many scholars have also focused
on the design and research of spatial deployable units.
Meng et al. [14] proposed a new basic unit with good
composability and deployability, and thus constructed
a double-layer ring deployable antenna mechanism and
a variety of truss array deployable mechanisms. Yang
et al. [15] studied a new type of deployable mechanism
loaded with composite belt springs, which promoted
the application of this type of mechanism in aerospace.
Chen et al. [16] proposed a high-stiffness modular planar
deployable antenna mechanism. Guo et al. [17] designed
a deployable support mechanism for a space planar
antenna. Lyu et al. [18] developed an isosceles trapezoidal
prism deployable unit, and proposed a construction
method using this unit to approximate a smooth plane
curve or cylinder. Further, Wang et al. [19] proposed a
design method of surface deployable mechanism, which
takes the idea that the crease circumference is distributed
around the central hub of the regular polygon as the
design idea. Takamatsu et al. [20] proposed the concept
configuration and construction mode of a deployable
truss for a large antenna. Tian et al. [21] innovatively
designed a networking method for a rib module and its
large-size modular deployable antenna mechanism. Wang
et al. [22] proposed a joint transformation configuration
synthesis method, and innovatively designed a petal-
type spatial deployable mechanism. Huang et al. [23,
24] developed a petal-type deployable mechanism and
its improved mechanism. Both mechanisms have good
packaging ratios and deployable performance, but the
improved mechanism has a simple structure and good
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mechanical properties. What's more, Wu et al. [25]
studied the nonlinear response of a flexible deployable
linkage using the finite particle method. Zhang et al
[26] proposed a new type of hybrid antenna-supporting
mechanism and analyzed its motion characteristics. In
terms of the research on truss mechanisms, Xu et al. [27]
proposed a space multi-loop mechanism configuration
synthesis method with constraint chains, synthesized
a variety of tetrahedral deployable units suitable for
parabolic truss deployable antenna mechanism, and
designed a large aperture antenna networking mode.
Based on this, Guo et al. [28-30] proposed a modular
tetrahedral truss deployable antenna mechanism and
studied its mechanical properties, structural design,
and comprehensive performance. The above literature
offers various deployable unit mechanisms with excellent
performance, and some deployable antenna mechanisms
can be networked and applied to aerospace, but there
are problems such as insufficient deployable rate and
unsatisfactory scalability. Consequently, exploring more
new types of deployable mechanisms and networking
methods has intense academic research significance.

To obtain a high-performance deployable antenna
mechanism, the optimization design of a deployable
antenna mechanism is the effective way, especially the
optimization design aiming at structural lightweight.
Kim et al. [31] proposed a lightweight reconfigurable
deformable origami block mechanism, which can be used
as a driver to realize fast, reversible, and stable movement.
Ze et al. [32] proposed a reversible wireless deployable
microrobot. Sofla et al. [33] studied a single degree of
freedom(DOF) articulated tetrahedral truss mechanism,
and optimized a deformable articulated truss structure
through two different tetrahedral arrangement modes.
Dai et al. [34] used a genetic algorithm and gradient-
based optimizer to optimize the overall structure and
component size of a new double-ring deployable antenna
mechanism. Further, Dai et al. [35] optimized the link size
of the double-ring deployable antenna mechanism under
the target of high stiffness and lightweight based on the
constraints of dynamic characteristics. Wang et al. [36]
studied a spatial cylindrical deployable structure with a
large unfolding ratio and few DOFs inspired by Kirigami.
They proposed an optimal design method of cylindrical
deployable structure parameters that is most suitable for
the target surface. Xu et al. [37] proposed a configuration
optimization method of a parallel mechanism with few
kinematic joints, two rotations, and one shift, based on
the limit constraint screw, and constructed a five-axis
hybrid robot with the most miniature kinematic joints.
Mei et al. [38] applied the lightweight design concept
to the parallel mechanism and proposed a lightweight
and highly flexible five-axis mobile processing robot.
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The above literature has proposed various mechanism
optimization design methods to achieve mechanism
lightweight. Still, there are few reports on the effective
lightweight design methods of truss deployable antenna
mechanisms.

Deployable mechanisms are mostly complex multi-
closed-loop mechanisms, which are problematic in
configuration synthesis, motion analysis, lightweight
design, and experimental research. It is significant to
explore the spatial multi-loop coupling deployable
mechanism with a high deployable rate, strong scalability,
and light structure. This paper focuses on the design
and analysis of a deployable mechanism based on a
pyramid unit, which is extensible and lightweight. In the
second section, a new type of pyramid deployable unit
mechanism and its configuration synthesis method are
proposed. In the third section, the motion characteristics
of the pyramid deployable unit are analyzed. In the fourth
section, the structure design and motion simulation
analysis of the deployable mechanism based on the
pyramid unit is carried out, and the principal prototypes
are developed to complete the experiment.

2 Configuration Synthesis of Deployable Pyramid
Mechanism
Based on the configuration synthesis method with adding
constraint chain of spatial closed-loop mechanism, the
synthesis process of pyramid deployable unit mechanism
includes the determination of the folding principle, the
design of constraint chains, the addition of virtual con-
straint chains, and the construction of mechanisms. The
configuration synthesis flow chart is shown in Figure 1.
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2.1 Folding Principle of the Basic Deployable Unit

The large antenna reflector is mainly composed of sev-
eral basic geometric units, including triangle, quadrilat-
eral, pentagon, and other elemental planes. This paper
studies a new deployable antenna reflector networking
method and its supporting mechanism from the geo-
metric units that constitute the hexagonal combination
unit. As shown in Figure 2, three rectangles are circularly
arrayed, and the boundary vertices are connected to form
a hexagonal multi-closed-loop unit, that is, the hexagonal
unit division based on quadrilateral. Then, the hexagonal
multi-closed-loop unit is expanded by the mode of com-
mon boundary connection.

The aggregation principle of quadrilateral units is
shown in Figure 3. The quadrilateral is a rectangle with
two equal sides, namely AB=CD, and AD=BC, and its
center point O is the circumscribed circle center of the
quadrilateral ABCD. The expected movement of the
four nodes of the quadrilateral is to move towards the
center O, and the distance between the nodes gradu-
ally decreases, and finally converges near the target axis.
According to the principle of unit convergence, a trans-
lational joint (P) can be used between each node and
the center of its quadrilateral to describe the motion
characteristics of the node. To ensure the synchroniza-
tion of the folding movement of the unit, the four nodes
should be close to the center point at the same time, so
the side length of the quadrilateral changes propor-
tionally at any time, that is, A/B/ / AB =BIC/ / BC =
C/Dr / CD =A/Dr / AD =), J is a constant.

2.2 Constraint Chain Synthesis of the Basic Unit
According to the folding principle of a quadrilateral node,
only the distance between the four nodes A, B, C, and D
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| Kinematic screw of node |

Connection of constraint chain

ﬁolvc reciprocal screw

|Determination of unit compositi0n|

|C0nstraint screw of node|

Expected motion of virtual

constraint chain

A 4

|C0nstraint screw of chain|

!

Kinematic screw of virtual

lSol\r‘e reciprocal screw

constraint chain

| Unit expansion mode |

Kinematic screw of chainl

Motion description of
basic unit node

Whether the added
constraint chain meets
requirements

Whether the virtual
constraint chain meets
requirements

Figure 1 Configuration synthesis flow chart of pyramid mechanism
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Figure 2 The hexagon unit and its expansion mode

changes, and the direction of movement and deployable
between adjacent nodes remains the same, always along
the line direction of the two nodes at the initial posi-
tion. Therefore, it is necessary to add a constraint chain
between two adjacent floral nodes that can move in this
direction, so that it can follow the motion of the node,
and can structurally limit the relative movement of the
two floral nodes. It is assumed that the four nodes are
folding to the target axis through a P joint. After adding
the constraint chain between the two adjacent nodes,
the constraint chain and the two P joints form a closed
loop, which can be regarded as a parallel mechanism
composed of two chains. For example, a constraint chain
is added between nodes A and D, as shown in Figure 4.

Target axis

Figure 3 Node motion of the quadrilateral unit
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Target axis

Figure 4 Constraint chains between adjacent nodes

The P joint connected with node A is regarded as con-
straint chain 1, and the P joint and constraint chain con-
nected with node D is regarded as constraint chain 2, and
nodes O and A are fixed and moving platforms respec-
tively. According to the requirements of node motion, the
closed-loop mechanism should have only one DOF.

As shown in Figure 4, a reference coordinate system O-
xyz is established at the central node O, where the x-axis
is along the diagonal AC, which is also the axis path of the
P joint in the constraint chain 1, the z-axis is along the
path of the target folding axis, the target axis is vertical
to the quadrilateral plane, and the y-axis is determined
by the right-hand rule. Then the kinematic screw of the
P joint in constraint chain 1 can be expressed in O-xyz as:

$"=(000100). (1)

Solving the reciprocal screw of Eq. (1) to obtain the
constraint screw system imposed by the constraint chain
1 on node A as:

i 010000
i 001000
$'=| s, [=]000100 @)
T 000010
L 000001

Constraint chain 2 is formed by connecting the P joint
connected with node A and the added constraint chain
in series. To make the two constraint chain mechanisms
have only one DOF, the maximum number of linearly
independent motion joints of constraint chain 2 should
be 6. The constraint screw provided by constraint chain
2 must be linearly related to the constraint screw system
shown in Eq. (2), which can be 0-5 of the five constraint
screws shown in Eq. (2). However, since the constraint
chain 2 already contains a P joint, the constraint
force axis provided by the constraint chain 2 must be
perpendicular to the axis of the P joint, which $}; cannot
exist. Therefore, the constraint screw provided by the
constraint chain 2 can only be 0-4 of $},, $1,, $7,, and
$15. If constraint chain 2 does not provide constraints,
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the added constraint chain can only provide a constraint
force whose axis is not perpendicular to the P joint in
constraint chain 2. At the same time, the constraint force
should also ensure the synchronous movement of nodes
A and B. Therefore, the constraint force is located in the
plane perpendicular to the connecting line of nodes A
and B, which is recorded as:

$5, = (s1 52 s3 bs3 —as3 asy — bs1), (3)

where (a b c) refers to any point on the axis of the
constraint force $3;, and (s1 $9 53) refers to the axis
direction of the $7;, where s; and s, cannot be zero at the
same time.

According to the reciprocal screw theory, the con-
straint force/couple provided by the added constraint
chain when constraint chain 2 provides 0—4 constraint
screws, respectively, and the corresponding typical con-
straint chains are shown in Table 1.

Among all the constraint chains synthesized above, the
P constraint chain and RRR constraint chain have the

Table 1 Typical constraint chains
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simplest structure. The quadrilateral mechanism formed
by adding three P constraint chains and RRR constraint
chains is shown in Figures 5 and 6, respectively. The con-
straint chain structurally restricts the synchronous move-
ment of two adjacent nodes to the central node.

The quadrilateral deployable mechanism obtained by add-
ing constraint chains is a planar mechanism in the entirely

Target axis

A

Figure 5 4P mechanism

Constraint force/couple provided by
constraint chain 2

Constraint force/couple provided by

Typical constraint chains
added constraint chain yp

None

One constraint force

One constraint force and one constraint
couple

One constraint force and two constraint
couples

One constraint force and three constraint
couples

One constraint couple

Two constraint couples

Three constraint couples

S
oS P s

One constraint force R

Two constraint forces

Two constraint forces and one constraint
couple

Two constraint forces and two constraint

couples
Two constraint forces and three qp
constraint couples
P P U
R2 U B Plj | QI,)
One constraint force and one constraint
couple 0]

One constraint force and two constraint
couples

One constraint force and three constraint
couples
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Target axis

Figure 6 4RRR mechanism

Target axis
A

z

A

Figure 7 4P-4P mechanism

unfolding state, and its stiffness is low. Therefore, a virtual
constraint chain can be added to improve the overall stiffness
of the mechanism. Take node A as an example to illustrate,
the added virtual constraint chain should be able to follow
the movement of node A in the direction of AO. Therefore,
the kinematic screw system of the virtual constraint chain
should be composed of multiple (1-3) kinematic screws.

The synthesis results show that the virtual constraint
chain with P joint and RR joints has the simplest struc-
ture of all virtual constraint chains that meet the require-
ments. The mechanisms formed by adding virtual
constraint chain P and RR to Figures 5 and 6 are shown in
Figures 7, 8, 9 and 10, respectively. The virtual constraint
chain is used to make the position of the central slider
precisely at the origin O.

Considering that the folding volume of the mechanism
with the P joint is far smaller than that of the mechanism
with only the R joint, the 4RRR-4RR quadrilateral mech-
anism composed of the RR virtual constraint chain and
RRR constraint chain is preferred as the basic deploy-
able unit mechanism of the truss antenna. Considering
the expansion mode of the deployable antenna mecha-
nism, the combination unit of the deployable antenna
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Target axis

Figure 8 4RRR-4P mechanism

Target axis
Az

Figure 9 4P-4RR mechanism

Target axis

Figure 10 4RRR-4RR mechanism
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Figure 11 The combination unit based on three 4RRR-4RR pyramid
units

Figure 13 The equivalent splitting mechanism of the pyramid unit

7R single closed-
loop mechanism 1
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mechanism can be obtained based on three 4RRR-4RR
pyramid units, as shown in Figure 11.

3 Kinematic Characteristics Analysis

of the Deployable Mechanism Based

on 4RRR-4RR
In the 4RRR-4RR unit, the plane of the four revolute axes
connected by the four webs and the top node, the three
revolute auxiliary axes in the same synchronizing link are
parallel to each other. The revolute axes in all synchroniz-
ing links are perpendicular to the connecting lines of the
nodes at both ends of the synchronizing link, as shown in
Figure 12. Establish a reference coordinate system o-xyz
at the center of the top node P, the z-axis is vertical to the
end face of the top node P, the x-axis is along the center
line of the bottom node A and C and points from A to C,
and the y-axis is determined according to the right-hand
rule.

The 4RRR-4RR pyramid unit can be decomposed into
a three-closed-loop mechanism and a RRR (S5, S5, and
S,0) kinematic chain, in which the three-closed-loop
mechanism is composed of three 7R single closed-loop
mechanisms sharing two webs, as shown in Figure 13.

Due to the symmetry of the structure, the RRR kin-
ematic chain is a redundant constraint chain; that, it does
not affect the DOF of the pyramid unit. Therefore, the DOF
of the 4RRR-4RR pyramid unit is the same as that of the
three-closed-loop mechanism. Next, the DOF of the three-
closed-loop mechanism is analyzed. The structural diagram
of the three-closed-loop mechanism and its topology dia-
gram are shown in Figures 14 and 15, respectively.

The three-closed-loop mechanism can be regarded as
a parallel mechanism, and the fixed platform (node B)
and the moving platform (node A) are connected by two
constraint chains. One is the RRR constraint chain (S,,

7R single closed-
loop mechanism 3

7R single closed-
loop mechanism 2
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Figure 15 Topology diagram of three-closed-loop mechanism

S, and §;), and the other is RR (S,, S;), including a two-
closed-loop mechanism and a series constraint chain.
The two-closed-loop mechanism can also be regarded
as a parallel mechanism. The fixed platform (node B)
and the moving platform (node P) are connected by two
constraint chains; one is the RR constraint chain (S, Sy),
and the other is RRR (g, Sy, and ), including a single
closed-loop mechanism (S;;, 815 817 Sie Si5 Sia Si3)
and a series constraint chain. The single closed-loop
mechanism can also be regarded as a parallel mechanism,
and the fixed platform (node C) and the moving platform
(node P) are connected by two constraint chains. One
is the RR constraint chain (S;;, §;,), and the other is the
RRRRR constraint chain (8,3, S;4, 815 S6; ;7). Firstly, the
DOF of the single closed-loop mechanism is analyzed,
and a reference coordinate system o.-xyczc is estab-
lished at the center of node C. The x-axis is along the DC
line, the z-axis is perpendicular to the plane of ABCD,
and the y-axis is determined by the right-hand rule. The
kinematic screws of the constraint chains RR and RRRRR
in the reference coordinate system are expressed as:
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T
0 b13 c13 0 —x13€13 x13h13> )

T
0 b13 c13 —b13z14 —x14€13 x14b13) )

T
ajg b1g 000 xlébm) )

T
aie big 0 —b1ez17 a16717 *17b16 —ﬂ16y17) )

(4)

= (

( T
$S15 = <0 b1z c13 0 —x15013 x15h13> )

= (

= (@

T
$S111 = ((111 bll 000 O) N
T
$510 = (ﬂn b1y 0 —bnzip anziz ¥12b11 —ﬂ11y12) ,
(5)
where (ai b; ¢ ) refers to the direction vector of §;, and
(xi Vi Zi ) refers to the position vector of the center of §;
in the reference coordinate system.
Calculate the reciprocal screw of Egs. (4) and (5),
respectively, and the constraint screw applied to P can
be expressed as:

$r1 = (0 0 0 —bi6c13 a16€13 —ai6b13 )T’ (6)

r2_(000001)T,
r3_ (0 00 bu —all O)T,
r4_ (ﬂll b11 000 O)T,
$2 = (x12 y12 212 0 0 O)T,

(7)

where $, represents the constraint couple perpendicular
to the revolute joint in the constraint chain (S5, S;4, S5
S1 Si7); 8L, represents the constraint couple along the
z-axis; $7; represents the constraint couple parallel to
the xy plane; $%, represents the constraint force parallel
to the axis of the revolute joint at both ends of the link
E; through the origin of the coordinate system, and $Z
represents the constraint force along the axis of the link
E; through the origin of the coordinate system.

Taking the union of Egs. (6) and (7) and solving its
reciprocal screw, the kinematic screw of P relative to C
can be expressed as:

$C.=(000 —b s2bu—yan )
mp = ( 11 411 o ) . (8)
Therefore, the single closed-loop mechanism (S;;, §;,,
817 816 S15 S14» S13) can be replaced by the generalized
translational joint represented by $§P. In the closed-
loop mechanism (S, S¢, Sg, S, S0 $§ﬂ,), node B is the
fixed platform, node P is the moving platform, and a
reference coordinate system is established at the center
of the fixed platform. The kinematic screws of the
constraint chains RR (S5, S¢) and RRRP (S, S, S;0, $ )
are represented in the reference coordinate system,
respectively:
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{$ﬁ5 = (a5 bs 0 —bszs aszs x5bs — asys )T; (9)

$8 = (a5 b50000)",

T
$5o = (as bg cs yscs —xgcg xshg —agys) .
$55 = (ag bg cg yocg — bgzg agzo — x9cg x9bsT— agys ),
$7 = (as bs cs y1ocs —x10cs *¥10b8 — agy1o )
$gp = (0 00 —bu all xubuz%)pr.

(10)

Calculate the reciprocal screw of Egs. (9) and (10)

respectively, and the constraint screw applied to P can
be expressed as:

(
$2=(000 b5 —as oj)T, an
$f = (as b5 0000),
$5 = (%5525 000)",
$P,=(000-201)"
rl0 ag ) (12)

T
P b
$m=(000—£10).

Taking the union of Egs. (11) and (12) and solving its
reciprocal screw, the kinematic screw of P relative to B
can be expressed as:

T
$mp = (0 00 —bs a5 % ) :

25

(13)

Therefore, the single closed-loop mechanism (S,
S¢ S So» S10 $S1P) can be replaced by the generalized
translational joint represented by $C,. In the closed-
loop mechanism (S,, S5, S5, S, S, $S,P), with node B as
the fixed platform, node A as the moving platform, the
kinematic screw of constraint chains RRR (S,, S;, S;)
and RRP (S, S,, $C,) are represented respectively in
the reference coordinate system:

T
$5,=(0 by c3 0 —x3¢2 x2b2 ),

$qu = (0 by ¢a —boz1 —x1C2 x%bz)T, (14)
$8. = (0 by ¢ 0 —x7¢3 a7b2) ",
$8, = (a3 b3 000 x3b3 — y3a3) ", )
$§14 = (ag b3 0 —b3zy aszy x4bs3 —y4a3) ’
T
$8p= (000 —bs a5 hews )
(15)

According to Egs. (14) and (15), the constraint screw
applied to node A can be obtained as:
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A 000100)"
$r12:( ) C T
$4;=(0000 —by b21) , (16)

$4,=(0byc2000)",

T
$4:=(000001)", .
A b
Sthe=(000-210),

a3

$A_—( B Abs 1 Ba=xbs g T
r17 ™ \ b5 aszab3—aszabs as ’

(17)
A = x4b3 — yaas — x3b3 + y3a3 — b3zaC/ bs,
B = C — (bsas (xabs — yaas — x3b3 + y3a3) — asb3zaC) [ (azzabs — asbsza) >
C = (x5b5 - a5y5)/z5.
Taking the union of Egs. (16) and (17) and solving its
reciprocal screw, the kinematic screw of A relative to B
can be expressed as:

where

$8,=(000100)". (18)

This screw represents movement along the x -axis.
Similarly, it can be concluded that D also has a DOF
of movement along the DC relative to C. In the single
closed-loop mechanism (S;, S¢, Sg, So, S105 $§1P), taking B
as the fixed platform and C as the moving platform, using
the screw theory, it can be found that C has only one
DOF of movement along the BC relative to B. Therefore,
considering the removed RRR (S84, S19, So), the pyramid
mechanism can be equivalent to the mechanism shown
in Figure 16. The DOF of the mechanism is one.

To sum up, the 4RRR-4RR pyramid unit mechanism is
a single DOF overconstrained mechanism, and only one
actuation is needed to realize the synchronous folding
movement of the four nodes on the bottom with the same
pose.

4 Structural Design and Experimental Research
of Deployable Mechanism Based on 4RRR-4RR
Unit
4.1 Structural Design of Critical Components
The detailed structure design of the mechanism is the
key to simulation analysis and experimental research.

Figure 16 Schematic diagram of the equivalent mechanism
of pyramid unit
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(a) Central node on reflecting surface (b) Boundary node on
reflecting surface  (c) Node on back surface

Figure 17 Structural diagram of floral nodes

—m

(a) Pyramid basic unit

(b) Combination unit

Figure 19 Three-dimensional model of pyramid unit and its
combination unit

The deployable mechanism based on the 4RRR-4RR
pyramid comprises floral nodes, synchronous links, web
links, synchronous hinges, and other main components.
As the critical node of networking, the floral node is con-
nected with 4—7 members, so the structure design of the
floral node is complicated. In detailed structural design,
on the premise of ensuring the definite movement of the
mechanism, the shape of parts should be designed to
avoid interference in the folding process of the mecha-
nism. In addition, it is necessary to improve the design
practicality and aesthetics of the mechanism as much as
possible and reduce the structure’s weight. According to
the above requirements, the structure of various types of
floral nodes is shown in Figure 17, and the components
are connected by revolute joints (Figure 18).

Based on the structural design of critical components,
the components assemble according to the sketch line
model, and finally, the pyramid unit and its combination
unit mechanism are obtained (Figure 19). The combina-
tion unit is expanded in the form of a circular array to an
expansion unit mechanism composed of 7 combination
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Figure 20 Three-dimensional model of the expansion unit

units (Figure 20). Further expansion, the sizeable deploy-
able array mechanism formed by the networking of 31
combination units is shown in Figure 21.

Considering that the lightweight of the large deployable
mechanism is realized through the default combination
unit, the lightweight combination unit is obtained by default
of a group of combination units in the center of the deploy-
able unit (Figure 22), and the large lightweight deployable
mechanism is obtained by using the lightweight combina-
tion unit as the module (Figure 23).

The component number of the four mechanisms,
including the basic unit, combination unit, expansion
unit, and array unit, is listed in Table 2. The component
number of the pyramid units is small. Due to the
expansion of the basic unit, the components number
of combination units and expansion units increases,
especially the total component number of array units
increases sharply to 1737, and the number of revolute
joints increases sharply to 3233. This increase in the
number of components is also the inevitable result of the
large-scale deployable mechanism.

In Table 2, the y represents the lightweight degree of
the mechanism, y = wz/(wl + wy) x 100%. The y of
the expansion unit is 10.43%, and the y of the array unit
can reach 18.25%. It can be concluded that it is efficient
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(b) Top view

Figure 21 Three-dimensional model of the large deployable
mechanism

to realize the lightweight of the mechanism by using the
default combination unit, and the y increases with the
increase of the size of the deployable mechanism.

4.2 Kinematics Simulation Analysis
The three-dimensional principle model of the expan-
sion unit (Figure 24) is established, and the ADAMS
software is used to simulate and analyze the mecha-
nism motion principle, and verify the correctness of
the mechanism configuration synthesis design. Perform
singularity avoidance processing on the three-dimen-
sional model. All synchronization links of the mecha-
nism are folded at the same small angle, and regenerate
the assembly model in this state (Figure 25). Select the
synchronous hinges (M;, M,, and M,) at three symmet-
rical positions on the reflecting surface, and the step
actuation functions, which is Step(time, 0, 0 d, 5, 69.4
d), are added. The simulation time is set to 5 s and the
step size to 0.25. The expansion unit mechanism moves
through the middle folding configuration (Figure 26) to
the final folding configuration (Figure 27).

The angle and angular velocity at M;, M,, and
M, actuations are shown in Figure 28. Five types of
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Figure 22 Three-dimensional model of lightweight expansion unit
mechanism

typical position floral nodes in Figure 24 are selected.
The velocity and acceleration of the floral nodes are
measured, as shown in Figure 29. According to the
simulation results, the expansion mechanism com-
pletes the folding movement from O s to 5 s. During the
movement, the speed first increases and decreases, and
the acceleration shows small fluctuation, which can be
attributed to the fact that the deployable mechanism
is a multi-closed-loop coupling mechanism, and its
motion process is extremely complex. When using soft-
ware for motion simulation, there will be instantaneous
velocity fluctuations, but the fluctuation value is small
(<0.7), which can be considered reasonable.

The folding model and fully expanded model of the
pyramid unit, combination unit, and expansion unit
mechanism are shown in Figure 30. The deployable
characteristics of these three mechanisms are analyzed
quantitatively.

The deployable mechanism presents a cone-shaped
platform structure in both an entirely unfolding
state and folding state. The ratio of the space volume
occupied by the two-state structures is the deployable
rate, that is:
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Me=Vj/ Vi (i=1,3,5j =2,4,6;k =1,2,3), (19)

where Vy(i=1,3,5) and V(j=2,4,6) respectively represent
the space volume occupied by the mechanism in folding
and expanded state of the basic unit, combination
unit and expansion unit, and A;(k=1,2,3) represent the
deployable rate of the basic unit, combination unit and
expansion unit.

V}:%hi 4’ ,(i=1,35),

(20)
where #,(i=1,3,5) represents the total height of the
basic unit, combination unit and expansion unit in the
folding state, respectively; d;(i=1,3,5) represents the
circumscribed circle diameter of the top node in the
folding state of the basic unit, combination unit and
expansion unit, respectively; D,(i=1,3,5) represents the
circumscribed circle diameter of the bottom node in
the folding state of the basic unit, combination unit and
expansion unit, respectively.

Vi =

where /,(j=2, 4, 6) represents the total height of the
expanded state of the basic unit, the combination
unit and the expansion unit, respectively; d(j=2, 4, 6)
represents the circumscribed circle diameter of the

Table 2 Components number of large lightweight deployable mechanism

Type of deployable mechanism Basic unit Combination unit Expansion unit Array unit
Deployable mechanism graphic VA

7
Number of revolute joint 20 76 486 3233
Number of top floral node 1 3 18 66
Number of bottom floral node A 2 3 18 66
Number of bottom floral node B 2 6 22 76
Number of web link 4 12 72 264
Number of long link 4 24 134 476
Number of short link 4 12 72 264
Number of gears engaged 4 18 114 417
Number of auxiliary connecting link - - 24 108
Total number of solid part 21 78 474 1737
Weight of mechanism wi(kg) 0.76 228 12.80 46.60
Default partial weight w;(kg) - - 1.49 1040
Weight reduction rate y - - 10.43% 18.25%
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Figure 26 Middle folding model of the expansion unit

top node in the expanded state of the basic unit, the
combination unit and the expansion unit, respectively;
Dy(j=2, 4, 6) represents the circumscribed circle diameter
of the bottom node in the expanded state of the basic
unit, the combination unit and the expansion unit,
respectively.
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(a) Axonometric view
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Figure 27 Folding model of the expansion unit
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Figure 28 Angle and angular velocity of actuation

The structural parameters of the basic unit,
combination unit, and expansion mechanism are shown
in Table 3. According to Eq. (19), the deployable rates
of the three mechanisms are 6.67, 9.89, and 12.46,
respectively. It is inferred that the deployable rate
increases with the size of the deployable mechanism.

4.3 Principle Prototype and its Deployable Experiment

The principle prototypes of the pyramid basic unit and
its combination unit mechanism are developed, and
deployable experimental research is carried out. Due to
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Figure 29 Velocity and acceleration of floral node of the expansion
unit

the complex structure and non-standard parts of the flo-
ral node, 3D printing technology with high precision is
used to realize the production of the physical object (Fig-
ure 31). To reduce the weight of the mechanism, both
web links and synchronous links adopt light carbon fiber
links. The experimental prototype of the assembled pyr-
amid basic unit and its combination unit mechanism is
shown in Figure 32.

Because of the obstacles such as friction and gravity
in the ground experiment, the redundant actuation
method is adopted to improve the deployable reliability
of the mechanism; that is, torsional springs are added
to all synchronous hinges. When the torsional spring is
released, the three mechanisms can be expanded from
the folding state to the entirely unfolding state. This
verifies the expandability of the pyramid unit and its
combination unit mechanism.

5 Conclusions

(1) According to the folding principle of the basic unit,
a novel pyramid basic deployable unit with good
composability and deployability is synthesized by
adding the constraint chain method. Taking the
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2)

regular hexagonal unit as the target, the hexagonal
combination unit and its large aperture deployable
mechanism are obtained.

The DOF of the pyramid basic unit is one with fold-
ing by using the screw theory and the link disman-
tling method. The detailed structural design of the
pyramid unit, the expansion unit, and its array unit
mechanism are completed, and the simulation anal-
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Table 3 Structural parameters and deployable rate of three
mechanisms

Type of Basicunit Combination unit Expansion unit
deployable

mechanism

h(mm) 581.0 577.2 582.0
d(mm) 61.0 203.8 580.3
D{mm) 2243 3084 716.0
hj(mm) 515.0 5150 515.0
d/-(mm) 61.0 6383 21427
D{mm) 712.8 1061.1 2706.8
V(mm?®) 3.3mx10°  9.6mx10° 6.1mx10’
Vimm?) 22mx10” 951107 7.6mx10°
A 6.67 9.89 12.46

Figure 31 Floral nodes and synchronous hinges

ysis of the folding motion of the three types of units
is realized by using ADAMS. The simulation results
show that the three mechanisms can realize the
unfolding and folding motion, the weight reduction
rate and deployable rate of the expansion unit are
10.43% and 12.46 respectively. The weight reduc-
tion rate of the array unit mechanism is as high as
18.25%.

(3) The pyramid unit prototype and combination unit
prototype are developed, and the prototypes realize
the movement from the folding state to the entirely
unfolding state under the torsional spring actuation,
which verifies the correctness of the configuration
synthesis of the truss deployable mechanism based
on the pyramid. The work of this paper not only

provides a new supporting mechanism for the (c) Expansion unit based on pyramid unit
truss antenna, but also provides a reference for the Figure 32 Experiment of folding and unfolding state
configuration design of the antenna mechanism  ©f the deployable mechanism

with a larger aperture and ultra-lightweight.
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