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Abstract

Stray light from the sun is one of the most significant factors affecting image quality for the optical system of a
spacecraft. This paper proposes a method to design a deployable supporting mechanism for the sunshield based
on origami. Firstly, a new type of space mechanism with single-closed loop was proposed according to thick-
panel origami, and its mobility was analysed by using the screw theory. In order to design a deployable structure
with high controllability, the tetrahedral constraint was introduced to reduce the degree of freedom (DOF), and
a corresponding deployable unit named tetrahedral deployable unit (TDU) was obtained. Secondly, the process to
constructing a large space deployable mechanism with infinite number of units was explained based on the character-
istics of motion and planar mosaic array, and kinematics analysis and folding ratio of supporting mechanism were
conducted. A physical prototype was constructed to demonstrate the mobility and deployment of the supporting
mechanism. Finally, based on the Lagrange method, a dynamic model of supporting mechanism was established,
and the influence of the torsion spring parameters on the deployment process was analysed.

Nomenclature

Sy the Uth centroid of hexagon panels

Fu., Fy, rectangular panels in one of the kinematic chains

Ryy revolute joints connected the rectangular panels

Ly the Uth kinematic chain

a,b,c,d,c,, g, 75 structural dimension

8 acute angle between the F and the S

B acute angle between the G and the S

Suv motion screw of the single closed-loop origami mechanism

$ reciprocal screw

n number of rings of supporting mechanism

S position vector of the centroid of floral discs S

WEF, position vector of the centroid of rod F in the unit D,

Gy position vector of the centroid of rod G in the unit D, ;

/Gy position vector of the centroid of rod G in the unit D;;

VE,\, position vector of the centroid of rod E in the unit D, ;

[‘,’Ei J position vector of the centroid of rod E in the unit D,

K1y 1, centroid position matrix of the G and E of the unit D,,,; in the odd part
gle o fz‘pl,-w centroid position matrix of the G and E of the unit D,,,; in the even part
KL, KT, centroid position matrix of the G and E of the unit D;; in the odd part
ool i centroid position matrix of the G and E of the unit D;; in the even part
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kS, centroid position matrix of the floral discs S of the unit D;; in the even part
D,ED,ED,XD centroid position matrix of F, G, E and S in the Part K

Dy centroid position matrix of all components in the Part K

M, M, M centroid position, velocity and acceleration matrix of all components
n folding ratio

E, kinetic energy

E, potential energy

0 generalised force of the supporting mechanism

Ngi, Ng, quantity of F and G belonging to the inner rods

N, Ngo quantity of F and G belonging to the outer rods

TDU tetrahedral deployable unit

1.0 Introduction

Deployable mechanism [1, 2] is a type of transformable mechanism, which can vary their shape from
a compact, packaged configuration to an operational, expanded configuration. In most cases, the pack-
aged configuration is used for storage and transportation, while the expanded configuration is for work
requirements. They are widely used in various engineering fields, such as architecture [3, 4], aerospace
[5-9], medical [10, 11], metamaterial [12, 13] and other fields. Deployable mechanisms are an exten-
sion of a basic deployable unit composed of rods and cables, and are usually overconstrained systems
with simple configuration and good stiffness. Therefore, the design of the basic deployable unit is the
foundation for constructing a large-scale deployable mechanism.

Origami is the art of folding essentially two-dimensional materials such as paper into three-
dimensional objects, which is an efficient way to construct the basic deployable unit. It has recently
gained popularity among scientists and engineers because the technique can be used to create shape-
changing structures. The folded cardboard can form a certain number of creases and cardboard units,
which can be equivalent to a revolute joint and component. Therefore, the same cardboard can form
different mechanisms, called origami mechanisms, through different folding methods. The kinematic
models of such mechanisms are usually established under the assumption that the thickness of the card-
board unit is zero and the stiffness is infinite. Various approaches were applied in determining the rigid
foldability of specific crease: Watanabe proposed a graphical and numerical method [14]; Tachi derived
the necessary and sufficient condition for the existence of finite rigid motion of general flat-foldable
quadrilateral mesh origami [15]; Cai established quaternion rotation sequence method and improved
dual quaternion method to study the rigid foldability of the multi-vertex cylindrical-shaped origami
patterns [16, 17]; Dai analysed the motion characteristics of rigid origami from the perspective of mech-
anism and proposed the concept of metamorphic mechanism and its topological structure [18, 19]; Hull
analysed the rigid foldability of single-vertex four-crease origami by spherical trigonometry [20]; Wang
proposed the condition of rigid foldability of cylindrical origami by analysing motion coordination con-
dition of spherical mechanism grid [21]; Feng focuses on the widely used Waterbomb origami tubes,
and based on the kinematics and compatibility of spherical linkages, the rigid folding behaviour of gen-
eralised Waterbomb tubes was systematically analysed with analytical kinematic equations to describe
their rigid contract and twist motion [22].

In the engineering, if the panels folded according to the traditional origami method, it will cause phys-
ical interference. So it is a key problem for structural design and large-scale networking of deployable
mechanisms with thick panels. Edmondson proposed an offset-panel method to solve the problem of
physical interference in the process of deployment of thick panels model, the kinematics of the deploy-
able mechanism with thick panels constructed by this method is completely equivalent to that of the
corresponding rigid origami mechanism [23]; Tachi proposed a method for geometrically constructing
thick panel structures that follow the kinetic behaviour of rigid origami by using tapered or two-ply
panels and hinges located at their edges [24]; Wang proposed a kirigami-inspired approach, which
selectively cuts some creases in origami patterns, is presented to create deployable surface structures
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with completely flat surfaces [25]; Chen [26] found the kinematically equivalent spatial linkages to the
single-vertex origami patterns made from four, five and six creases, respectively, and then extended this
to multiple vertex patterns by ensuring that the motion of the assembly of these linkages matches that
of the zero-thickness pattern, and proposed the thick-panel models with four, five and six creases were
equivalent to Bennett [27, 28], Myard [29], and Bricard [30]; Zhang designed a new kind of regularly
hexagonal origami pattern from the perspective of origami, and the DOF is reduced and controllability is
improved by combing the theories of the truss method and thick-panel origami [31]. The aforementioned
theoretical approaches examine and address the issue of physical interference during the deployment of
thick panels. They establish multiple theoretical structure models and physical models of thick-panel
deployable units, thereby providing a basis for the design of mechanisms for deploying thick panels.

In the realm of aerospace engineering, spacecrafts that are equipped with light-sensitive technology,
such as star sensors, cameras and space telescopes, are significantly impacted by the light sources, par-
ticularly the sun. The sunshield outside the equipment can directly prevent the input of stray light, which
has become an inevitable choice for many spacecrafts [32, 33]. Recently, the structural styles of these
deployable sunshields are mainly planar and cylindrical, while the deployment mechanisms include
inflatable, mechanical and elastic deployments. Due to the space limitation of aerospace vehicles, the
sunshield must be folded in the fairing during the launch phase, which requires the space occupied by
the supporting mechanism of the sunshield to be as small as possible. Hence, it is imperative to integrate
the design of the sunshield supporting mechanism with the deployable mechanism. The European Space
Research and Technology Centre (ESTECT) had developed a petal-shaped sunshield for the Gaia space
telescope, which was constructed by 12 rectangular petals and 12 triangular petals, and the sunshield
membrane at the triangular petals is folded at the reserved crease and deployed by motor drive [34, 35];
Cash from the University of Colorado designed a planar deployable sunshield for the STARSHADE
project, which was divided into a central area surrounded by deployable frame and a petal area, and
the sunshield deployed by controlling the frame [36-38]; Tong developed a sunshield constructed by
six rectangular panels and six triangular panels for the MEAYIN mission, and the frame was drove by
the hinge with spring [39]; Yamane developed a V-shaped planar sunshield for the James Webb Space
Telescope (JWST) launched in 2021, which was the largest planar sunshield in the world, and its sup-
porting mechanism is mainly composed of front and rear deployable mechanisms and is deployed by
rotation [40-42].

The remainder of this paper is organised as follows. In Section 2, a single-DOF deployable units
named tetrahedral deployable unit (TDU) derived from a new type of single closed-loop origami mech-
anism are proposed, and the TDU with high stability is selected to construct the supporting mechanism
of the sunshield, a large-scale networking method has been proposed based on the TDU. In Section
3, the kinematic model and the folding ratio formula of the supporting mechanism is established, and
a physical prototype is constructed. In Section 4, the dynamic model of the supporting mechanism is
established, and the effects of different torsion spring parameters on the deployment motion of the sup-
porting mechanism are analysed. Finally, conclusions are presented in Section 5, wherein the present
work is summarised.

2.0 Design of supporting mechanism
2.1 Design of deployable unit
A single-closed-loop rigid origami mechanism model is proposed, which distributes along an equilateral
triangle. The model consists of three congruent regular hexagon panels and six congruent rectangular
panels. And it assumes that the thickness of the panel is zero and the stiffness is infinite. The centroid of
hexagon panels S (U = 1,2,3) coincides with the three vertices of the equilateral triangle, and the three
edges of the triangle can be regarded as three kinematic chains L, connected by two rectangular panels
Fy, and Fy, through the revolute joints Ry, (V = 1,2,3) with two adjacent regular hexagonal panels. The
connection relationship of each component is shown in Fig. 1.

Based on the axis-shift approach, it is possible to convert the origami mechanism shown in Fig. 1
into a thick panel model, as seen in Fig. 2a. The DOF of the deployable unit is analysed by using the
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Figure 1. Single-closed-loop origami mechanism.
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Figure 2. Single-closed-loop deployable mechanism with thick panels.

screw theory [43]. To begin, the upper surface of panel S, is designated as the OXY plane, taking the
intersection of R;; and Rj; as the origin O, the X-axis coincides with the axis of the revolute joint Rs;, the
Z-axis is perpendicular to the OXY plane upwards, and that of the Y-axis is determined by the right-hand
rule.

The projection of the mechanism in the OXY plane is shown in Fig. 2b. According to the particular
geometry and connection relationship of the components in the mechanism, the sufficient and necessary
condition for the mechanism to form a closed loop is

3
Z /AyB,Cy = 360° (1)

U=1

ZAyByCy is derived from the projection of the panels S; on the OXY plane, according to the basic
properties of the projection, the value of ZA;B,Cy satisfy

ZAyByCy < 120° 2
Since the upper surface of the panel S, is coplanar with the OXY plane, it can be obtained that

ZAB,C, =120° 3)
If the panel S, is not parallel to the OXY plane, it can be obtained that

ZAB,C, < 120° 4)
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From Equations (1), (3) and (4), it can be obtained that
ZA3B;Cs > 120° (5)

Equation (5) contradicts with Equation (2), thus proving that the S, is always parallel to the S, during
the movement of the mechanism. Similarly, it can be proved that the S; is also always parallel to the
panel S;.

Alternatively, the deployable unit can be regarded as a spatial parallel mechanism having two limbs,
with S; being a fixed platform and S, being a moving platform. The limb 1 can be regarded as the
kinematic chain L;, which contains three revolute joints R;;, Rj, and R;;. And the limb 2 contains the
kinematic chain L, and L; connected in series, comprising six revolute joints of Rs;, Rs;, R31, Ras, Ray

and R,;.

The screw system of limb 1 is
$,=01 V3 0 ; 0 0 0)
$,=01 V3 0 —/3lsyy, Isyn leyn) 6)
$5=( V3 0 1 —V3Gyi—sy) sy —syn) 2y +cyn)

The screw system of limb 2 is
$,=d -3 0 ; —2\/§lsy“ 2Isyy —l(cy +¢cyn))
$,= 1 =3 0 ; V3IA, IA, IB,)
$p= (1 —V3 0 ;3 VBllsyn—sys) Usyn—sys) 2(Cys+cyn) o
8, =(-1 0 ; 0 ISy —sys1)  —l(cys +Cy3))
$,=(-1 0 ; 0 —Isys, —lcys)
$..=(-1 0 ; 0 0 0)

where

l=+/d*+ 2

d
Yi=Tiq — arctan —
Cc

)/,'2 =Tpn — arctan —
C
A, =Syn — Ssys +5yn

B, =cys +cys — 2¢cyn

Ty and Ty, represent the acute angles between the panels Fy;, Fy, and the OXY plane respectively; sy
and cy represent siny and cosy; ¢ and d are the length and thickness of the rectangular panels.

From the Equation (5), it can be seen that the motion screw is linear independent, and the rank of the
screw system of limb 1 is 3. According to Equation (7), $,; can be expressed as

$,,=C, (SV31$12 — Sy —Syn) $3, — SV32$31) + (DV - 1) $,,—D,$y ®)
where
c = Synsyn — ACynsyin + CYiSyn — 2Cyn8ys + Cy3iSyn + 2CYnSysn + Cynsyx
! 2s (ya1 + ¥32) Sy
2sy1 +Sys1 — S
D. — Vi1 Vsl V3

Y
SY»n
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Figure 3. The construction of tetrahedral deployable unit (TDU).

Therefore, there are five linearity-independent screws in limb 2, which has six screws. According to
$ 08 =0 [43], it can be solved that the motion screw systems of two limbs have the same reciprocal
Sscrew:

$=(000;001)

Hence, it is observed that the common constraint A = 1. Furthermore, due to the presence of six
motion screws in the motion screw system of limb 2, with a rank of 5, it can be deduced that there
exists a passive DOF. In accordance with the modified G-K formula, the DOF of the mechanism can be
determined:

M=06-2(@—e—-1)+) T.—¢

=1
=6-1)x©O-9-1)+9—1
=3

where X represents the number of common constraints, g represents the number of parts of the mecha-
nism containing the frame, ¢ represents the number of kinematical pairs, T, is the DOF of the eth motion
pair, £ represents the passive DOF.

In the process of modular expansion, the DOF of the deployable unit is usually required to be as small
as possible. A method to reduce the DOF from three to one is proposed as shown in Fig. 3a. Revolute
joints TR,;, TR, and "Rj, are used to connect rod G;, G, and G; on panels S,, S, and Ss, respectively.
The other end of rod G,, G, and G; is connected to the panel E through revolute joints TR,,, TRy, and
TRs,. The angular between the axes of the revolute joints TR;;, TR,, and TR3;, as well as the angular
between the axes of the revolute joints TR,, TR,, and "Rs,, are 60°. The revolute joints on the same rod
are parallel to each other. Figure 3 illustrates the equivalence of panel F to rod F, panel S to floral disc S,
and panel E to floral disc E, leading to the creation of an equivalent rod model. In order to minimise the
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(a) (b)

Folded state Deployed state

Figure 4. Deployable sequence of TDU.

space occupied after the deployable unit is folded, the rod F is designed to be folded upward to obtain
the mechanism shown in Fig. 3c. The S;, S, and S; are always coplanar during the movement of the
mechanism, and the AS;S,S; composed of its corresponding centroid is always an equilateral triangle,
as shown in Fig. 4 [44]. In the Fig. 3c, c and g represent the length of F and G, ¢, and g, represent the
length between the centroid and the revolute pair of F and G, respectively. In the Fig. 3d, r, represents
the distance between the centroid of the floral discs and the axis of the revolute joint, § represents the
acute angle between the F and the S, 8 represents the acute angle between the G and the S.

2.2 Modular networking of deployable unit

A deployable mechanism with a large scale can be constructed by interconnecting a sequence of
deployable units in accordance with specific theory of mechanism design. According to the motion
characteristics of the TDU, a grid-based networking construction method is proposed as follows: firstly,
as shown in Fig. 5, the deployable unit is represented by an equilateral triangle, where three vertices S,
S, and S; of the triangle represent the centroid of the panels, respectively. Secondly, by sharing trian-
gular vertices and adding RRR-constrained kinematic chains, a large-scale deployable mechanism can
be formed so that the motion between modules can be transmitted without changing the DOF. Lastly,
as shown in Fig. 6, according to the principle of planar mosaic, the plane can be divided into several
graphic regions with the same area by using regular triangles, in which each regular triangle is a deploy-
able unit. In the Fig. 6, ‘O’ represents the floral discs, and ‘—’ represents the generalised kinematic
chain between the floral discs, which is similar to the topological graph of the mechanism.

Due to AS;S,S; is a regular triangle, the lengths of its sides, namely S;S,, S,S; and S,S;, will remain
equal during the motion of the mechanism. Consequently, the RRR-constraint kinematic chain can be
considered equivalent to a prismatic joint, as shown in Fig. 7b. The same equivalent unit is constructed
between two units sharing the same vertex and two kinematic chains, so that the motion can be trans-
mitted and the DOF of the expanded mechanism is maintained at 1. More shapes can be generated via
the expansion method described above, as shown in Fig. 8.

The equipment is arranged at the centre O of the supporting mechanism shown in the Fig. 9, and the
shading membrane is fixed on the supporting mechanism. During the launch phase of the spacecraft,
the supporting mechanism is fully folded, and the shading membrane is folded according to specific
pre-compression creases [45—47]. During the work phase, the supporting mechanism deploys and lifts
the shading membrane.
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Figure 6. Schematic diagram of radial expansion.
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Figure 7. Equivalent expansion mechanism.

3.0 Kinematics analysis and prototype verification
3.1 Centroid motion analysis

The supporting mechanism can be divided into six parts with a regular triangle profile, as shown in
Fig. 6b. The initial part is represented by Fig. 10, whereas the six parts can be derived by rotating (K-
1)7/3(K = 1~6) rad in relation to the initial part. In the odd part (K =1, 3 and 5) and the even part
(K =2, 4 and 6), the arrangement of E and G are different, as shown in Fig. 11.
The position of any node (triangle vertex or the centroid of floral discs S) can be represented by vector
S:;(i €0, n],j € [1, n+1]), that is
Sy =X Yoy Zo ] ©)

The centroid of the Sy, coincides with the origin. The internal centroid of floral discs of the initial
part can be expressed by the nodes on the two edges starting from the origin as follows:

Sij=Sijr1 + 81y (10)
where

T
Sy = [ﬁ(ccosS—i—rs) G—j+1),(ccosd+rs)(i—j+ 1),0]

S;1;=[0,2( = 1) (rs + ccos §) , 0]

According to Fig. 10, each part of the mechanism contains two kinds of triangles with different layout
arrangements as shown in Fig. 11. Let AS;,;S;y1;+1S;; and AS;;;S;;S:41,+1 be named D, ; and D,
respectively. Each side of D, ; contains two rods F, whose position vector are

V3
2

s
1 T
11F,-+1,; =8+ |: (ry+&.ccoséd), 3 (ry+ &.ccos 8) , —&.csin 81|
T
" V3 1 .
Fip =8+ > (ry+ (1 +&)ccoséd), 3 (re+ (1 +8)ccosd), —§.csind

T
3 1
2Fiy =S+ [—%— (ry +&.ccos d), > (ry +&.ccos 8) , —&.csin 5] (11)

T
3 1
22F;+1‘/ =8, + [—% (ry+ (1 4+ &) ccosd), E (ry+ (1 4+ &) ccoséd), —£&.csin 6:|

31F[+],/ = Si+IJ+I + [0, — (ry +&.ccos §) , —&.csin 5]T

32F[+],/ =Sit1jr1 [0, — (n,+ (1 + &) ccos §), —&.csin 8]T
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Figure 8. The supporting mechanism.

https://doi.org/10.1017/aer.2024.1 Published online by Cambridge University Press


https://doi.org/10.1017/aer.2024.1

1984 Chang et al.

(d)

(e)

-44Mr-u
TN~
/e
N
=

e
"~

Arrow-shaped n-ring supporting mechanism

Figure 8. Continued.

where
_%
&= -
Therefore, the centroid positions of all F in D, ; of Part K can be expressed as

{:(IHI‘/‘:[RK“FHIJ RKlei-H,j RKZIFH—IJ RK22Fi+1j RK31Fi+1,j RK32Fi+1,/'] (12)
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Figure 11. The layout diagram of floral discs E and rod G in odd and even parts.

Then the centroid positions of F in Part K can be expressed as
ll:(D = [IISIU 5124,1 512»2 e gln,n] (] 3)

In addition, it can be seen that the arrangement of the odd part and the even part of G and E is
different. Therefore, it is necessary to calculate the centroid position vector of G and E in the supporting
mechanism in different part.

In the odd part (K =1, 3 and 5):

G and E in the odd part are only arranged in the deployable unit D, ;, so the centroid position vectors

of G are
T
1 V3 .
1Gi+lJ =S8+ |:§ (rs +&,8 cos ﬁ) * Ty (rs + &8 cos :8) , —€,8 sin :3:|
. T
*Giy1j=Si1j+ [~ (r + &g cos B),0, —E,g sin ] (14)
T
1 V3 .
3GiJrl,j =Si+1,j+1 + |:§ (rs + Sgg COs 13) s _7 (rs + égg Cos ﬁ) 5 _‘i:gg sin 18:|
where
8p
g =%
g
The centroid positions of all G in D;,,; of Part K can be expressed as
IG(IH—L/ = [RKIGH—IJ RKZGH—],/ RK3G1+1,1'] (15)

G of the odd part do not exist in the deployable unit PD; ;, which are expressed as

Jo
I((;pli,jz [RKO RKO RKO] (16)

where 0 represents a null matrix with 3 rows and 1 column.
The centroid positions of E can be expressed as

Eip1j =S, + [~ (r+re +gcos ), 0, —gsin ] (17
Therefore, the centroids position of E in D, ; of Part K can be expressed as
QIMJ = [RKEHI‘/] (18)

https://doi.org/10.1017/aer.2024.1 Published online by Cambridge University Press


https://doi.org/10.1017/aer.2024.1

The Aeronautical Journal 1987

E of the odd part do not exist in the deployable unit ?D; ;, which are expressed as
el is = [R«0] (19)

In the even part (K = 2,4 and 6):
G and E of the even part are only arranged in the deployable unit ?D;
of G are

» so the centroid positions vector

1Gy =S, + [—1 (1o +£agc0s B) 2 (r.+ 5005 B) . —E,g5in ﬂ}

2 2
T
Gy =S+ |:—% (ry+&gcosB), —? (ry + &g cos B) , —&,g sin ﬂi| (20)
3Gi; =S+ [(r + &g cos B) 0, —E,g sin ,B]T
Therefore, the centroid positions of G in the even part in *D; ; of Part K can be expressed as
gplu = [RK ;I)Gw' Ry }EG"J Ry 3G1§i] @n
G of the even part do not exist in the deployable unit D, ;, which are expressed as
&l =[Rk0 Rx0 R;0] (22)
The centroid positions of E can be expressed as
PE;;=Si1;+ [(ry+ rg + g cos f),0, —csin ﬂ]T (23)
Therefore the centroid position in the even part of the E in PD; ; of Part K can be expressed as
gplij = [RE; (24)
E of the even part do not exist in the deployable unit D, ;, which are expressed as
K1y, = [Rx0] (25)
Then the centroid positions of G and E in Part K can be expressed as
D=[5ly §ha §ho - S §hu Gl Gla o Sliia] (26)
eD=[i1, (Lo o - fLa Glo Gl §le o Ble] 27)
Then the centroid positions of S can be expressed as
§D=[Rx"So; R¢*S\i RS, R¢"S:i Rx*S:; Ri*S:s -+ Ri*S..] (28)
In summary, the centroid positions of each component in the Part K can be expressed as
Dy = [§D KD ED §D] 29)

In the n-ring supporting mechanism, the centroid positions of F, G and E can be expressed by a matrix
with 18 rows and ((151>413n-2)/2) columns:

M=[D, D, --- Ds]T (30)
The velocity and acceleration can be expressed as

M=[D, D, .- D (31)
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Figure 12. Centroid motion law of F, in D, of Part 3.

and
M = [bl ﬁz ce DG]T (32)

Taking the solid supporting mechanism with n =2 as an example, the active component is set to
MF,,, and the angular velocity is 18°/s. The virtual prototype is established in Solidworks, and the
motion simulation is compared with the calculation results of Matlab. The motion curves of the centroid
of F;, in D,, of Part 3 are obtained, as shown in Fig. 12. By analysing the motion curves, the theoretical
values of displacement, velocity and acceleration are completely consistent with the simulation values,
which verifies the correctness of the kinematic model of the mechanism established in this paper, and
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the velocity and acceleration values are not mutated. The motion process of the mechanism is stable and
has no large impact.

3.2 Analysis of folding ratio
For the deployable mechanism, the folding ratio is one of the important indexes to evaluate the perfor-
mance of the mechanism. The mechanism with higher folding ratio reach a larger workspace after fully
deploying in a limited initial space. Some deployable mechanisms evaluate the size of the workspace
with the expanded envelope area, such as the deployable supporting truss mechanism. The folding ratio
can be expressed as

Sp
=3
where Sp and Sy represent the maximum envelope area and the minimum envelope area of the supporting
mechanism on the OXY plane in the deployable state and the folded state, respectively.

According to the Equation (43), the folding ratio of the n-ring supporting mechanism can be
expressed as

L 33)

2
6\/5(?61 + (rs+0¢) n)

= 2 (34)
3
6«/5(751 + (rs + d) n)
and further obtained
2
_ V3a+ 3n(rs +¢) (35)
B V3a+3n(rs +d)

According to the Equation (35), the folding ratio grows with the increase of ¢ and the decrease of d.
Derivation of a on Equation (35) yields

dn _ 6n(c — d)(3a + cn + nry)
da Ba +dn + nry)’

Equation (34) shows that when the thickness d of the rod is greater than the length c of the rod, the
folding ratio of the mechanism is less than 1. Therefore, the design should ensure that ¢ > d, which can

(36)

make
d
& <0
da
Therefore, the folding ratio decreases with the increase of d. Derivation of r, and n, respectively, on
Equation (35) yields
d_n:_2n2(c—d) (3a+cn—!—nrs) <0 37)
dr, QBa+dn+ nry)
and
d_n _ 6a(c — d) Ba+ cn + nry) -0 (38)

dn (Ba +dn + nr,)’

Equations (37) and (38) show that the folding ratio grows with the decrease of r, and the increase of

n. The definition domains of each parameter are defined as: n € [1,3,6], ¢ € [0.1,0.35], r, € [0.01,0.035],

a € [0.04,0.06] and d € [0.005,0.015]. According to Equation (35) and the parameter of components,

the diagram which can express the relationship among 1, n, ¢, r,, a and d can be obtained by Matlab.

As shown in Fig. 13, the folding ratio is positively correlated to ¢ and n, and negatively correlated to d,
a and ry, which verify the correctness of above analysis.
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Figure 13. The diagram of folding ratio.

Figure 14. Connection relationship.
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@5 T13mm  Floral disc E x9

Figure 15. The parameters of components.

3.3 Prototype verification

A hollow two-ring physical prototype of supporting mechanism with folding ratio of 45.8 was estab-
lished based on 3D-print technology. The rod is assembled from joints and prefabricated stainless steel
rods. The joints and floral discs are both 3D printed from poly lactic acid (PLA), with a printing accu-
racy of 0.02 mm. The diameter of the stainless steel rod is 2 mm. The construction process of physical
prototype is as follows:

STEP 1: The joints and the stainless steel rods are assembled to construct the rods G and the rods F, as
shown in Fig. 14. The parameters of the components are shown in Fig. 15.
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Figure 16. Assembly relationship of basic deployable unit.
(b) () (d)

Folded state Partly folded state 1 Partly folded state 2 Deployable state

Figure 17. Deployable process of basic deployable unit.

Figure 18. The basic deployable units expansion.

STEP 2: The basic unit is assembled according to the connection relationship of each component
in Section 2.1 as shown in Fig. 16(c), and the specific connection method is shown in the
Fig. 16(a), (b), (d) and (e). The deployable process of the basic deployable unit is shown in
Fig. 17.

STEP 3: The basic deployable units are expanded according to the method in Section 2.2, as shown in
Fig. 18. By the same way, a hollow two-ring physical prototype of supporting mechanism is
obtained, and the deployable process is shown in Fig. 19.

The prototype moves smoothly and reliably during the deployable process, which verified the cor-
rectness of the proposed deployable unit expansion method for constructing supporting mechanisms in
this paper, providing a reference for the subsequent research work of the supporting mechanism of the
sunshield.
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Figure 19. Deployable process of physical prototype.

4.0 Dynamics analysis
4.1 Dynamic modeling and simulation verification of supporting mechanism

On account of supporting mechanism has one DOF, according to the mechanisms and machine theory, it
can be known that only one drive device can be added to make the determined motion. However, in order
to improve the deployment reliability of the mechanism, multiple torsion springs are generally added,
and the elastic potential energy stored in the folded torsional springs is used to drive the mechanism
to deploy. The mechanism has only one set of independent generalised coordinates, the input angle §
is selected as the generalised coordinate, and the dynamic equation can be established according to
Lagrange equation as follows:

d 9E, OE, OE,
d9%, O | 08 _ 39
w05 s Tas @ ©9)

where E,, E, and Q are the kinetic energy, potential energy, and generalised force of the supporting
mechanism, respectively.

If a floral discs S is fixed of supporting mechanism, such as S;; shown in Fig. 10, the mechanism in
the process of deployment, all the moving components can be divided into three categories according
to the characteristics of motion: translational motion (S and E), fixed-axis rotation (F and G, also called
inner rods, are connected to S, ;.) and compound motion (except for the F and G which are connected to
the So 1, also called outer rods). In order to facilitate the calculation of the total kinetic energy between
various components, the compound motion of the rod is divided into movement and rotation.

The total kinetic energy produced by the translation of F can be expressed as

1 3 Yl+4n)n
FEvl = EmF Z Z FWAF,BF (40)
Ap=1 Bg=1
where FWAF,BF (S] WF
6
WF=Z (KB o Hy) 1)
k=1
“B=De*D (42)

Hy represents a matrix with the same dimension as the matrix FxD and its internal elements cor-
respond to the internal elements of XD one by one. In the matrix He, the element ‘1’ represents the
component in the mechanism, and the element ‘0’ represents the component that needs to be deleted.

The total kinetic energy produced by the rotation of F can be expressed as

1 .
"Ey= 5 (NeiJe1 + NipJra) 8° (43)
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where Jg; and Jg, represents the rotational inertia of F belonging to the inner rods and the rotational
inertia of F belonging to the outer rods in the global coordinate system, N, is the quantity of F belonging
to the inner rods, N, is the quantity of F belonging to the outer rods.

Therefore, the total kinetic energy generated by F is

'E,="E, +"E, (44)
The total kinetic energy produced by the translation of G can be expressed as
’(l+n)n
G = _mG Z Z WAG BG (45)
Ag=1 Bg=1
where w6 € W
6
Wo=)Y_ (5BeHo) (46)
k=1
SB=EtDe D 47)

The total kinetic energy produced by the rotation of G can be expressed as
1 .
GEvz = 5 (NoiJa1 + NaaJe2) ,32 (48)

where Jg, and J g, represents the rotational inertia of G belonging to the inner rods and the rotational iner-
tia of G belonging to the outer rods in the global coordinate system, Ng; is the quantity of G belonging
to the inner rods, N, is the quantity of G belonging to the outer rods.

Therefore, the total kinetic energy generated by G is

E GEtl + EVZ (49)
The total kinetic energy of S is expressed as
(1+n)(n+2)
= —ms Z Z Was s (50)
Ag=1 Bg=l1
where SWAS, BS € Ws
6
Wo=>" (‘B eHs;) (51)
k=1
SB=5De{D (52)
The total kinetic energy of E is expressed as
&
EEV = sz Z Z EWAE,BE (53)
Ag=1 Bg=1
where EWAEAV BE € WE
6
We=>(fBeHy) (54)
k=1
KB=EDefD (55)

In summary, the total kinetic energy of the n-ring supporting mechanism is

E,="E,+°E,+°E, +"E, (56)
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Assuming that the torsion springs are added to the revolute joints between the floral discs S and the
rod F of the supporting mechanism, and considering that the application environment of the supporting
mechanism has no gravity effect, only the elastic potential energy of the mechanism is considered here.
Consequently, the total potential energy of the supporting mechanism is expressed as

1 S
Ey=5 D ko — b0 +5)’ (57)
u=1

where k, and 1, represent the stiffness and initial compression of the u-th torsion spring, §, represents
the initial angle, ¢ represents the quantity of torsion springs installed.

The following is an example of a double-ring supporting mechanism (n = 2). Since F of the six parts
of the supporting mechanism is rotated from the initial part, when calculating the total kinetic energy
generated by the movement of the F, there will be ""F,, , '*F,,,, repeated calculations at the junction
of the two adjacent parts. The elements in Hr are

FhP,1+Q = FhP,2+Q = FhP,6 =0 (58)

where " € Hp,Q = ) 6q,i € [0, n],P € [1, 3], and the others are 1. When calculating the kinetic energy
q=0

generated by the movement of G, the G connected to the S, is not calculated. Therefore, the elements

in Hg are
Shp, =0 (59)

where %hp; € Hg, P € [1, 3], and the others are 1. When calculating the kinetic energy generated by the
movement of S, there will be S;; repeated calculations at the junction of the two adjacent parts. The
elements in Hg are

Shp'M = O (60)
where Shpy € Hg, P€[1,3], M = ZS: q,is € [1, n], and the others are 1, all elements in matrix H are 1.
q=0
The quantities of F and G with compound motions are
Ng, =9n* —3 (62)

Np, and Ng, are 6 and 3, respectively.

The Equations (58), (59), and (60) are substituted into Equations (41), (46) and (51), respectively;
Equation (61) and N, Equation (62) and N, are substituted into Equations (43) and (48), respectively,
H; is substituted into Equation (54), so that the total kinetic energy of each component can be calculated.
Finally, Equations (56) and (57) are substituted into Equation (39). The change value of § with time
under the driving action of ¢ torsion springs can be obtained by solving the differential equation. A
set of structural parameters and dynamic parameters of the supporting mechanism are given, as shown
in Table 1. The simulation model is established, and the torsion springs are installed at the revolute
joints of the mechanism at six positions, as shown in Fig. 20, and the simulation is performed for 5.75
s. The theoretical and simulation law of motion about § can be obtained by Matlab and Solidworks,
respectively, as shown in Fig. 21.

It can be seen from Fig. 21 that the theoretical and simulation value of § under the action of tor-
sion spring drive are completely consistent, which verifies the correctness of the dynamic model of the
mechanism established in this paper. The angular velocity increases slowly in the first 5 s and suddenly
increases from 5 s.

When calculating the total kinetic energy of the supporting mechanism with ribs, the kinetic energy
of some components can be subtracted from the solid supporting mechanism, which corresponds to
the change of the matrix Hy, Hg, Hs and Hg, the quantity of F and G in the equation. For example,
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Table 1. Parameters of the components

Parameters Value Parameters Value
Mass m; (kg) 0.11 Rotational inertia Jg; (kg-m?) 0.013090
Mass mg (kg) 0.157 Rotational inertia Jg, (kg-m?*) 0.003297
Mass mg (kg) 0.05 Initial compression /4, (°) 90
Mass my (kg) 0.119 Initial angle &, (°) 90
Length ¢ (m) 0.35 The 1st torsion spring stiffness k; (N-m/°) 0.001
Length g (m) 0.5 The 2nd torsion spring stiffness k, (N-m/°) 0.001

Distance rg (m)
Distance r, (m)
Rotational inertia J 5, (kg-m?)
Rotational inertia Jp, (kg-m?)

0.035 The 3rd torsion spring stiffness k; (N-m/°) 0.002
0.035 The 4th torsion spring stiffness k4 (N-m/°) 0.002

0.004479
0.001150

The 5th torsion spring stiffness ks (N-m/°) 0.003
The 6th torsion spring stiffness ks (N-m/°) 0.003

(a) (b)

100 T " 10 .
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Figure 21. The relationship among 8, § and t.
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Table 2. The parameters of torsion springs
Parameters Value Parameters Value
The 1st torsion spring stiffness k; (N-m/°)  0.02  The 5th torsion spring stiffness k5 (N-m/°)  0.02
The 2nd torsion spring stiffness k, (N-m/°) 0.02  The 6th torsion spring stiffness k¢ (N-m/°)  0.02
The 3rd torsion spring stiffness k3 (N-m/°)  0.02 Initial compression 1,0 (°) 90
The 4th torsion spring stiffness k; (N-m/°)  0.02 Initial angular &, (°) 90

Position of
torsion springs

| Substruct some
components

Figure 22. Construction of the 5-ring supporting mechanism with six ribs.

the mechanism shown in Fig. 22 can be formed by removing the components in the wireframe from
the mechanism. The parameters of each component are shown in Table 1, and the masses of the solid
supporting mechanism and the supporting mechanism with ribs are 102.704 kg and 76.043 kg, respec-
tively. The mass of supporting mechanism with ribs relative to solid supporting mechanism is reduced
by 26%. Some parameters can be obtained: n =15, Ng, =360, Ng, = 141, Ng; =6 and Ng; = 3. All the
parameters of components are the same as in Table 1, expect for the torsion springs. The torsion springs
are installed at the revolute joints connecting S, s and *'F, 4 shown in Fig. 22, and the parameters of the
torsion springs are shown in Table 2.
The elements in matrix Hy are

FthQF =0

where P € [1,3], Or € ([1,2]U]6,...,10]U[19,...,28]1U[37,38]1U[41,...44]1U[47,...,50]U[61,62),
and the others are 1.
The elements in matrix Hg are

GhPaQG =0

where P € [1,3], Qg € ([1]U[4-6]U[10,...,15]U[19,27]U[49,51]1U[55,60), and the others are 1.
The elements in matrix Hy are

EhP,QE =0

where P € [1,3], Qg € ([2]U[4,5]U[7-9]U[17]U[19,20), and the others are 1.
The elements in matrix Hg are

Chpoy =0

where P € [1,3], Qs € ([1,2]U[4]U[7,8]U[11,12]), and the others are 1.
Lastly, under the same driving conditions, the motion law diagrams of two kinds of mechanisms are
drawn, as shown in Fig. 23. The supporting mechanism with ribs and the solid supporting mechanism
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Figure 23. The relationship among 8, § and t.

took 4.21 s and 4.90 s from the folded state to the deployable state. Therefore, the supporting mechanism
with ribs is easier to be driven than solid supporting mechanism.

4.2. The influence of torsion springs on the deployment of the supporting mechanism

Since the supporting mechanism of the sunshield is driven by the torsion springs, it is necessary to study
the influence of parameters on the deployment of the mechanism. The basic parameters of the torsion
springs in the mechanism include the quantity, position, stiffness and initial compression.

In order to analyse the influence of the combination of torsion springs with different quantities and
different stiffnesses on the deployment motion of the mechanism, the total stiffness of the torsion springs
in the simulation model is unchanged, and different quantities (1, 3, 6, 12 and 18) and different stiffnesses
of torsion springs are selected to drive mechanism. The stiffnesses and position of the torsion springs are
shown in Table 3, and the curves of § is shown in Fig. 24. It shows that when the initial compression and
total stiffness of torsion springs are the same, the combination of torsion springs with different quantities
and different stiffnesses have the same driving effect on the deployment of the mechanism.

Let the quantity, initial compression and the position of torsion springs in the mechanism remain
unchanged, the total stiffnesses of torsion springs are 0.006 N-m/°, 0.012 N-m/° and 0.018 N-m/°, to
obtain the effect of the total stiffnesses of torsion springs on the deployment of mechanism as shown
in Fig. 25. The figure shows that the greater the total stiffness of the torsion spring contained in the
mechanism, the shorter the time taken for the mechanism to deploy in place, and the faster the mechanism
deploys. Therefore, by reasonably selecting the total stiffness of the torsion spring, it is possible to control
the time required for the mechanism to deploy in place, that is, to control the deploying speed of the
mechanism, and thus reduce the impact of the mechanism when deploying in place.

In order to analyse the effect of the initial compression of torsion springs on the deployment of the
mechanism, the quantity of torsion spring, the total stiffness and the position are kept constant, and the
torsion springs with the initial compression of 90°, 100°, and 110° are selected to drive the mechanism
to deploy, respectively. The torsion spring parameters are shown in Gr. 1, Gr. 2 and Gr. 3 in Table 4,
and the relationship between § and 7 is shown in Fig. 26. It can be seen that as the initial compression
increases, the time for the mechanism to deploy in place is shorter.

To analyse the effect of torsion spring stiffness on the deployment of the mechanism when the initial
compression of the torsion spring is less than §, (to ensure that the folding ratio of the mechanism is
as large as possible, it should be &, =90°), six torsion springs with different initial compression are
added to the simulation model of the mechanism, and the deployment of the mechanism is analysed.
The parameters of the torsion springs are shown in Gr. 1, Gr. 4 and Gr. 5 in Table 4, and the relationship
between § and ¢ is shown in Fig. 27. It can be seen that when there are a number of torsion springs
with initial compression less than &, in the mechanism, the deployment will be hindered. When the
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Table 3. Quantities, stiffnesses and position of torsion springs

Group Stiffness Group Stiffness
number Quantity (N-m/°) Position number Quantity (N-m/°) Position
k, =0.001
k>, =0.003
1 1 k,=0.012 4 6 k;=0.001
k4, =0.003
ks =0.001
ke =0.003
k, =0.0004
k>, =0.0005
ks =0.0006
k4 =0.0007
ks =0.0008
2 3 k, =0.004 5 12 ks = 0.0009
k., =0.004 k;=0.0010
ks =0.004 ks =0.0011
ko =0.0012
ki =0.0014
k,; =0.0016
ki, =0.0018
k, =0.0001
k, =0.0002
k; =0.0003
k4 =0.0005
ks =0.0006
ks =0.0007
k, =0.002 k; =0.0008
k., =0.002 ks =0.0009
ks =0.002 ko =0.0010
3 6 ks =0.002 6 18 kip=0.0010
ks =0.002 k;; =0.0011
ks =0.002 ki, =0.0010
ki3 =0.0009
k14 =0.0008
ks =0.0007
ki, =0.0006
k7 =0.0005
ks =0.0003

stiffness ky~k¢ of the torsion spring with initial compression of 30° is increased to 0.01 N-m/°, the
parameters of the torsion springs as shown in Gr. 5, the mechanism deploys at first and then closes up,
but 6 does not reach 0°, as shown in Fig. 27a.That indicates when there are some torsion springs with
initial compression less than §, in the mechanism, as the stiffness of these torsion springs increase or
the initial compression decreases, the impediment to the deployment of the mechanism is strengthened
resulting in the mechanism not being able to complete deploy. During the deployable process of the
mechanism, § decreases from 90° to 0°. The initial compression of some torsion springs (1t,0) is less
than 90°, when the change in § is greater than w0, the torsion springs will be compressed again, doing
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Table 4. Quantities of torsion springs, initial compression, stiffness and position

Group

number

Quantity

Initial

compression (°)

Stiffness
(N-m/°)

Position

1

6

10~ e =90

ky~ks =0.002

2

6

H10™~Meo = 100

kl ~k6 =0.002

M0~ e =110

ky~ke =0.002

4 6 M0~ U300 = 90 kl’\'kﬁ =0.002
Mao™~ g0 = 30

5 6 M0~ MU30 = 90 kl’\’k3 =0.002
Mao™~ g = 30 ky~ke =0.01

Figure 24.
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Figure 25. The influence of the total stiffness on the deployment of the mechanism.

negative work in the mechanical system, which will hinder the deployment of the mechanism and cause
it to fail to deploy.

5.0 Conclusion

Firstly, a single-closed-loop deployable mechanism was proposed from the perspective of rigid origami
based on the theory of thick-panel origami. The DOF of the mechanism was obtained by using the screw
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Figure 26. The influence of the initial compression on the deployment of the mechanism.
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Figure 27. The influence of the initial compression less than §, on the deployment of the mechanism.

theory, and a method to reduce the DOF from three to one by introducing constraints was proposed from
the point of view of controllability. Based on the principle of planar mosaic, the process and principle of
large-scale modular networking with TDU were formulated. Different kinds of supporting mechanism
were constructed.

Secondly, the kinematic model was established to analyse the folding ratio. The Lagrange method was
used to establish the dynamic model of the supporting mechanism. The motion law driven by torsion
springs was simulated and verified by the Solidworks and Matlab software, and the results verified the
correctness of the dynamic model and simulation analysis. In addition, it can be obtained that supporting
mechanism with ribs is lighter and easier to be driven than solid supporting mechanism.

Lastly, influence of the position, stiffness, and quantity of the torsion springs on the deployment
of the supporting mechanism was analysed when torsion springs were installed on the revolute joints
connecting the floral discs and the rod F. The results showed that when the total stiffness and initial
compression of the torsion springs in the mechanism were the same, the combination of torsion springs
with different positions, different quantities, and different stiffnesses, had the same driving effect on the
deployment of the mechanism. In addition, the greater the total stiffness and the initial compression of
the torsion spring, the shorter the deployment time.
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