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In this paper, an innovative cylindrical deployable mechanism (DM) based on rigid origami is pre-
sented, which is used to design a parabolic cylindrical deployable antenna. The mechanism can be deployed
from the cuboid folded configuration to the cylindrical unfolded configuration with only one actuator. First, an
innovative deployable string is proposed based on different types of four-vertices origami unit cells and kirigami
techniques. By considering the units as 6R single-loop mechanisms, the kinematics of the origami unit cells
are analyzed. Through the connection of identical deployable strings, the cylindrical DM is constructed, and its
mobility is analyzed utilizing the screw theory. Then the proposed DM is used to design a parabolic cylindrical
deployable antenna. A number of pillars are installed on the panels of the DM, and their lengths are determined
to fit the required parabolic cylindrical surface. To verify the feasibility of the design, a scaled prototype of the

deployable antenna is constructed.

Deployable mechanism (DM) refers to a kind of mechanism
that can be deployed from the folded configuration into the
desired configuration in a specific manner. The ability of
configuration change enables DMs to be widely applied to
aerospace engineering, civil engineering, and medical equip-
ment, such as space antennas and reflectors (You and Pelle-
grino, 1997; Song et al., 2017; Andrews et al., 2020; Ma et
al., 2021), solar panels (Kuang et al., 2004; Kumar and Pel-
legrino, 2012), retractable rooftops (Kassabian et al., 1999;
Delaney, 2014; Cai et al., 2019), and emergency shelters
(Kiper et al., 2015; Cai et al., 2015). Large-scale DMs are
usually constructed by assembling similar modules with spe-
cific connecting approaches. Typical modules include scissor
mechanisms (Bai et al., 2013; Sun et al., 2014) and single-
loop mechanisms such as Bennett mechanisms (Chen and
You, 2008; Song et al., 2017), Mycard mechanisms (Liu and
Chen, 2009), Bricard mechanisms (Lee, 1996), Sarrus-like
mechanisms (Chen et al., 2013; Lu et al., 2016), and also

include origami patterns such as the Miura-ori pattern (Gat-
tas et al., 2013), the waterbomb pattern (Lee et al., 2021),
the Resch pattern (Yang et al., 2022), and the cuboid-twist
pattern (Hull, 2014). These modules are usually connected
by sharing links or kinematic pairs (Soykasap et al., 2004;
Huang et al., 2021a; Zhao et al., 2009; Tian et al., 2010).

In recent years, researchers have proposed and analyzed
various DMs that can be deployed in one to three dimensions.
You and Pellegrino (1996) proposed a one-dimensional de-
ployable mast based on the pantograph; the stiffness of
the mast in the deployed configuration can be strengthened
through passive cables. Ding et al. (2013) reported a de-
ployable prism with half-closed polyhedron characteristics
based on the polyhedral linkages and introduced the combi-
nation method between prism cells. Based on the Hoekens
straight-line linkage, Lu et al. (2014) proposed a series of
one-dimensional deployable prisms, which can keep the di-
mension of the cross-section while being deployed. Zhao et
al. (2018) designed a reconfigurable extended joint to opti-



mize a deployable articulated mast and proposed a method
of sequentially assembling reconfigurable extended joints to
increase the mast’s stiffness. Kim et al. (2021) proposed a de-
ployable truss based on scissor-like elements, and this truss
can be stored in a flat form, which greatly improves the pack-
aging efficiency. For two-dimensional deployable reflectors,
You and Pellegrino (1997) developed a support structure for
a large deployable mesh reflector, which has a small shape
error. Huang et al. (2012) introduced several efficient meth-
ods for the mobile connection between deployable single-
loop mechanisms and also proposed a novel approach to
eliminate the overconstraints in large DMs. Qi et al. (2016)
proposed a one-degree-of-freedom (1-DOF) deployable ring
with a high packaging efficiency by taking a set of planar
six-bar linkages as the module. Lu et al. (2017) designed a
deployable network with cylindrical surface based on Ben-
nett linkages and introduced the connection method of units
in detail. Song et al. (2019) constructed a 1-DOF cable-truss
hybrid double-layer DM using equilateral Bennett linkages
and planar symmetric four-bar linkages, which improves the
stiffness of the mechanism without losing portability. Han et
al. (2019) proposed five new types of ring truss DMs, which
enriched the configurations of deployable antennas. Huang
et al. (2021b) presented a novel type of 2-DOF single-loop
mechanism based on the Sarrus mechanism, and obtained a
series of cylindrical DMs with two DOFs.

In comparison with the one-dimensional and two-
dimensional DMs, the three-dimensional DMs has signif-
icant size changes in three directions. Based on prismatic
joints, Agrawal et al. (2002) proposed a class of deployable
polyhedrons of given shape. Kiper (2009) proposed several
new linkages based on the Fulleroid, which can be applied to
the construction of deployable polyhedral mechanisms. Yang
and Chen (2018) proposed a convertible DM by appropri-
ately configuring the movable joint, which can realize the 1-
DOF transformation between a tetrahedron and a truncated
tetrahedron. In addition, Chen et al. (2018) proposed a 1-
DOF shape transformation between two paired polyhedrons
by introducing 6R spatial links. Xiu et al. (2020) presented a
Sarruss-like overconstrained spatial eight-bar linkage and an
associated Fulleroid-like DM.

DMs composed of origami patterns have seen a surge in
interest from researchers in recent years. Lang (2004) im-
proved the diffractive lens of space telescopes with an unique
combined origami creases, which have the advantages of be-
ing lightweight and deployable. Karni and Pellegrino (2007)
proposed a small-span deployable roof with low cost and
light weight by combing the scissor linkage and a concertina-
like origami pattern. Tachi (2010) reported a deployable cor-
ridor for connecting the openings of two separate build-
ings with different sizes and orientations using the gener-
alized degree-4 vertices origami. Wilson et al. (2013) pro-
posed two schemes for designing a sunshield concept based
on the Kresling folding pattern and the Miura—Tachi fold-
ing pattern separately. Maanasa and Reddy (2014) proposed

a deployable tent, which can be deployed in 1 min under a
single-person operation. Zirbel et al. (2015) reported a de-
ployable solar array based on the Hanaflex crease pattern,
which greatly reduced the storage volume. Cai et al. (2015)
proposed an origami-based deployable shelter and analyzed
its geometry and motion. Liu et al. (2016) developed a family
of deployable prismatic structures by assembling degree-4
vertices and proposed the general design method of deploy-
able prismatic structures. Gattas et al. (2017) proposed a de-
ployable arch bridge based on origami and explored its bear-
ing capacity. Wang et al. (2018, 2021) proposed a Sym-kiri
network based on the Yoshimura origami pattern, which was
applied to the space cylindrical deployable structure. Based
on the waterbomb pattern, Lee et al. (2021) proposed a trans-
formable wheel with a high load capacity. Georgakopoulos
et al. (2021) comprehensively introduced emerging research
on origami-based deployable antennas and summarized the
main advantages and important challenges of origami anten-
nas.

The cylindrical DM is one of the most widely used struc-
tures. The reported designs are usually based on the linkage
mechanisms, especially the Bennett mechanism, which can
achieve a high packaging efficiency and meet the require-
ments of lightweight design. However, the hinge arrange-
ment of such mechanisms usually concentrates on the end
of the links, which is a challenge for the installation of the
hinges and the assurance of the overall stiffness of the mech-
anism. Therefore, it is necessary to develop more cylindrical
DM s based on origami since the hinges of origami structures
are distributed at the edge of the panels. In this paper, an in-
novative type of 1-DOF cylindrical DM is proposed by com-
bining different degree-4 vertices origami unit cells. The DM
can realize the transformation from the cuboid folded config-
uration to the cylindrical surface configuration with only one
actuator. In comparison with the reported Bennett networks,
the dispersed hinge arrangement of the proposed DM makes
it easier to achieve higher stiffness.

The rest of this paper is organized as follows. In Sect. 2,
the research methodology is described. In Sect. 3, the inno-
vative origami-based deployable string is proposed, and its
kinematics are discussed in detail. In Sect. 4, the cylindri-
cal DM is constructed by connecting identical deployable
strings. In Sect. 5, the proposed DM is used to design a
parabolic cylindrical deployable antenna, and the scaled pro-
totype of the antenna is manufactured to verify the feasibility
of the design.

This paper mainly involves the design and analysis of a cylin-
drical DM. First, an origami string is constructed by combin-
ing two Miura-ori unit cells and four Bowl-ori unit cells. By
adding connecting panels (CPs) and cutting open some of
the creases, the origami string gradually evolves into a de-



ployable string. Then, by considering the unit cells of the
deployable string as 6R single-loop mechanisms, the geom-
etry and kinematics of the deployable string are analyzed in
detail. Further, a cylindrical developable origami pattern is
constructed by successively connecting several identical de-
ployable strings. Through thick origami technology, the fi-
nal cylindrical DM is obtained, and its mobility is analyzed
utilizing screw theory. Finally, the proposed DM is used to
design a parabolic cylindrical deployable antenna.

To make the above description more intuitive, the
schematic representation of the research workflow is given,
as shown in Fig. 1.

The origami pattern is a combination of many origami n-
vertices — unit cells where n creases connected to n rigid
panels meet at a point. Origami vertices can be classified into
Euclidean origami and non-Euclidean origami (Waitukaitis
et al., 2020). In essence, the sum of sector angles (the an-
gle formed by adjacent creases, as shown in Fig. 2) in the
Euclidean vertex is equal to 27, while the sum of sector an-
gles in the non-Euclidean vertex is not. In other words, the
Euclidean origami pattern can be directly obtained by fold-
ing the paper, namely the pattern is flat-deployable, while the
non-Euclidean origami pattern cannot be obtained by folding
procedures unless it goes through specific tailoring and glu-
ing.

Typical 4-vertices unit cells of Euclidean origami and non-
Euclidean origami are shown in Fig. 2, where the unit cell
in Fig. 2a is Miura-ori, and the unit cell in Fig. 2b can be
named Bowl-ori due to its deployed shape. The combina-
tion of two Miura-ori unit cells can realize the deploying-
opening motion (Fig. 2¢). In comparison, the combination of
two Bowl-ori unit cells can realize the deploying-encircling
motion (Fig. 2d) (Huang et al., 2022).

An origami string can be obtained by combining two Miura-
ori unit cells and four Bowl-ori unit cells, which is a slender
structure with two symmetrical planes, as shown in Fig. 3a.
The combined motion of the deploying-opening and the
deploying-encircling enables the origami string to realize the
transformation from the flat configuration to the arc config-
uration. The origami string consists of four types of panels,
namely the middle isosceles trapezoidal panels (MPs), the
right angle trapezoidal panels (RPs), the isosceles trapezoidal
panels (IPs), and the end rectangular panels (EPs). For the
convenience of kinematic analysis, the geometrical parame-
ters of the panels are defined in Fig. 3b. Specifically, the long
base and the height of MPs are denoted by /1 and /1, and the
base angle of MPs is denoted by « (« € (0, w/2)). The short

base of RPs is denoted by /5. The long base and the base an-
gle of RPs are denoted by /3 and S (B € (0, 7/2)) separately.
The length of EPs is denoted by /4.

Furthermore, the structure of the origami string is opti-
mized to facilitate its engineering application. First, as shown
in Fig. 3¢, a row of CPs (CP-1 to CP-4) with width / is added
in the middle of the origami string to improve its functional-
ity, which is also convenient for the design of its thick-panel
model (Hull and Tachi, 2017). Then, to reduce the overcon-
straints and the number of hinges in the physical model, all
the creases between CPs in this pattern are cut open. Finally,
the deployable string is obtained as shown in Fig. 3d. There
are three units (A, B, and C) with different parameters in the
deployable string, where unit A evolves from the Miura-ori
unit cell, and units B and C both evolve from the Bowl-ori
unit cell. Thus, they are marked as Uy-A, Up-B and Up-C
separately.

From the mechanism point of view, Uy-A, Ug-B and Ug-
C can be considered as the 6R single-loop mechanism by
taking the panels as links and the creases as revolute joints.
The D-H coordinate frames F; are established on the equiv-
alent mechanisms, as shown in Fig. 4, where the Z;-axis
(i =1~ 6) is along the creases; the X;-axis is along the
common perpendicular between Z; and Z;4; (it is perpen-
dicular to the plane expanded by Z; and Z; 1 if Z; and Z;
intersect). It is noteworthy that the subscript i +1 is replaced
with 1 when i equals 6. The twist angle «; denotes the angle
from Z; to Z; 11, positively about X;; the joint variable 6; de-
notes the rotation angle from X;_; to X;, positively about Z;.
In addition, the link length a;(; 41y denotes the distance of the
common perpendicular between Z; and Z; 4 along X;, and
the offset d; denotes the distance from X;_; to X; along Z;.
Therefore, according to the geometrical parameters of Up-A,
we have

(1

Similarly, the DH parameters of Ug-B and Ug-C are as
follows:

b b b b
a} =0, ay =8, a3 =n/2, a =0,

b b —gb —gb —0 2)
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Two types of 4-vertices origami unit cells and the corresponding combined origami patterns: (a) the Miura-ori unit cell, (b) the
Bowl-ori unit cell, (¢) the combination of two Miura-ori unit cells and their motion pattern, and (d) the combination of two Bowl-ori unit
cells and their motion pattern.

where Q;(;+1) denotes the transformation matrix from F; to
Fi11, and I3 is the 3 x 3 identity matrix. Substituting Eq. (1)

. . . . . . (3) into Eq. (4), the solution of the kinematic relationship is ex-
a§, =ajs =1, a5y =a5, =aSg=ag, =0, pressed as
di =dy=dy=d;=ds=dg =0. @00 _ tan %5 = 0
coso 2 cosa ’
)
Um-A, Up-B, and Ug-C satisfy the following kinematic 9? = 93 ’ 932l = 92 ’ 92 = 92 ’

equation: . . .
where the joint variable 6; belongs to [—, 7] since the pan-

els cannot penetrate through each other in the deployable
Q120Q23Q34Q45,Q56Q61 =13, @) string; thus, we have 6; € [—m, 0] for the valley crease and
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Design of the deployable string: (a) an origami string
consisting of two Miura-ori unit cells and four Bowl-origami unit
cells and its deployment process; (b) four types of panels that make
up origami string and their geometrical parameters, where o, B €
(0, /2); (¢) adding CPs (CP-i, i = 1-4) in the middle of the origami
string; and (d) the deployable string after cutting open the creases.

0; € [0, ] for the mountain crease. Equation (5) indicates
that there is only one independent joint variable in Up-A,
thus it is a 1-DOF mechanism, which is verified in Appendix
A. Combining Eq. (5) and screw theory, we can obtain
a

sinfj tana = tan ?7 = —sinfj tana, 6)
where 63 represents the joint variable of rotation between
CP-1 and CP-2. In addition, according to Feng et al. (2018),
the relationship between the joint variable 6; and the dihe-
dral angle between two panels connected by joint i (marked
as ;) is described as

@)

o; = 0; — m for valley crease,
¢; = — 0; for mountain crease.

Thus, combining Egs. (5)—(7), the relationship between dihe-
dral angles in Upm-A can be obtained as

a
_cosa __ $3 _ _ cosa
tan g3 = tan 2 7 tang}’
1 @ 1
Sngtang = @7 = Grgtana ®)
S (pz ano 51n(p4tana

Pl =95 93=95 ¢5=¢5.

Similarly, combining Eqs. (2)—(4) and Eq. (7), we have

b cos 8 . b 1
tan = ——=, SIn ==
$2 tang?’ 3 tang? tan B’
i b __ cosp b__ 1
SINGy = singb’ tang; = singS tan 8 ©)

P =08, ot =¢b, ¢h =0l

c_ ¢ __ cosp
tan ¥ = sing5tan g’ tan Y3 = tangy
soc 1 i c _ CospB 1
Sme, = tang$ tan SIm@g = sings’ (10)

O] =95, ¥5=0¢, @5 =¢s.

During the deployment of the string, two MPs in Up-A
undergo deploying motion, while two CPs (CP-1 and CP-
2) undergo opening motion. This deploying-opening mo-
tion can be characterized in terms of two variables, i.e.,
¢ys and @7, where @js represents the angle between two
MPs, gof{s € [0, ). According to Eq. (8), their relationship
can be obtained as shown in Fig. 5a. It can be concluded
from the figure that the opening velocity increases gradu-
ally if the deploying velocity is uniform, and the base an-
gle of MPs « affects the velocity range of the opening mo-
tion; as « increases, the velocity range increases. Similarly,
the deploying-encircling motion of Ug-B and Ug-C can also
be characterized. According to Eqgs. (9) and (10), the rela-
tionship between <p}1’5 and <p'7° is shown in Fig. 5b, while the
relationship between ¢j§s and 7 is shown in Fig. Sc. If the de-
ploying velocity is uniform, the encircling velocity increases
gradually. As the base angle of IPs § increases, the velocity
range of the encircling motion increases.

In this section, several identical deployable strings are suc-
cessively connected through CPs (CP-5 to CP-7) to form
the cylindrical developable origami pattern shown in Fig. 6a.
This combined developable origami pattern retains the mo-
tion pattern of the deployable string, namely it can also re-
alize the transformation from the folded configuration to the
cylindrical configuration.

In comparison with the deployable string, the combined
developable origami pattern includes a new class of units,
as shown in Fig. 6b, which is formed in the connection of
two deployable strings. It can be regarded as the derivative
of the Saddle-ori unit cell — a four-vertices unit cell of non-
Euclidean origami, which unfolds in a saddle shape (Wait-
ukaitis et al., 2020), and it is named by Us. By considering it
as a 6R single-loop mechanism, we obtain its DH parameters
as
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Three units with different parameters in the deployable string and their DH parameters: (a) Up-A, (b) Up-B, and (c¢) Up-C. (plk

(i =1~ 6,k=a,b, and c) denotes the dihedral angle between two panels connected by joint i in unit k. Specially, (p]7€ is the dihedral angle

between two CPs in unit k.
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Kinematic analysis of the deployable string: (a) the relationship between <p25 and (,0‘71 in Upm-A; (b) the relationship between (pgs

and (p]7’ in Ug-B; and (c) the relationship between (pﬁs and <p$ in Ug-C, where ‘/’25 and ‘/’25 represent the angle between two RPs and two IPs

separately. (pgs, (pis € [0, 7).

as=m—f aé /2
“12—“25=lv a23=“(314=“56—“g1=0’ (v
di =df =d{ =df =df =df =
Combining Egs. (4), (7) and (11), we have
tan<p‘2j = —+, tangoé‘ = Cosﬁd’
singdtan B tan ¢

sintpg = ——m(pgltanﬁ, sin<p§1 = :;ng, (12)
ol =95, ¥ =04 ¢f=¢.

Ug-C and the Us-D are connected through common panels
and form a combined mechanism shown in Fig. 7. Obviously,
@¢ equals <pg. Substituting this equation into Egs. (10) and

(12) yields
c_ _ 1 1
tang; = sin(pgtarlﬂ sm(p tanﬁ nwz’
(13)
c__ cosp _ cosB __ d
tang§ = S = angd = tan gy,

which indicates that ¢ = (p2 and ¢S = <p4, namely CP-4 is
parallel to CP-7, and CP-3 is parallel to CP-6. Similarly, it
can be proved that CP-2 is parallel to CP-5 in the cylindri-
cal deployable origami pattern shown in Fig. 6a. In other
words, all CPs in the pattern are always perpendicular to the
xoz plane during the deployment.

It is noteworthy that the above discussion deals with the zero-
thickness origami pattern, and the DM requires nonzero-
thickness panels. There are three types of units in the deploy-
able origami pattern (Upy, U, and Us), which are thickened
with different methods. For Ug, since the motion directions
of all panels are on the same side of the pattern, the mate-
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Cylindrical deployable origami pattern: (a) the origami pattern composed of four identical deployable strings, (b) Us-D.

The combined mechanism consisting of Ug-C and Ug-D.

rial is added to the other side to thicken the panels to the
required thickness, as shown in Fig. 8d. For Uy, after the
same thickening operation, the volume of the panels near the
hinge is trimmed to avoid interference (Denavit and Harten-
berg, 1955), as shown in Fig. 8e. Unlike Ug, the rotational
axes in Us need to be rearranged after the thickening opera-
tion, as shown in Fig. 8f.

The thick-panel models of Uy and Up have the same kine-
matics as their zero-thickness origami pattern since the thick-
ening operation does not change the position of the rotational
axes. For Us, the influence of the thickening operation on the
kinematic model is discussed as follows. The DH parameters
of the thick-panel model of Us-D are

a1 =0,00=7m/2, ca=m— B, a4 =0,
as=m —f, ag=m/2,

(14
arp =ass =1, a3 =az =ase=as1 =1,

di=dy=dy=dys=ds=de=0.

Combining Eqs. (4), (7), and (14), we have

_ 1 __cospB
tang, = singztanf’ tangs = tangy ’
singy = ———L—— singy = <8 (15)
P4= "t @7tan B’ Y7 = S [

P1 =92, P3=¢6, P4 =¢s.

It is clear that Eq. (12) for the zero thickness of Us-D and
Eq. (15) for its thick-panel model are identical; thus, these
two linkages are kinematically equivalent. Combining the
above thickening operations, the cylindrical DM is obtained
as shown in Fig. 9, which is proven to be 1-DOF according
to the mobility analysis in Appendix A.

In this section, an example of the parabolic cylindrical de-
ployable antenna is introduced, which mainly consists of
three parts: the cylindrical DM, the pillars, and the cable
layer, where the pillars can be used as nodes and be con-
nected with the cable layer, and the cable layer is used to fit
the required surface. The cylindrical DM is hollowed out to
meet the lightweight requirement of the deployable antenna,
as shown in Fig. 10a. Each pillar is vertically installed on
the CP, as shown in Fig. 10b. Since all CPs in the cylindrical
DM are perpendicular to the xoz plane, the axes of all pil-
lars are always parallel to xoz plane during the deployment.
The height of pillars (marked as Hp) depends on the target
parabolic cylindrical surface, and the number of pillars de-
pends on the accuracy requirement of the antenna reflector.
The reflection area and the fully folded volume of the an-
tenna are determined by the parameters of the panels and the
number of the deployable string (marked as N). The param-
eters of panels include Iy, I», I3, I4, I, hy, ¢, o, and B, where
t represents the thickness of panels. The reflection area of
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the antenna depends on the size of panels and N; the re-
flection area increases when the size of each panel or N
increases. As shown in Fig. 10c, the antenna can be fully
folded into a cuboid with Dy x Dy x D,. The dimension of
the cuboid in the x-axis (D,) is mainly determined by k1, [,
I3, and l4, i.e., Dy =~ h| + [y + I3 + 4. The dimension of the
cuboid in the y-axis (Dy) is determined by 7, [, and N, i.e.,
Dy =2tN +1(2N — 1). Besides, the dimension in the z-axis
(D) is approximately equal to /7.

Furthermore, the relationship between the panel parame-
ters, H), and the target parabolic cylindrical surface is dis-
cussed. The cross-section of the deployable antenna is shown
in Fig. 11, where hp; (i = 1 and 4) denotes the height of the
pillar installed on CP-i (marked as Pi). The coordinate sys-
tem xoz is set up at the end of P1, and the angle between
CP-i (i =2-4) and the z-axis is denoted by y;. According
to Egs. (8)—(10), we obtain y, = — ¢F, y3 = 2w — ¢f — go';‘,
and y4 =31 — ¢ —cp%’ —¢5. Therefore, the coordinates of the

(©
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point m (the end of P4) can be expressed as

Xm =Ilpsinys +13sinys

+4/ h12>4 + li sin <y4 + arctan %“) — hpy,

(16)
in = 171 +lcosy, +1zcosys
2 2 hpsy
+m cos (J/4 -+ arctan ) .
Then we obtain the equation of the target parabola as
2
2oy -
Xm

Based on the above discussion, the following parame-
ters are determined for the scaled antenna prototype to ver-
ify the feasibility of the design: N =4, [{ = 150 mm, [, =
50mm, /3 =50mm, /4 =50mm, / = 10mm, /&; = 60 mm,
t=4mm, o =44°, f=288.52°, hpy =5mm, and hps =
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The parabolic cylindrical deployable antenna: (a) the deployable antenna, (b) the pillar installed on CP, (c¢) the fully folded

configuration of the antenna.

The cross-section of the parabolic cylindrical deployable antenna.

13 mm. The panels are 3D printed with photosensitive resin
material and hinged through metal pins; the pillars are inte-
grated with CPs; the cables are fixed at the end of the pil-
lars by screws, as shown in Fig. 12. The parabolic equation
of the scaled antenna prototype is z> = 533.47x, and its fo-
cal length is 133.37 mm. The scaled antenna prototype has
a reflection area of 2.1 x 10° mm? and a folded volume of
3.2 x 10° mm?.

The complete deploying process of the scaled prototype
is displayed in Fig. 12a—f, where panels (d)—(f) show views
from a different direction at the same deployment position.
As shown in Fig. 12d and f, the surface formed by cables at
the working position is close to the target parabolic cylinder.
During the experiment, the scaled prototype of the proposed
antenna was deployed successfully, and there was no motion
deviation in the whole deploying process, indicating that the

DOF of the design remained at 1 in the whole motion cy-
cle. Besides, the prototype demonstrates smooth foldability
and deployability during the development, which proves the
feasibility of the design.

In this paper, an innovative cylindrical DM that can be de-
ployed from the cuboid-folded configuration to the cylindri-
cal configuration is presented. The basic module of the cylin-
drical DM is a deployable string, which evolves from the
origami string by adding CPs and cutting open some of the
creases. In comparison with the DMs based on Bennett link-
ages, the dispersed hinge arrangement of the origami units
makes the proposed DM easier to achieve higher stiffness.
By considering the units as the 6R single-loop mechanism,
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Scaled prototype of the parabolic cylindrical deployable antenna.

we analyzed the kinematics and mobility of the deployable
string along with the DM. The research shows that the pro-
posed design has a stable deployment process with one DOF.
Furthermore, the cylindrical DM is applied to the design of
a parabolic cylindrical deployable antenna, and a scaled pro-
totype of the antenna is constructed. The prototype demon-
strates the smooth foldability and deployability in its motion,
which proves the feasibility of the design.

In future work, more comprehensive theoretical research
and experimental evaluation of the parabolic cylindrical an-
tenna will be the focus, including the structural optimization
and the research on the robustness performance. In addition,
the application potential of the proposed DM in other engi-
neering fields also deserves to be studied, such as the design
of deployable roofs and temporary shelters.

Screw theory is used to analyze the mobility of the deploy-
able string (Huang and Xia, 2006; Huang et al., 2021c; Wei et
al., 2010). As shown in Fig. A1, creases 2—4 of Uy-A inter-
sect at point M, and creases 5, 6, and 1 intersect at point N.
The coordinate system M-xyz is set up at point M, where the
x-axis is along M N, the y-axis is along crease 4, and the z-
axis is obtained by the right-hand rule. Therefore, the screw
motion equation of Up-A is as follows:

@181 + w2$2 + @383 + wa$4 + w5%5 + we$ = 0, (A1)

where w; represents the revolute velocity of crease i (i = 1, 2,
..., 0), and §; represents the motion screw of the ith crease.

$1=0 by ¢c1; 0 —c [MN| b1|MNJ);
$5=0 by cz; 00 0);
$3=(az b3 c3; 00 0);

$4=00 —1; 00 0); (A2)
$5=0 0 —1; 0 [MN| 0);
$6 =(as bs c6; 0 —c6|MN| bg|MNJ).
Equation (A1) can be described in matrix form as
$1
o8 =[w--ws]| 1 | =0. (A3)
$6

Substituting Eq. (A2) into Eq. (A3), the rank of the matrix $
can be obtained, which is equal to five, namely there is one
reciprocal screw in Up-A

$1=(100; 000). (Ad)

Therefore, Um-A has one overconstraint. The mobility of
Um-A can be obtained using the following formula (Zeng
et al., 2015):

8
M=6(n—g—1)+2fi+,u

—6x(6-6—1)+6+1=1, (A5)



Motion screws and coordinate system M-xyz in Up-A.

where M represents the mobility, n represents the number
of components including the frame, g represents the number
of kinematic pairs, and f; represents the DOF of crease i.
Similarly, Ug-B and Ug-C can also be proved to be 1-DOF.

Furthermore, the mobility of the deployable string is an-
alyzed. The topological constraint graph of the deployable
string is shown in Fig. A2, where the circles represent panels,
the arrows represent creases, U; (i =1, 2, ..., 6) represents
the uniti,$ij i=1,2,...,6; j=1,2,..., 6) represents the
motion screws of crease j in unit i.

Based on Eq. (A1), the following screw equations can be
obtained as

011911 + 012812 + ©13813 + w14$14
415815 + w16$16 = 0,

®21%21 + w2822 + @23%23 — w2812
—w11$11 + @26%26 =0,

31831 + 032832 + @33$33 — w2822
—w21%$21 + w36%$36 =0,
(A6)
®41%41 + 042842 + 043843 — 032832
—w31$31 + w46%46 = 0,

51851 + w5252 + w53%53 — Wa2$42
—w41%41 + ws6$56 =0,

we61$61 + we2%862 + W63$63 — W52$52
—ws51%51 + wes$66 =0,

where w;; (i=1,2,...,6; j=1,2,..., 6) represents the
revolute velocity of crease j in unit i. The above equations
can be presented in matrix forms as

onT $11 —$11 000 0
12 $12 —-$2000 0
w$ = - I
@6 d1x26] 0 0 000 $66_l26x36
= [0]1x36- (A7)

The mobility of the deployable string can be obtained using
the following formula (Wei et al., 2010):

M = n. — rank(¥)), (A8)

where n. is the number of creases, namely the number of
rows in the matrix $', which is equal to 26, and the rank of
the matrix $' is equal to 25. Therefore, it can be concluded
that the mobility of the deployable string is one during the
folding process.

The mobility of the cylindrical DM can be obtained by
analyzing the structure shown in Fig. A3, where Uk, (K = A,
B;i=1, 2, ..., 6) represents the closed-loop K;, and $Kij
(K=A,B;i=1,2,...,6; j=1,2,..., 6) represents the
motion screws of crease j in closed-loop K;.

Based on Eq. (Al), the following equations can be ob-
tained:

wa11$a11 + wa128a12 + wa138413 + wA145A14
+wa158a15 + ®a169a16 = 0,

wA218A21 + ©A228A22 + wa23$A23 — wA128A12
—wa118a11 +wa26$a26 =0,

wA318A31 + 0328432 + wa33$33 — wA22$A22
—wa218421 + wA36%$a36 =0,

wA41$A41 + 0a428a42 + was3$a43 — ©A328A32
—wa318431 + waa6$a46 =0,

wA518A51 + was528A52 + wa53$A53 — wA42$A42
—wa418a41 + was56$a56 = 0,

wA618A61 + wAc28A62 + wa63$A63 — ®wA52$A52
—wa518a51 + waseSacs =0, (A9)

wB119811 + wB129B12 — wA16%A16 + WB14$B14
+wp15$B15 + wB169B16 = O,

wB219B21 + wB22$B22 — wA26$A26 — wB12$B12
—wp119B11 + wB26%826 = O,

319831 + WB329B32 — wa46$A46 — wA36SA36
—wp22%$B22 — wB21$B21
+wp37%837 + wB33%$B38 =0,

®B419B41 + wWB42$B42 — wA56$A56 — WB32$B32
—wB319831 + wB46$B46 = 0,

wB519B51 + WB529B52 — WA66S A6 — WB42$B42
—wB419B41 + wBs569B56 = 0,

wherea)Kl.j (K=A,B;i=1,2,...,6; j=1,2,...,6) rep-
resents the revolute velocity of crease j in the closed-loop



Topological constraint graph of the structure consisting of one deployable string, two rows of CPs, and the panels connected to

the CPs in the next deployable string.

K;. The above equations are presented in matrix form as

woan T $a11 —$411 00000000 0
WA12 $a12 —$41200000000 O
w'$ = Driiiiio
©Bs2 0 0 00000000 S$gs2
@BS61x44] 0 0 00000000 S$pssa4x66
= [0]1 x66- (A10)

The rank of the matrix $” is 43, and, thus, the cylindrical DM
is 1-DOF according to Eq. (A8).

All the data used in the manuscript can be ob-
tained on request from the corresponding author.
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