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Abstract. This paper presents a novel deployable hexagonal prism module for parabolic cylinder antennas that
exhibit characteristics of geometric scalability. The hexagonal prism module consists of six basic rib mechanisms
distributed along the axis and parabolic directions of the parabolic cylinder. The basic rib mechanism along the
axis direction is designed, and the position of each member in the deployed state is calculated according to the
geometric relationships at the folded state. The basic rib mechanism along the parabolic direction is designed
to ensure that the mechanism can be fully folded. The degree of freedom of basic loop mechanisms consisting
of four basic rib mechanisms due to the splice of multiple modules is analyzed. The degree of freedom of the
proposed hexagonal prism module is verified through simulations and experiments of a deployable mechanism
composed of three hexagonal prism modules. The simulation and experiment results show that the proposed
hexagonal prism module can offer synchronized and coordinated movement during the deployment process.

1 Introduction

Space-deployable antennas have many successful applica-
tions, including space stations, satellite communications, and
deep-space explorations. Due to the limitation of space and
the carrying capacity of the carrier, deployable antennas are
required to be light and have a high storage ratio. Deploy-
able truss antennas have the characteristics of high storage
ratio and good structural stability, which have attracted the
interest of many researchers.

The parabolic cylinder deployable truss antenna has the
advantages of strong directivity, easy beam scanning, and
high gain. It has been widely applied to search radar, ra-
dio telescopes, and so on. In 2011, the Air Force Research
Laboratory studied a parabolic cylindrical antenna called a
large-scale, phased-array-fed reflector (Lane et al., 2011). In
2015, the National Astronomical Observatory of the Chinese
Academy of Sciences designed a 45 m× 40 m antenna ar-
ray for the Xinjiang Tianlai project to detect dark energy
in the universe (Chen et al., 2016). The designed antenna
array is composed of three feed-forward parabolic cylindri-
cal antennas, and its receiving area is 15 m× 40 m. NASA
has designed and tested a dual-band (Ka/W) aperture an-

tenna that uses an offset parabolic cylinder as the main re-
flector. This antenna was installed on NASA’s ER-2 air-
craft for W-band high-altitude suborbital radar measurements
(Spence et al., 2016). At present, the main types of parabolic
cylinder deployable mechanisms include foldable plates (Yu
et al., 2014), driving mechanisms by an inflatable hardening
tube (Im et al., 2007), scissor mechanisms (Brancart et al.,
2016; Zhang et al., 2020), and Bennett mechanisms (Xiao
et al., 2019; Song et al., 2017). Yu et al. (2014) proposed a
parabolic cylindrical deployable structure composed of fold-
able plates, which is deployed by releasing lateral and longi-
tudinal constraints. Im and Durden (2007) introduced a pro-
totype model of a parabolic cylinder antenna. It was made of
a film supported by a linkage mechanism and deployed by
an inflatable hardening tube. The above two mechanisms de-
ployed by the deformation of members, which causes poor
controllability. Brancart et al. (2016) designed a parabolic
cylinder structure which has a deployable grid and a restrain-
ing membrane. So, it has the advantages of stable geometry
and structural characteristics. Zhang et al. (2020) introduced
a parabolic cylindrical antenna with a hinged rib mechanism
for which the structural form is similar to the umbrella. Each
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module of the antenna is divided into the transverse mech-
anism and longitudinal mechanism. Xiao et al. (2019) pro-
posed a parabolic cylinder mechanism composed of Ben-
nett linkage connected by scissor units. This mechanism ad-
justs the pulling force direction of the driving cable through
a pulley that is deployed. Song et al. (2017) put forward
a parabolic cylinder mechanism based on Bennett linkage
and studied the deployment performance. However, the joint
structure among modules is weak, and bearing capacity is
low. They are not suitable for large-scale antennas. The de-
ployable truss reflector is composed of some basic modules,
which can be connected into a large-scale deployable struc-
ture by changing the size and number of modules (Liu et al.,
2012). Lin et al. (2019) developed a modular parabolic cylin-
der deployable mechanism with 1 degree of freedom. Dong
et al. (2019) proposed a truss parabolic cylinder deployable
antenna which uses the parallelogram mechanism as a basic
deployable unit. But, the parallelogram mechanism cannot
make the antenna fold fully.

This paper proposes a novel deployable hexagonal prism
module for parabolic cylindrical antennas. Based on the ge-
ometric property of the module connection, basic rib mech-
anisms along the axis and parabolic directions of the hexag-
onal prism module are designed to ensure that the mecha-
nism can be folded fully. Finally, the degree of freedom and
kinematic characteristics are investigated for the deployable
mechanism spliced by multiple hexagonal prism modules.
Simulation and experimental analysis are conducted for a de-
ployable mechanism composed by three designed hexagonal
prism modules.

2 Design of deployable module

2.1 Compositions of parabolic cylinder antenna

The deployable mechanism of a parabolic cylinder antenna is
formed by splicing multiple hexagonal prism modules along
the axis and parabolic direction, and its storage ratio is about
12.7, as shown in Fig. 1a. The hexagonal prism module in
Fig. 1b is composed of four basic rib mechanism 1, labeled
with black solid lines, and two basic rib mechanism 2, la-
beled with blue solid lines. The basic rib mechanism 2 is
along the parabolic direction, and the angle between the ba-
sic rib mechanism 1 and the axis direction is 30◦. The pro-
jected angle between two adjacent basic rib mechanisms is
60◦. In each hexagonal prism module, six basic rib mecha-
nisms share a center rod equipped with a driving spring and
a slider, which can control the folding and unfolding of six
basic rib mechanisms simultaneously. Each basic rib mech-
anism is constructed with a center rod, a driving spring, a
slider, an upper supporting rod, a lower supporting rod, a di-
agonal rod, an upper chord, a lower chord, and an outer rod,
as shown in Fig. 2. The basic rib mechanism 1 is a paral-
lelogram mechanism, and the basic rib mechanism 2 is an
ordinary planar four-bar mechanism.

We will take a deployable mechanism consisting of three
hexagonal prism modules, shown in Fig. 3, to illustrate the
design procedure. In the figure, planes 1, 2, and 3, in which
the three basic rib mechanisms are located, are orthogonal.
The orthogonal line coincides with the outer rod when three
modules are connected. In the completely unfolded state, the
straight lines of center rods 1 and 2 along the axis direction
are parallel to the outer rod, while the center rod 3 is not
parallel to the outer rod. In order to ensure that the connected
modules can be folded completely, the center rods of all mod-
ules are parallel to the outer rod in the folded state. Thus,
some design requirements must be considered for the hexag-
onal prism module. In Fig. 3, four basic rib mechanisms,
namely rib mechanism 1, are used as parallelogram mech-
anisms, and two basic rib mechanism 1 are planar four-link
mechanisms. The reason is that the planar four-link mecha-
nism can change the rotation angle between the outer rod and
center rod during the deployment process, but the parallelo-
gram mechanism does not have this function.

All nodes on the upper surface of hexagonal prism mod-
ule, shown in Fig. 1b as P8∼P14, are on the working surface
of the fitting cylinder. According to the fitting cylinder equa-
tion, the coordinates of these nodes on the upper surface are
able to be obtained. The fitting cylinder equation is derived
by the least squares method, and we then obtain the radius R
(in this paper R= 17 m) and center coordinates of the fit-
ting circle. If the total lengths of the parabolic cylinder and
the coordinate origin are m and O, respectively, as shown in
Fig. 1a, the coordinates of the node P10 on the outer rod of
the parallelogram mechanism is as follows:

P10 =
[
x10 y10 z10

]T
, (1)

where x10 =m/(2N ), y10 =mtan(30◦)/(2N ), z10 = R−√(
R2− y2

10
)
, N is the maximum number of modules along

the axis direction, and N = 4 in this paper.
The heights of the center rod and outer rod are h, and the

distances from nodes P10 and P9 to the circle center are L1.
The coordinates of node P9 on the outer rod are obtained.
And if the straight line of the center rod is along the radius
direction of the cylindrical surface, then the coordinates of
node P2 on the outer rod are the following:

P2 = P9+ [0hsin(α1+α2)−hcos(α1+α2)]T, (2)

where α1 is the central angle of chord lengthL1, and α2 is the
central angle of the projection of line OP10 onto the y axis.

2.2 Mechanism design

The key of the design of the parabolic cylinder antenna is the
reasonable design of the basic rib mechanism. The selected
basic rib mechanism is a multi-loop linkage mechanism. In
order to facilitate analysis, we split the basic rib mechanism
into three single loop mechanisms, as shown in Fig. 4.
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Figure 1. Composition of parabolic cylinder antenna. (a) Deployable mechanism of antenna. (b) Hexagonal prism module.

Figure 2. Diagram of basic rib mechanism.

In mechanism 2, if the driving link was the lower chord
(rocker) rather than the slider, the position of the dead point
between the upper supporting rod and the diagonal rod would
appear as shown in Fig. 4. When the mechanism 2 is at the
dead point position, we regard the basic deployable rib mech-
anism as being in fully deployed state, and the slider reaches
its limit position.

In mechanism 3, when the basic rib mechanism distributes
along the axis direction, it requires that the outer rod be par-
allel to the center rod during movement. So mechanism 3
should be a parallelogram mechanism (basic rib mecha-
nism 1), as shown in Fig. 5. In basic rib mechanism 1, the
nodal coordinates of the center rod and outer rod of the par-
allelogram mechanism are given. In order to obtain the nodal
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Figure 3. Deployable mechanism with three modules. (a) Side
view. (b) Top view.

coordinates of the inner hinge points, it is necessary to give
the lengths of the center rod and outer rod, such as s1 and s2,
as shown in Fig. 5. Then the coordinates of points A1, B1,
C1, and D1 can be obtained, and then the length LA1B1 can
be calculated from these coordinates.

For basic rib mechanism 2, mechanism 3 should be a pla-
nar four-bar mechanism because the angle between the outer
rod and center rod needs to change during movement. In or-
der to determine the nodal coordinates of the inner hinges of
a planar four-bar mechanism in a completely deployed state,
the drawing method is used to derive the position of each
member in a completely deployed state, together with ge-
ometric relationships of the mechanism in the folded state.
The folded and deployed states of the planar four-bar mech-
anism are shown in Fig. 6. The fully folded state is rectan-
gular, as shown in Fig. 6a. The heights of all rib mechanisms
are equal, and they yield the following:

LA2B2 = LA1B1 . (3)

According to the geometric relationship of the mechanism
between the folded state and the deployed state shown in

Fig. 6b, we can obtain the value of s3 as follows:

s3 = LA2C2 · cos(γ )−
√
L2
A2B2
−L2

A2C2
· sin2(γ ). (4)

In Fig. 6b, points C2 and D2 correspond to nodes P9 and
P2 in Fig. 1b. Because point C2 in the deployed state is on
the fitting cylindrical surface, the coordinates of points C2
and D2 are known. Then the coordinate of point B2 in the
deployed state can be obtained, according to the values of
LA2B2 and s3. The remaining coordinate of point E2 in the
deployed state is obtained by the drawing method. Three cir-
cles are drawn in Fig. 7, and their intersection is the coordi-
nate of point E2. Thus, we have the following:
(
yE2 − yF2

)2
+
(
zE2 − zF2

)2
= L2

E2F2(
yE2 − yB2

)2
+
(
zE2 − zB2

)2
= r2

1(
yE2 − yC2

)2
+
(
zE2 − zC2

)2
= r2

2 ,

(5)

where r1 =

√(
LA2B2 +h−LE2F2

)2
+ (s1− s2)2, and

r1 =

√(
LA2B2 +h−LE2F2

)2
+ (s3+ s1− s2)2. By solving

Eq. (5), we obtain the values of LE2F2 , yE2 , and zE2 .

3 Design of deployable mechanism of multiple
modules

When deployable modules are connected along the axis di-
rection of a parabolic cylinder, there is only translation and
no rotation. So, its geometric connection transformation ma-
trix is as follows:

Ti =

[
E pi

0 1

]
, (6)

where E is a third-order unit vector, pi is a translation vector,
and

pi =

[
m(i− 1)
N

0 0
]T

. (7)

The coordinate of point 0 at the first module is 10Pj , as
shown in Fig. 1b. After topology transformation along the
axis direction of parabolic cylinder, the coordinate 10Pj in
the ith module is as follows:[
o
i Pj

1

]
= Ti

[
o
1Pj

1

]
. (8)

When deployable modules are connected along the
parabolic direction of parabolic cylinder, there is both trans-
lation and rotation. Thus, the topology transformation matrix
is the following:

Tij =

[
Rj pij

0 1

]
. (9)
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Figure 4. Decomposition of basic rib mechanism.

Figure 5. Geometrical parameters of parallelogram mechanism.

Here Rj is rotation matrix, pij is the translation vector,
and is calculated as the following:

Rj =

1 0 0
0 cos((−1)j+1(α1+α2)) −sin((−1)j+1(α1+α2))
0 sin((−1)j+1(α1+α2)) cos((−1)j+1(α1+α2))

 . (10)

pij =

[
m(2i−1)

2N R sin((−1)j+1(α1+α2)) R−R cos(α1+α2)
]T
. (11)

If the coordinate 0
1Pk in the first module is known after a

topological transformation along the parabolic direction, the
coordinate 0

i×jPk in the (i× j )th module is as follows:[
o
i×jPk

1

]
= Tij

[
o
1Pk

1

]
. (12)

If the parabolic cylinder antenna is composed of 10 hexag-
onal prism modules, as shown in Fig. 8, we have i = 1,2,3,4
and j = 1,2. . .,14 for Eqs. (6)–(8) and i = 1,2,3, j = 1,2,
and k = 1,2 for Eqs. (9) and (12).

4 Analysis of degree of freedom of deployable
mechanism

As shown in Fig. 2, the basic rib mechanism is a planar mech-
anism. According to the Grübler–Kutzbach formula (Guo
et al., 2019), its degree of freedom is 1. When three hexag-
onal prism modules are contacted, two types of mechanism
loops will be generated, as shown in Figs. 9 and 10. When the
modules are geometrically connected along the axis direction
of parabolic cylinder, the basic loop mechanism 1 is formed
by the adjacent modules, as shown in Fig. 9. The basic loop
mechanism 1 is a biaxial symmetric mechanism, which is
composed of four of the same basic rib mechanisms, i.e., rib
mechanism 1, so its degree of freedom is 1.

When the modules are connected along the parabolic di-
rection, a basic loop mechanism 2 is formed, as shown in
Fig. 10. It consists of rib mechanisms À, Á, Â, and Ã. À
and Ã are basic rib mechanism 1 and have same geometric
parameters. Mechanisms Á and Â are basic rib mechanism 2
and have same geometric parameters. Moreover, the basic
loop mechanism 2 is an elementary motion unit in the de-
ployable mechanism. The degree of freedom analysis of the
elementary motion unit has great significance for the smooth
deployment of the deployable mechanism.

The details of planar rib mechanisms À, Á, Â, and Ã are
shown in Figs. 11–14, respectively, where O1, O2, O3, and
O4 are the origins of local coordinate system.

The planar rib mechanisms À and Ã are parallelogram
mechanisms, and they belong to the basic rib mechanism 1.
There exists, in the local coordinate system of O1-X1Z1 and
O4-X4Z4, the generalized variable q and θ7 for the planar
rib mechanisms À and Ã, respectively. The planar rib mech-
anisms Á and Â are ordinary four-bar mechanisms, and they
belong to the basic rib mechanism 2. There exists, in the local
coordinate system of O2-X2Z2 and O3-X3Z3, generalized
variables, namely θ1, θ2, and θ3 and θ4, θ5, and θ6 for the
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Figure 6. The basic rib mechanism 2. (a) Folded state. (b) Deployed state.

Figure 7. Location solution of point E2 with the drawing method.

planar rib mechanisms Á and Â, respectively. In the XiOiZi
(i = 1,2,3,4) plane, we can establish its loop equation for
planar rib mechanisms. According to coordinate transforma-
tion, the position equations of the basic loop mechanism 2
can be derived. The position equations are solved by the
Newton–Raphson method when the generalized coordinate q
is known. The relative position result of the basic loop mech-
anism 2 is shown in Fig. 15. It indicates that the degree of
freedom of the basic loop mechanism 2 is 1.

5 Simulations and experiments

According to the above analysis, the degree of freedom of the
basic loop mechanism 2 along the parabolic direction is 1.
The movements of opposite planar rib mechanisms, namely

Figure 8. Geometry of a deployable mechanism composed of 10
hexagonal prism modules.

À and Ã and Á and Â, are synchronized while the move-
ments of adjacent planar rib mechanisms are not synchro-
nized. For the hexagonal prism module shown in Fig. 1, six
rib mechanisms share a driving slider, which is equivalent to
adding a constraint from the viewpoint of the mechanisms.
So, the degree of freedom of the basic loop mechanism 2
along the parabolic direction is 0. In order to avoid the move-
ment interference between the basic deployable rib mecha-
nism along the axial and parabolic directions of parabolic
cylinder, this paper proposes two design schemes. The first
scheme is to remove the lower supporting rod connected with
the slider in the basic rib mechanism 2 that is connected with
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Figure 9. Basic loop mechanism 1 formed by connecting modules.

Figure 10. Basic loop mechanism 2 formed by module connection.

other hexagonal prism modules. The second scheme is to re-
move the lower supporting rod connected with the slider in
the basic rib mechanism 1 that is connected with other hexag-
onal prism modules.

In order to verify whether the degree of freedom of the
modular deployable mechanism of the first scheme is 1 and
the movements of the modules are synchronized, the Auto-
matic Dynamic Analysis of Mechanical Systems (ADAMS)
multibody dynamic simulation is applied to model and an-
alyze the typical deployable mechanism unit. The deploy-
able mechanism unit shown in Fig. 16 is composed of three
hexagonal prism modules. In the deployable mechanism, all
the basic rib mechanisms 1 have the same geometrical pa-
rameters, and all the basic rib mechanisms 2 also have the
same geometrical parameters. Geometrical parameters of the
basic rib mechanisms are shown in Table 1.

In the multibody dynamic simulation, the corresponding
kinematic pairs and friction are set between components. The
sliders 1–3 are located in the center rods 1–3, respectively, as
shown in Fig. 16. The slider 1 is regarded as the driving link,
and its speed curve is shown in Fig. 17. The folded state of
the deployable mechanism unit is shown in Fig. 18. Through
multibody dynamic analysis, we obtain displacement curves

Figure 11. Planar rib mechanism À.

Figure 12. Planar rib mechanism Á.

of sliders 1–3, as shown in Fig. 19. As it can be seen from
Figs. 18 and 19, all modules can be folded and unfolded
when the slider 1 is used as the driving link, and the displace-
ment curves of slider 1–3 are highly consistent. The results
indicate that the degree of freedom of the deployable mecha-
nism unit based on the first scheme is 1, and the movements
of all modules are synchronous.

In Fig. 19, the HK_1, HK_2, and HK_3 represent the
slider 1, 2, and 3, respectively. The deployable mechanism
unit with three modules based on the second design scheme
is shown in Fig. 20. In the same way, the corresponding kine-
matic pairs and friction are set between the components, and
the slider 1 is regarded as the driving link; its speed curve is
shown in Fig. 17. The folded state of the t deployable mech-
anism unit based on the second design scheme is shown in
Fig. 21. Through the multibody dynamic analysis, we obtain
the displacement curves of slider 1–3, as shown in Fig. 22.

The same conclusion is summarized from Figs. 21 and 22.
The degree of freedom of the deployable mechanism unit
based on the second design scheme is also 1, and the move-
ments of all modules are also synchronous. At the same
time, the experimental prototype of the deployable structure
unit with three modules is constructed, and the unfolded and
folded states are shown in Fig. 23. The experiment verifies
the feasibility of the deployable mechanism.

6 Conclusions

This paper proposes a novel deployable mechanism of
parabolic cylinder antennas connected by hexagonal prism
modules. In this mechanism, there is no crack at the connect-

https://doi.org/10.5194/ms-12-9-2021 Mech. Sci., 12, 9–18, 2021



16 X. Ma et al.: Design and analysis of a novel deployable hexagonal prism module

Figure 13. Planar rib mechanism Â.

Figure 14. Planar rib mechanism Ã.

ing place of each hexagonal prism module. According to the
geometric property of the module connection, we have de-
signed two basic rib mechanisms to ensure the minimum fold
volume of parabolic cylinder antennas by the mechanism-
splitting method and the drawing method. Then, we derive
the loop equation of the basic loop mechanism, generating
the module connection and analyzing the degree of freedom
of the basic loop mechanism. Next, we adopt two schemes to
avoid movement interferences. Simulation results show that
the degree of freedom of the designed mechanism is 1, the
motion is synchronous for all modules, and the feasibility of
the deployable mechanism is further verified by a physical
prototype.

Figure 15. Relative positions of the basic loop mechanism 2 during
deployment process.

Figure 16. Deployable mechanism with three modules – based on
the first design scheme.

Table 1. Geometrical parameters of basic rib mechanisms.

Basic rib mechanism 1 Basic rib mechanism 2

Links Length (mm) Links Length (mm)
OA1 20 OA2 20
A1B1 440 A2B2 440
B1C1 80 B2C2 80
C1D1 150 C2D2 150
D1E1 20 D2E2 24.23
E1F1 440 E2F2 453.68
F1G1 80 F2G2 80
OG1 150 OG2 150

Figure 17. Speed curve of slider 1.

Mech. Sci., 12, 9–18, 2021 https://doi.org/10.5194/ms-12-9-2021



X. Ma et al.: Design and analysis of a novel deployable hexagonal prism module 17

Figure 18. Folded state of deployable mechanism. (a) Side view.
(b) Top view.

Figure 19. Displacement curves of three sliders – based on the first
design scheme.

Figure 20. Deployable mechanism with three modules – based on
the second design scheme.

Figure 21. Folded state of deployable mechanism. (a) Side view.
(b) Top view.

Figure 22. Displacement curves of three sliders – based on the sec-
ond design scheme.

Figure 23. Experimental prototype of deployable mechanism with
three modules.
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