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The reed structure is the key component in the foldable space deployment mechanism. In the aerospace industry, weight loss
occupies a pivotal position. The use of lightweight structure can achieve significant savings in launch costs and improve load
efficiency. Aiming at the lightweight requirements of the space deployment mechanism, this paper discusses the substitution effect
of the honeycomb topology on the reed structure in the space deployment structure. Firstly, the column structure of the
honeycomb is equivalent to an orthotropic cylindrical block-shell structure. According to the bending theory of an orthotropic
cylinder, the expanded honeycomb structure equivalent to an orthotropic cylindrical block-shell structure is deduced. Then, the
exact expression of the reverse bending moment was obtained, and the bending moment-curvature curve during the folding
process was drawn. The bending moment-curvature characteristics during the folding process are simulated by finite element
numerical simulation. By proposing the index of unit mass for analysis and comparison, the results show that compared with the
common spring steel structure, the honeycomb structure has better mechanical properties per unit mass and has a certain

substitution effect on the reed structure.

1. Introduction

With the implementation of a series of major aerospace
science and technology projects such as deep space explo-
ration, manned spaceflight, and large-scale launch vehicles,
space vehicles are prompted to use more space deployment
mechanism accessories to meet their envelope space re-
quirements. Limitations in the storage capacity of launch
vehicles have prompted the increasing use of deployable
structures for large space structures. Deployable structures
such as solar sails and reflector antennas in large space
structures can be packaged into a small volume prior to
launch and deployed into a large configuration during space
operation [1-5]. The reed-type space deployable structure is
a new lightweight and efficient structure in the space de-
ployment mechanism. Due to its excellent stiffness and
strength, as well as the characteristics of ultra-light strength
and ultra-light weight, it is very important to improve the
space operation stability of spacecraft. It is of great

significance to improve its spatial adaptability and operation
ability. The reed structure is similar to the steel tape measure
used in daily life, and the elastic strain energy accumulated
during folding can be used to realize the automatic unfolding
of the structure without other power devices. After de-
ployment, it can rely on its own rigidity to provide the
locking force required by the large-scale deployable struc-
ture without the need for additional locking devices. Tra-
ditional metal reeds are generally formed by beryllium-
copper alloy or austenitic stainless-steel strips and cooperate
with special heat treatment process to meet the final use
requirements. They have been widely used in various de-
ployment mechanisms of spacecraft [6-8].

Many solar panels for spacecrafts are deployed by tape
spring hinges (TSHs) which have changeable stiffness. The
stiffness of TSH is small when panels are folded, and it
becomes large quickly in its deployed status. Figures 1-3
show its application in the solar panels. Sergio Pellegrino was
the first to study the unfolding properties of reed structures
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in combination with experiments [11]. Walker and Aglietti
analyzed the bending properties of metal ribbon springs and
studied the bending moment changes of the ribbon springs
when they are buckling and torsionally deformed along their
lengths [12]. Soykasap studied the performance of four
different spring hinges. The behavior of the ribbon spring
subjected to two-dimensional and three-dimensional folding
was studied by the nonlinear finite element method, and the
variation of the bending moment of the ribbon spring hinge
with the rotation angle during the bending process was
obtained [13, 14]. Xuan Jican and Wang conducted a the-
oretical study on the pure bending yield control of the
ribbon spring and obtained the empirical formula that the
material yielding does not occur during the bending process
for the reduction of the unfolding performance caused by
the possible material yielding of a single spring during the
folding process [15]. The geometrically nonlinear behavior
of ribbon springs was investigated experimentally and nu-
merically by Dewalque et al. showing the characteristics of
buckling, fold formation, and hysteresis [16-18]. Zuo et al.
designed a carbon fiber ribbon spring through a theoretical
analysis example and studied its buckling characteristics by
combining finite element simulation and experiments [19].

Light weighting is a goal pursued by all designers. By
reducing the weight, energy efficiency increases due to the
decreasing energy consumption [20]. The aerospace industry
is constantly looking to integrate advanced materials and
manufacturing methods into their airframes to achieve new
breakthroughs in lightweight design [21]. The principle of
light weighting is to use less material or a material of lower
density but ensure the same or enhanced technical per-
formance. This paper explores the substitution effect of
honeycomb topology on the reed structure in the folding and
unfolding mechanism and studies the substitution effect of
the traditional regular hexagonal honeycomb structure and
the concave negative Poisson’s ratio honeycomb structure in
the reed structure. The mechanical properties of the sheet
structures were compared. Through theoretical analysis, the
honeycomb topology is equivalent to an orthotropic thin
shell, and the calculation formula of the bending moment of
the band spring of the honeycomb topology is deduced by
using the orthotropic shell bending theory formula. The
feasibility of negative Poisson’s ratio honeycomb topology
replacement is analyzed by theoretical and finite element
simulations.

2. Theoretical Analysis of Mechanical
Properties of Ribbon Springs with
Honeycomb Topology

2.1. Equivalent Parameters of Cellular Topology. When its
strength is accessed, honeycomb material has conventionally
been assumed to be a homogeneous plate due to its periodic
cellular structure and can be efficiently analyzed by its
equivalent elastic moduli. To date, extensive research into
honeycombs consisting of regular hexagonal cells or sym-
metrical hexagonal cells has been carried out [22-25].
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FIGURE 3: Tape spring hinge configuration [10].

The earliest in-plane equivalent model for honeycomb
cores was an “anti-plane” assumption proposed by Allen
[26], which neglected the in-plane and bending stiffness of
the core layer and considered only its lateral shear capacity.
Allen’s model greatly simplified the analysis and was
therefore widely used in engineering in the early days.
However, although the honeycomb core layer is soft, it has a
large thickness compared to the skin, so its in-plane and
bending stiffness should not be completely ignored. Gibson
[24] and Burton and Noor [27] used the Bernoulli-Euler
beam theory for honeycomb wall panels and gave equivalent
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elastic parameter formulations for equal-wall-thickness
honeycomb and double-wall-thickness honeycomb, re-
spectively, under small deformation conditions.

In recent years, the research on the modeling methods of
honeycomb sandwich structure has been continuously
deepening. Tanimoto and co-workers proposed a new
modeling method for honeycomb sandwich structure, in
which orthogonal anisotropic shell elements and two kinds
of beam elements were used to represent the panel, bonding
layer, and honeycomb core, respectively [28]. It was pointed
out that the vibration characteristics of honeycomb sand-
wich structure are closely related to the stiffness of the panel
and the geometrical shape of the honeycomb core. Guj and
Sestieri established an orthogonal anisotropic equivalent
model of honeycomb using the multi-scale asymptotic
technique, and the model was verified by the method of finite
element numerical simulation [29].

In this paper, the application of the two honeycomb
structures shown in Figure 1 in the ribbon spring is analyzed,
and it is equivalent to an orthotropic structure with refer-
ence to Gibson. In the linear elastic range, the thin-walled
honeycomb structure can be assumed to be an
Euler-Bernoulli beam, and the tensile and compressive
deformation of the thin-walled honeycomb can be regarded
as nonnegligible compression deformation. The cell sizes of
the two honeycomb structures are shown in Figure 4. For A-
type honeycomb, ¢ is the thickness of the inner wall of the
honeycomb, I is the length of the vertical inner wall, his the
length of the inclined inner wall, and 0 is the angle between
the inclined inner wall and the horizontal direction. For
B-type honeycomb,  is the thickness of the inner wall of the
honeycomb, / is the length of the vertical inner wall, & is the
length of the inclined inner wall, and 0 is the angle between
the inclined inner wall and the vertical direction.

Equivalent parameters of regular hexagonal honeycomb
[30]:
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Among them, 8 = h/l, and other parameters are shown
in Figure 4(a).

For Model b, compared with Model a, its Poisson’s ratio is
negative, and the structure can also produce large deformation
in a specific direction and has sufficient strength and stiffness in
the direction that does not require deformation. Compared with
the positive Poisson’s ratio honeycomb core structure, the
structure produces tensile deformation in one direction. The
tensile deformation produced in the other direction is also a
negative Poisson’s ratio, and its in-plane equivalent parameter
formula is [31]
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2.2. 'Theoretical Analysis of Folding Moment. For the
unfolding mechanism, the main attention is on the value of the
bending moment that produces folding. To obtain an accurate
expression of the bending moment that produces folding and
compare the unfolding bending moment of the isotropic ribbon
spring and the weight-reduced negative Poisson’s ratio hon-
eycomb structure, the folding bending moments of the isotropic
ribbon spring and the negative Poisson’s ratio honeycomb
structure are, respectively, derived below.

The geometric parameters of the ribbon spring are shown in
Figure 5(a). The length of the ribbon spring is L, the radius of the
circular section is R, the central angle is ¢, the thickness of the
circular section is £, and the arc length of the circular section is s.
The bending and folding form is shown in Figure 5(b). The
bending and folding rotation angle is ¢, and the curvature radius
is .

The deformation after bending and folding is shown in
Figure 6(a), and microelements are taken for analysis. The
coordinate system shown in Figure 7 is established.

The cylindrical coordinate system shown in Figure 3 is used.
Suppose the membrane force per unit width of the shell is
N(N,,N,,N,,), the bending internal force per unit width is
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FIGURE 4: Structures of honeycomb. (a) Hexagon honeycomb. (b) Auxetic re-entrant honeycomb.

M(M,,M,, M,,), the strain of the mid-plane is ¢’, and the
deflection of the mid-plane is « (k,, &, k).
Constitutive equation:

[ NX 1 —All A12 A16 Bll BIZ BlG- 2

= )

y B12 Bzz Bze D12 Dzz D26 K

[ Myyl LBy Bys Bes Dig Dys Desd| x,, |

For a special single-layer orthotropic laminate, the fol-
lowing results are obtained:
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Then, the relationship between the bending moment per
unit length and the curvature «,, x, (where «,, = 0) of the
equivalent orthotropic shell honeycomb topology during the
reverse bending process is
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Among them, «,,x, are the curvature changes of the
honeycomb topology along the x and y directions during the
bending process. Assuming that the shell changes from 0 to

1/r along the x direction after bending, then
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Among them, w is the deflection of the honeycomb
topology along the z direction; substituting (6) into (5), then
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The following equilibrium differential equation is ob-
tained by the energy method:
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FIGURE 5: Geometrical parameters of tape springs and its folding types. (a). (b).

FIGURE 6: Microunit stress. (a). (b).

N, is the normal force per unit length of the honeycomb
topology:
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Among them,
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Among them, y = + s/2,s = 2Rsin (0/2) is the width of
the cellular topology.
On the border, y = + s/2.
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Among them, y = D,/D,,.
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FIGURE 7: Tape spring with honeycomb structure. (a) Honeycomb structure. (b) Orthotropic structure.
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FIGURE 9: Finite element model of a single common spring steel band spring.

TaBLE 1: Model geometry.

Parameters Data
Length L/mm 350
Radius of central corner R/mm 35

Central angle of cross section « (rad) 1.57

Depth t/mm 0.2
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Tape spring Model a Model b

Ficure 10: FEM for different structures.
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FIGURE 11: The fold deformation process of the tape spring.
Assuming that the bending moment required for driving
in the bending process of the honeycomb topology is M, then
M can be calculated by integrating:
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Among them, M, and N, represent the bending moment
and membrane force per unit length in the x direction, w is
the out-of-plane deflection, y is the longitudinal length of the
honeycomb topology, and F;, F, are

2 cosh)A —cosA
171 Asinh A +sinA’
(22)
_ 1 cosh\-cosA sinh Asin A
2721 AsinhA +sind (sinh A + sin1)?

Among them, A = ns/r. MT* is the maximum value of
(21), and it is reflected as the critical bending moment of the
honeycomb topology. The larger the value, the stronger the
anti-interference ability of the honeycomb topology. It can
be seen from the expression that M is related to material
parameters and geometric parameters.

In order to explore the substitution effect of the honeycomb
topology on the reed structure in the folding and unfolding
mechanism, this paper established a common ribbon spring
model with L=350mm, R=35mm, y¥=7/2, and f,=2mm.
The geometric parameters of A-type honeycomb model are
L=350mm, R=35mm, y=7/2, 0=n/6, t=2mm, f,=2mm,
I=10mm, h=10mm. The geometric parameters of B-type
honeycomb are L=350mm, R=35mm, y=nr/2, 0=n/6,
t=2mm,fy=2mm, [=10mm, h=28.88 mm. Young’s Modulus
E is 200 GPa, and Poisson’s ratio v is 0.3.

The curve shown in Figure 8 can be obtained by theo-
retical settlement of the model parameters.

It can be seen from the figure that when the ribbon
spring is affected by the reverse bending moment, the re-
quired driving bending moment increases sharply to a
certain value MT* in the initial stage, which is called the
critical bending moment. After this stage, the stiffness de-
creases rapidly, and the bending moment finally stabilizes to
a certain value M7, which is called the steady-state bending
moment.

According to the theory, the bending-curvature diagrams of
the three structures are shown in Figure 8. The critical bending
moment values of the three structures (MT**) are 6664.5 Nmm,
568.6 Nmm, 2068.2 Nmm, respectively. The steady-state bend-
ing moments are 956.5Nmm, 121.3Nmm, and 229.3 Nmm,
respectively. Compared with the traditional structure, the
support stiffness of the B-type honeycomb is higher than that of
the A-type honeycomb. The three structural change processes
are approximated to a locked state before reaching the critical
bending, and buckling deformation occurs after reaching the
critical bending; the stiffness decreases rapidly and finally rea-
ches its steady-state bending moment value, which is beneficial
to the dynamic characteristics required in the space deployment
mechanism.

3. Numerical Argument Analysis

After determining the material properties and size param-
eters of the ribbon spring, a finite element model was
established using ABAQUS software and the reverse
bending process was simulated.

The whole model adopts the shell element S4R5, which is
a 4-node reduced integral element with 5 degrees of freedom
at each node on the element, which is suitable for analyzing
small strain and large deformation problems. The finite
element model is shown in Figure 9.

In order to facilitate the application of loads and constraints,
the centroid nodes on both ends of the ribbon spring are
connected by MPC constraints, respectively. The RBE2 rigid
element is selected as the MPC type, and the shell restricts the 6
degrees of freedom of the nodes. Apply the displacement
constraint 1.57 rad in the centroid of the section in the x-axis.
The model dimensions are shown in Table 1.

The finite element models of A-type and B-type hon-
eycomb belt springs were established with reference to the
ordinary belt spring steel finite element model as shown in
Figure 10.
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TaBLE 2: Comparison of mass, critical bending moment, and steady-state bending moment of different structures.

Mass (g) Maximum moment (Nmm) Steady moment (Nmm)
Tape spring 53.625 8909.3 950.3
Model a 7.537 1952.6 140
Model b 12.086 3264.2 305.7

It can be seen from Figure 11 that in the reverse bending
process, before loading, the stress everywhere is 0, and the shell is
not deformed. During the loading process, the stress in the
middle of the shell gradually increases and expands to the width
of the shell. As the rotation angle gradually increases, the stress
value also increases. Finally, the model is stable, and the stress
concentration area resembles a rectangle.

The reverse bending process is analyzed, and the corner
bending moment curve is obtained as shown in Figure 12. From
Figure 13, the moment variations of different model have the
similar trend for FEM simulations and theoretical prediction.
Overall, it is a good match between the two results.

Considering its application in engineering, we have
added the frame in the honeycomb structures to improve its
stability as shown in Figure 14.

It can be seen from Figure 15 that the common spring
steel band spring reaches the maximum critical bending
moment of 8909.3Nmm at a turning angle of 0.079 ra-
dian, and the steady-state bending moment is
950.3 Nmm; Model a reaches the maximum critical
bending moment of 1952.6 Nmm at a turning angle of
0.081 radian, and the error steady-state bending moment
is 305.7 Nmm; Model b reaches the maximum critical
bending moment of 3264.2 Nmm at a turning angle of
0.045 radian, and the steady-state bending moment is
305.7 Nmm. The critical bending moment of the finite
element is larger than the theoretical calculation because
(19) assumes an infinitely long open cylindrical shell,
thus ignoring the effect of the boundary conditions

TaBLE 3: Comparison of critical bending moment and steady-state
bending moment under unit mass of different structures.

Maximum moment/mass  Steady moment/mass

Tape spring 166.1408 17.72121
Model a 259.0686 18.57503
Model b 270.0811 25.29373

imposed on the end of the cylindrical shell, whereas the
finite element model assumes a cylindrical shell of finite
length and requires the use of some rigid constraints at
the ends to apply moments. The bending trends of the
three structures are consistent throughout the reverse
buckling process.

From Table 2, it can be obtained that Model a reaches
21.9% of the critical bending moment and 14.7% of the
steady-state bending moment performance of the ordinary
spring steel cylindrical shell with 12.8% of the mass. Model b
has better mechanical properties than Model a, reaching
36.6% of the critical bending moment performance and
32.2% of the steady-state bending moment performance of
the ordinary spring steel cylindrical shell with 22.5% of the
mass. An index unit mass “bending moment/mass” is
proposed to measure this, and the mechanical properties of
the honeycomb structure per unit mass are more excellent
and have a better substitution effect. Table 3 shows the
mechanical properties of different models per unit mass.
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4. Conclusion

In this paper, according to the orthotropic shell bending
theory, the calculation formula of the bending moment of
the ribbon spring with honeycomb topology under ortho-
tropic material is deduced. The sensitive parameters af-
fecting the mechanical properties of the honeycomb
topology ribbon spring can be obtained by the formula, and
its bending moment variation trend and critical bending
moment value during the reverse buckling process can be
estimated; then, finite element analysis was carried out.

The final results show that the honeycomb structure has
better mechanical properties per unit mass by proposing the
unit mass index for analysis and comparison. Compared
with the ordinary honeycomb structure of Model a, the
negative Poisson’s ratio honeycomb structure of Model b
can achieve certain mechanical properties of the original
ribbon spring with a lighter mass. Through the correctness
and consistency of theoretical analysis and finite element
modeling, the honeycomb topology has a good substitute
value in the ribbon spring of the space deployment
mechanism.
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