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Abstract: Self-opening panels are employed in the design of small satellites for extending their mission
capabilities. Such solutions comprise an array of mechanical or electromechanically actuated joints that
can deploy solar panels, communication antennas or scientific instruments in their operating position.
Various sizing methodologies are depicted throughout the literature for deciding the optimal parameters
of the deployment mechanisms. However, an accurate description of the loads that act on self-opening
panels can only be achieved with the support of experimental and simulation procedures. The present
paper studies the stiffness characteristics of laminar spring type joints in a new approach. Experiments
are conducted on a laboratory scale prototype. An incremental pressure is applied normal to the spring
surface. A displacement sensor captures the radial deflection of the specimen. Afterwards, a FEM
simulation model is developed by taking into account the geometric and material characteristics of the
assembly. The same loads and boundary conditions that are employed in the test platform are considered
for completing the numeric study. A good match was noticed between the stiffness characteristics derived
by means of experiments and simulations. The results achieved can be further used for replicating the
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linear elastic behavior of MAEVA joints.
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1. INTRODUCTION

In the past decades, small satellites have emerged as a
cost-effective alternative to larger and more complex
spacecraft [1, 2, 3]. Such solutions are based on modular
design concepts and can be employed for a wide variety
of scientific and communication missions that take place
in the Low Earth Orbit (LEO) [4].

The custom-tailoring of small satellites is completed
with the support of self-opening panels [5]. Such
deployable mechanisms ensure the opening and locking
of power, instrumentation or other scientific equipment
without external assistance or control [6]. The actuating
mechanisms used in the design of such solutions include
hinge, slotted joint, ball and socket, universal joints [7].

The MAEVA (Mechanical Assembly and EVA
Deployment) is a type of joint used in the design of self-
opening panels for small satellites [8]. Its design
comprises a hinge-based mechanism that allows the
rotational motion of the panel during the deployment or
stowing cycles. The MAEVA joint is designed to be
simple, lightweight, and reliable, with minimal moving
parts, making it suitable for use in the harsh environment
of the LEO.

The existing literature focuses on the experimental
evaluation of the MAEVA joints [9 and 10]. On the other
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hand, a wide variety of research papers depict numerical
simulation models that can be employed for deciding the
optimal parameters of such mechanisms [11 and 12].

The present paper studies the stiffness characteristics
of a laboratory scale MAEVA joint by experimental and
numerical means.

In the first stage, a laboratory scale prototype is
developed, comprising a high carbon steel laminar spring
that has a free end. The column of a CNC machine tool is
used to exert pressure on the top side of the hinge. This
objective is completed by gradually incrementing the
displacement on the Z-axis.

The force reaction due to this motion is captured with
the support of a digital dynamometer. On the other hand,
a displacement sensor is included to measure the radial
deflection of the specimen.

A FEM simulation model is developed in the next
stage. The geometric, material and load characteristics of
the studied joint are taken into account. Stiffness
calculations are completed based on the deformation of
the specimen. A good match was noticed between the
stiffness characteristics derived by experimental and
simulation means.

2. THE STUDIED ASSEMBLY

The MAEVA joint in discussion is part of a modular
design small satellite. Its primary structure comprises
rectangular aluminum frames (Fig. 1).
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Fig. 1. Multiple configurations of the self-opening panels.

The assembly can achieve multiple opening
configurations based on the payload requirements of the
stakeholder:

e Quadrilateral: includes 4 self-opening panels, 3 joint
arrays with an opening angle of 90 °.

e Pentagon: includes 5 self-opening panels, 4 joint
arrays with an opening angle of 108 °.

e Hexagon: includes 6 self-opening panels, 5 joint
arrays with an opening angle of 120 °.

e Heptagon: includes 7 self-opening panels, 6 joint
arrays with an opening angle of 128.57 °.

e Octagon: includes 8 self-opening panels, 7 joint
arrays with an opening angle of 135 °.

From this perspective, the evaluation of the stiffness
parameters for a single joint can be completed based on
D’ Alambert principle:

P [ oy k= ) )

where: f corresponds to the sum of all forces incident to
the structure, u the displacement of the structure and its
first and second order derivatives are the velocity and the
acceleration. [M], [C] and [K] are the mass, damping
and stiffness matrices.

In case of multiple joints the stiffness of the self-
opening panels can be evaluated based on:
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A graphical representation of the calculation
methodology is depicted in Fig. 2 for a single self-
opening panel assembly.
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Fig. 2. The configurations of the self-opening panels.
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3. THE PROPOSED APPROACH

The proposed approach (Fig. 3) comprises two layers
of abstraction: the experimental and simulation layers.

3.1. The experimental environment

A laboratory scale MAEVA joint is developed by
employing a laminar spring and two spacers which will
serve as a fixed support. The top surface of the spring is
subjected to radial loads which are induced by the
displacement of a machine tool spindle. A test pin is
installed in the tool holder for ensuring the contact
between the spindle and the spring. The measurement of
the reaction force is completed with the support of a
digital dynamometer. On the other hand, the deflection
magnitude is captured by means of a displacement
sensor. The experimental values are stored on an
acquisition PC.

In case of laminar springs, the bending stiffness
depends on the material properties, geometry and the
orientation of the applied load.

Assuming a free-end configuration with a uniform
pressure that is exerted on the plate, the x component of
stress can be evaluated as [13]:

2
o, max =294, (3)

h2

where: g — the magnitude of the uniformly distributed
load, a — length of the plate from the fixed to the free end
and h the thickness of the plate.

2

o, max =v - 311421 > (4)
: h

where: v — the Poisson’s ratio of the material.
The equivalent von Mises stress is:

2

crvaax=3z? ANl+v -y )

where P — the applied bending load [N].
Thus, the maximum deflection of the plate can be
derived as:
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Fig. 3. A schematic representation of the proposed approach.
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where: E — Modulus of elasticity of the material.

3.2. The simulation environment

The stiffness characteristics of the joint are further
required for simulating the behavior of the self-opening
panels. Different operational scenarios must be evaluated
prior to the physical testing of the small satellite
prototype.

This stage is usually completed with the support of
FEM software. Examples include: the transient structural
analysis of the deployable mechanism, the coupled
thermal and mechanical analysis for preventing the
failure of the joint or the modal analysis for identifying
the natural frequencies of the entire assembly.

From this perspective, a simplified representation of
the MAEVA joint is required.

The equations that express the balance of forces
acting on the element can be written as [14]:

Vo+f=0. @)

The constitutive equation which describes the
relationship between stress and strain can be expressed
as:

{o}=[D]-{s}> ®)

where: D — the elasticity matrix and € — strain tensor.
The displacement can be derived from the strain-
displacement equation:

{e} =[B]-{u}, &)

where: B — the strain-displacement matrix and u —
displacement vector.

4. EXPERIMENTAL RESULTS

Figure 4,a depicts the experimental setup while
Figure 4,b shows the boundary conditions and the load
application method.

Fig. 4. The experimental platform: a — the main components;
b — the load application method.

The geometric parameters of the laminar spring are:
spring length / = 19 mm, spring width b = 25 mm and
spring thickness e = 0.15 mm.

The force is measured by a 9125 A Kistler
dynamometer while the displacement is determined by a
displacement sensor. It allowed the measurement of two
components: axial force F. and axial torque M..
Regarding the force measurement, the dynamometer
offers three measurement ranges: first range
3000 N...3000 N, second range —1000 N...1000 N and
third range —300 N...300 N. The sensitivity for the third
range is 3.032 mV/N. The displacement is captured by
the Bently Nevada 3300 Proximitor sensor, having the
sensitivity of 7.87 V/mm, a measurement range of 5 mm
and the recommended gap setting of 1.27 mm.

The material properties of the laminar spring are
depicted in Table 1 [15].
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Table 1 Table 2
Material properties of the studied spring configuration Material properties of the studied spring configuration
Material Modu!u§ of Poisson Density Analysis Modeling Element Material
Elasticity . 3 type approach type model
type P Ratio (Kg/m’) _
(MPa) Stati 3D Shell 4 Node Isotropic
High ahe © Quad elasticity
carbon steel 2:10° 0.3 7800
alloy
_0.0300 1 *%\ ‘
£ 0.0250 1 * <
= x "
# 0.0200 - y
£0.0150 — ot
~
~= 0.0100 -
= . .
E0.00JO b .
*0.0000 : : : : . pa
0.001  0.501 1.001 1.501  2.001 2501
Deflection (mm) Fig. 7. Loads and Boundary conditions.
Fig. 5. Experimental results.
Table 3
SO T Material properties of the studied spring configuration
Loading test Load applied Expel:imental Siml.llation
: [N] deflection (mm) | deflection (mm)
e 0.61 0.42 0.41
AUKLJL 119 0.6 0.80
: F(N) 139 0.7 0.94
7 P e 1.54 0.8 1.04
= LI u (pm) 1.80 0.96 121
2.05 1.1 1.37
2.25 1.3 1.51

Fig. 6. Experimentally determined spring displacement:
a —loading cycles; b — unloading cycles.

Figure 5 represents the relationship between the
applied pressure and the displacement of the spring.

The values were derived from the loading and
unloading test cycles, depicted in Figure 6,a and b.

A power function can be employed to determine the
slope of the experimental data:

5=0589.F%™, (10)

where: I — the load applied, the coefficient value is 0.589
and the exponent is 0.74.

5. SIMULATION RESULTS

5.1. The initial simulation model

The simulation model was developed in LISA Finite
Element analysis package [16].

Information regarding the type of analysis and the
modeling approach is depicted in Table 2.

The analysis type employed is a static one, given the
equilibrium state of the structure and the applied load. A
3D shell simulation approach is considered due to the
fact that the thickness of the specimen is significantly
smaller than its other dimensions. 4 Node quadrangular
elements are used for defining the mesh. Uniform
thickness rectangular flat plate geometry is considered.
The material properties are defined as linear elastic. In
this regard, only the modulus of elasticity and Poisson’s
ratio are employed in the analysis. Figure 7 illustrates the
simulation model and its boundary conditions.

The loads are applied with respect to the experimental
procedure from Fig. 5. On the other hand, the same
boundary conditions are considered.

Table 3 depicts the Z axis displacement of the
specimen side-by-side with the deflection derived by
means of experiments.

In this case, the coefficient value of the simulation
power function is 0.673 (¢ = 12%) while the exponent is
0.99 (e = 17%).

Figure 8 depicts the bending displacement fringe for
the first case.

This behavior can be explained by the geometry of
the MAEVA joint. In this case, the lamellar spring has a
rectangular curved cross section. This design allows a
wider range of movement and flexibility compared to the
flat plate. Thus, when the assembly is subjected to
bending loads, a more gradual distribution of stress and
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Fig. 8. Displacement fringe of the flat plate geometry.

Fig. 9. Curved surface laminar spring.

strain occurs along the length of the spring. From this
perspective, repeated opening-closing cycles of the joint
can be completed without the risk of fatigue damage. On
the other hand, the magnitude of the pressure load that
acts on the specimen is considered constant in any
location of the top surface.

To overcome such issues, the real geometry must be
taken into account. Figure 9 represents the drawing of the
of the laminar spring cross-section.

5.2. The improved simulation model

The actual geometry of the specimen is taken into
account in the FEM simulation model.

When a curved surface is subjected to bending loads,
it exhibits two types of stresses: compressive stress on
the concave side and tensile stress on the convex side. In
the case of a flat plate, these stresses are distributed
evenly over the entire surface area, causing a uniform
displacement state. However, in the case of curved
plates, the stresses are concentrated towards its center,
leading to a smaller region of deformation. This effect is
caused by the radius of the curvature which is smaller at
the center than at the edges. Thus, curved surface laminar
springs achieve superior bending stiffness than compared
to flat plate ones.

Table 4 depicts the differences between the
experimental and simulation model for the curved
surface geometry.

Figure 10 shows the displacement fringe achieved for
the first set of values.

107
Table 4
Material properties of the studied spring configuration
Load applied Experimental Simulation
[N] deflection (mm) | deflection (mm)
0.61 0.42 0.02
1.19 0.64 0.04
1.39 0.7 0.05
1.54 0.8 0.06
1.80 0.96 0.07
2.05 1.1 0.07
2.25 1.3 0.08
B oo
L e

Fig. 10. Displacement fringe of the curved surface geometry.

The margin of errors achieved in this case exceeds
the ones depicted in the initial simulation model
(¢ = 95%). Thus, a different simulation approach is
required.

One important aspect which is neglected in the
curved surface simulation model is the fact that the
assembly conditions of the joint impose a compressive
load on the top of the spring. Thus, the bending stiffness
of the curved surface plate will be different in the
deformed shape compared to the undeformed one due to
changes in the plate's curvature.

The moment of inertia of a curved surface plate is
directly proportional to the square of its curvature radius.
As the radius changes under the effect of the load, the
moment of inertia also changes, which in turn affects the
bending stiffness of the plate. Thus, the distribution of
stresses also changes, which affects the overall strength
and stiffness of the joint.

This pre-stress effect is taken into account in the
simulation model by dividing the analysis in two steps:

Step 1: a flexible displacement condition is imposed
on the left and right edges of the specimen. All other
degrees of freedom are restrained on one of the edges
which describe the height.

Step 2: the same loads depicted in the previous
studies are considered.

Table 5 points out the differences between the
experimental and simulation model for the pre-stress
curved surface geometry.

In this case, the coefficient value of the simulation
power function is 0.58 (¢ = 5.15%) while the fixed
variable is 0.71 (¢ = 3.95%).

Note that the simulation deflection is derived by
subtracting the maximum negative displacement of the
structure that occurs in the initial and final load steps. For
example, the negative Y component displacement that
takes place due to the pre-stress effect is 0.69 mm. After
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Table 5
Material properties of the studied spring configuration
Load applied Experimental Simulation
[N] deflection (mm) | deflection (mm)
0.61 0.42 0.41
1.19 0.64 0.60
1.39 0.7 0.68
1.54 0.8 0.76
1.80 0.96 0.91
2.05 1.1 1.02
2.25 1.3 1.24

Fig. 11. Displacement fringe of the curved surface geometry
considering the pre-stress effect.

the bending pressure is applied, the new displacement
value reaches —1.1 mm. Thus, the calculated simulation
deflection is 0.41 mm, which matches the experimentally
derived one (Fig. 11).

6. CONCLUSIONS

The present paper proposes a new approach for
identifying the stiffness of MAEVA joints. Experiments
are carried out by considering a laboratory platform. The
displacement of the specimen is evaluated under varying
bending loads. A machine tool Z-axis is used for this
purpose. Loading and unloading cycles are considered. A
digital dynamometer measures the reaction force. The
deflection of the specimen is captured by means of a
displacement sensor. A 3D shell simulation strategy is
proposed, assuming a linear elastic behavior of the
material. In the initial stage, the geometry of the laminar
spring is approximated as a flat plate. The experimentally
derived values match the simulation ones only for the
first load cycle. Afterward, errors in excess of 34% can
be noticed. To overcome such issues, the shape of the
shell mesh is adjusted to match the curvature of the
sample. The simulation results prove an excessive
increase of the bending stiffness. In this case, the
difference between the experimental vs. simulation
deflection values exceeds 95%. In the final stage, the pre-
stress that is imposed by the assembly conditions is taken
into account. A flexible displacement boundary condition
is defined in the first load step, while the bending
pressure which acts on the specimen is activated in the
second step. A good match was achieved between the
experimental and simulation values, the errors reaching
less than 5.15%. Thus, the approach can successfully be
employed for evaluating the bending stiffness of
MAEVA joints.
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