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Abstract

The present work describes the design, structural analysis, and qualification by analysis and experimental validation of the 1st Greek
cube-satellite developed at the University of Patras (UPSat - University of Patras Satellite). The key innovative approach includes the
replacement of the aluminum parts of the primary structure with structural composite components, something that has never been
attempted in the past by other mission following such an approach. A Single-Unit (1U) CubeSat structure made entirely of composite
materials was designed, analyzed, manufactured and tested. A comparison with the state-of-the-art, commercially available, structure
made out of aluminum (CubeSat-kit) already certified for space use also took place. The work was performed under the vision to prove
the feasibility of manufacturing and certifying the structure for space use in the near future. Finite element analysis, confirmed by test-
ing of a 1U Cube Sat, is used to examine trade-offs for the materials and layups. Based on these analyses, recommendations are given
for a viable design solution. Results have shown that the redesign of the structure using CFRP can offer similar levels of performance

in terms of stiffness while reducing mass by approximately 40%.
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Introduction

CubeSats atre a type of miniaturized satellites for space research
that usually has a volume of one liter (10x10x10 cm), weigh no
more than one kilogram and typically use commercial off-the-
shelf electronics components. The CubeSat project started in
1999 as a joint venture between California Polytechnic State Uni-
versity (CalPoly) and Stanford University’s Space Systems Devel-
opment Laboratory. These two Institutes published a standard [1]
that specifies that major requirements and constrains as well as
basic guidelines that each CubeSat must deal with as the design
progresses. The purpose of the CubeSat project is to provide a
conventional standard for design and development of picosatel-
lites. The project attempts to reduce the cost and development
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time and to increase the accessibility to space for educational
purposes and for this reason the majority of development comes
from academia.

As for all space missions, also for CubeSats the structure is one
of the main satellite subsystems. In principle, the purpose of the
structural subsystem is to provide a simple and robust structure
that shall survive launch loads and provide a suitable environment
for the operation of all subsystems throughout all phases of the
mission’s life. Furthermore the structure mechanically supports
all satellite subsystems, attaches the satellite to the launch vehi-
cle, and provides for ordnance-activated separation [2]. Generally,
structural design shall aim for simple load paths, simplified inter-
faces and easy integration.

Design of space structural systems is a delicate balance between
mass, stiffness and strength. On the one hand, stiffness is required
to ensure the survivability of the instrumentation while on the
other hand, by reducing the mass of the structure, it is possible to
increase the payload, which improves agility and also reduces the
launch cost [3]. The structural and mechanical parts of a satellite
generally represent a large percentage of its mass and, therefore,
it is important to choose the proper material [4] and structural
configurations to minimize mass.

The CubeSat design space is bound by the general constrains and
requirements of stiffness and principal eigen-frequency [5]. Ad-
ditionally, the used materials must be approved for space environ-
ment. Moreover, when using composites for space applications,
special considerations are always taking place, in order to ensure
that the thermal distortions match the respective ones of the P-
POD made from Al 7075-T73.

Until now, several CubeSat missions have successfully been
launched. A summary of the structural system from previous
CubeSat missions is provided in Table 1. It can be seen that the
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primary choice for structural systems is aluminum alloys with the
most common being Al 6061 or Al 7075 and respective grades.
Furthermore, in Table 1 are also shown their structural character-
istics such as the structural mass, the manufacturing and assembly
process each mission followed. An extensive survey of current
CubeSats missions and their capabilities is presented can be found
in [6] and [7].

Composite materials still represent a very promising class of ma-
terials for space applications. Their application has advantages
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concerning mass and strength, and the required stiffness can be
achieved by appropriate choice of fiber types and orientation in a
laminate [16]. Furthermore, another remarkable characteristic of
composites is the low thermal conductivity that can be beneficial
for thermal insulation of low temperature parts [17].

Our work focuses on investigating the use of CFRP in space
structural design and the benefits they can offer in smaller struc-
tural systems such as those of CubeSats. Even though the use of
composites in aerospace applications is steadily increasing in re-

* Mass ratio refers to (structure MASS) / (total MASS) where total mass assumed 1kg for all CubeSats

MISSION SRT. SRT. MASS | MASS MFG PROCESS Ref.
MAT. RATIO*
AAU Al17075 400 g 40% The frame consists of 4 rails with | [8]
connecting pieces between them.
On the outside the solar cells are
mounted
HERMES Al17075 300 g 30% External solid frame and solar [9]
& 6061 panels attached to it (with bolts)
DTUsat Al 6061 300 g 30% Built on a monolithic “wire- [10]
frame” cube, milled out of a solid
piece of aluminum. The faces are
screw mounted for serviceability
SwissCube Al7022- | 300 ¢ 30% Monobloc frame, spacers and [11]
651 & faceplates screwed together [18]
Carbon
SEEDS Al7075 350 g 35% Compose of two boards and [12]
& 6061 trusses. All of the six faces com-
pose the skin of two boards and
trusses maintaining an internal
system
STR.: Structure MAT.: Material MFG: Ref.: Reference
Manufactur-
ing

cent years mostly for large structures [13,14], for subsystem parts,
such as electronics housing, deployment or deorbiting mecha-
nisms their use is rather limited [15]. To the best of the authors’
knowledge, there has been no in-depth investigation on the use of
composites in structural applications for CubeSats or other small
satellite elements. Until now, apart from certain missions that
composites were used for specific structural components such as
the solar panel substrates [18], no team has attempted to use any
other material for the structure outside the aforementioned alu-
minum alloys.

Given the mass, stiffness and strength requirements of the satel-
lite and the interfaces to the separation module, an attempt was
made to design and prove the feasibility of manufacturing and
qualifying a CubeSat structure made from composites as a pat-
adigm for use in near future missions. The study is formed in
two phases; the design and analysis phase and the experimental
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validation phase. In the design and analysis phase, the system was
designed, modeled and analyzed using Finite Element Method
(FEM) to derive its modal and shock characteristics. For compari-
son the reference and commercially available aluminum design
was also modeled analyzed. Consequently, the designed compos-
ite structural system was manufactured following common indus-
trial practices (pre-preg, Autoclave) and an experimental modal
analysis was performed to verify its performance. The agreement
with the simulated cases was discussed extensively. Based on both
the simulation and experimental study the benefit from using
composites in a CubeSat system wete quantified.

Simulation Approach
Design

An iterative design process was followed during this work. The
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process accounts for the upcoming necessary changes evolving
from the interaction between the spacecraft's subsystems. An
evaluation in terms of mass and stiffness, of several designs for
UPSat structural components took place in previous work [19]
and having as baseline the CubeSat-kit design, the best design as
it shown in Figure 1a was identified and adopted. Then, using the
composite parts the assembled structure of UPS at was created.

The assembly was realized as shown in Figure 1b. In Figure 1c de-
tails of how the lateral sides are connected with the top frames are
given. Based on the proposed assembly scheme at each edge of
the composite CubeSat two connecting bolts have been used. In
Figure 1d the typical assembled structure of the reference Cube-
Sat-kit is also given [21]. The CubeSat-kit structure is consisting
of a monobloc skin and the top and bottom sides are screwed to
it using stainless steel bolts.

For the Finite Element analysis of the Composite CubeSat shell
elements were used since the thickness/length and thickness/
width ratio of the assembled components were small. Shell ele-
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ments were also used for the analysis of the reference CubeSat-
kit.

Materials

A space approved composite material namely T300-5208 Carbon
epoxy unidirectional pre-preg made by Hexcel was selected for
the present application. Table 1 shows the full set of properties
of the pre-preg material considered.

After a trade-off study considering stiffness and mass a quasi-iso-
tropic lay-up was concluded. The resulted lay-up is [0/45/90/-45]
S, an eight layers lay-up structure which ends up to a total thick-
ness of 1mm.

For the case of the analysis of the CubeSat-kit an Aluminum
structure was considered made out of 7075 Aluminum Alloy (T6)
with a total constant thickness of 1mm. The properties of Al
7075 alloy used in the analysis are given in Table 2.

Finally, for both CubeSat structures the bolts used for the connec-
tion of the different components considered to be made by stain-

Figure 1. CAD design of UPSat structure

Table 1: T300-5208 properties

E11 (GPa) 181
E2 (GPa) 10.3
G12 (GPa) 7.17
v12 0.28
G13 (GPa) 3.38
(MPa) 1500
(MPa) 1500
(MPa) 40
(MPa) 246
S6 (MPa) 68
all (10-6/°C) |[0.02
a22 (10-6/°C) |22.5
b11 0
b22 0.6
vi 0.7
oc (kg/m’) 1600
Kx (W/m*K) |4.6
Ky (W/m*K) [0.7
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Table 2: Aluminum Alloy 7075 properties

E (GPa)

71.7

v

0.33

Sultimate (MPa)

572

Syield (MPa)

503

S6 (MPa)

331

ebreak

11%

o (kg/m’)

2710

a (10-6/°C)

33

Kx (W/m*K)

120-240

Table 3: Stainless Steel properties

E (GPa)

200

v

0.33

Sultimate (MPa)

620

Syield (MPa)

290

ebreak

55%

e (kg/m3)

7800

a (10-6/0C)

18.7

Kx (W/m*K)

16.2

less steel and the relevant properties used are given in Table 3.
Launch Environment and Analysis Scenarios

A typical CubeSat device will be launched on a variety of launch-
ing rockets. To qualify for acceptance the CubeSat structure must
not fail under certain static loading that will be calculated based
on the launching conditions. In addition to static loading, the
launching rocket puts out random excitation, with most of the
energy of the excitation in the frequency range below 50 Hz. To
avoid channeling this energy into violent resonance of the struc-
ture, the first frequency of free vibration should be above 50 Hz.

Thus, based on current qualification by analysis procedures [22],
two scenarios were considered; a modal analysis and a quasi-static
analysis. The specific details of each are given hereafter.

Modal Analysis: The first step during a dynamic analysis is the
determination of natural frequencies (eigen-frequencies) and
mode shapes of structure, considering zero damping. The results
of this analysis characterize the dynamic behavior of the structure
and can show how the structure will respond under dynamic loads
23],

The first step in the modal analysis of a structural system is to
determine its natural frequencies given the applied boundary con-
ditions.

The most important modal characteristic of a space structure, like
the Cube Sat, is the natural frequency threshold; meaning that the
first natural frequency of the structure must be above a specific
value, that usually is determined by the launch vehicle. The typical
range for such missions is between 50-90 Hz, having a lower limit
at 50 Hz as it was mentioned earlier.

At first a modal analysis of the system under free-free boundary
conditions is performed. This is done as an intermediate verifica-
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tion step for the connectivity of developed FE models. Then
the boundary conditions of the P-POD are applied and another
modal analysis is performed. This part shall reveal the real case
scenario of the structural system.

In both cases of Composite CubeSat as well as the reference
CubeSat kit one the clamped boundary conditions were assumed
as shown in Figure 2c, due to the position of the CubeSats inside
the separation module (P-POD), since each CubeSat is restricted
by the rails of P-POD.

Quasi-Static Analysis: During the second scenario the extreme
quasi-static loading conditions of a CubeSat were identified.
These loads apply uniformly all over the primary structure (Iner-
tial Loading) of the CubeSat and include a vibration profile hav-
ing a frequency content which is significantly below the natural
frequencies of the satellite and therefore, will not create magnifi-
cation of acceleration through the satellite [23].

It is perceived that the worst-case quasi-static loading will be ex-
perienced by the satellite during the launch sequence [25]. For the
worst case loading consider the arrangement of CubeSats placed
within the P-POD shown below (Figure 2).

For the worst case quasi-static loading we shall consider the P-
POD in a direction parallel to the direction of maximum accelera-
tion during launch. As the deployment system holds three Cube-
Sats, the worst case will be experienced by the CubeSat in location
1 of Figure 5. During the launch sequence this CubeSat must
maintain structural integrity while supporting not only its own
weight but the weight of the two overlying picosatellites.

Using the CubeSat design specifications the following assump-
tions can be made regarding the worst case static load of the UP-
Sat:

*  The maximum acceleration will be equivalent to 7.5¢ (Dnepr
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Figure 2. Axial Worst Loading Case

maximum acceleration)
*  The mass of each one of the three satellites is equal to 1kg.

Following the standard procedure for this missions and consider-
ing safety factor of 1.25, the maximum acceleration reaches the
level of 9.375g, and accordingly this value can be rounded to 10g;
The above assumptions were taken from already available Cube-
Sat mission [25] because UPSat is not ready for a flight so there
were not any launcher specifications available. The UPSat will
need to be able to tolerate a loading equivalent to an axial force
of 196.2N with an acceleration of 10g. This will be known as the
worst case axial loading condition.

Now consider a case when the P-POD is aligned in a direction
perpendicular to the direction of maximum acceleration. This is
shown schematically in Figure 3. In this case all three satellites will
experience the same loading condition irrelevant of their location
within the P-POD. Assume that the P-POD does not transfer any
forces into the CubeSats. Then the CubeSats will only be required
to support their self-weight in a 10g gravity field. This will be
known as the worst case lateral loading condition [25].

Finite Element Models: During the launch phase, the CubeSat
will ride within the P-PODs devices packaged together and at-
tached on the spacecraft as secondary payload. This configuration

represents a low risk to primary payload or other secondary pay-
loads of the spacecraft. Thus there is no specific design for the
attachment of the CubeSats to P-PODs and the loads are carried
out by the geometrical edges of the CubeSats and flow from the
P-PODs package into some sort of adapter, to the spacecraft and
finally into the payload attach fitting, The strategy will be to find
a set of boundary conditions which favor higher natural frequen-
cies but are mechanically reasonable. This problem is examined in
more detail in the discussion of the finite element model.

The designs of both the composite CubeSat as well as the ref-
erence one structures were followed the configuration given in
Figure 2. Both CAD designs were inserted in MSC PATRAN
Preprocessor and the meshing strategy applied. Shell elements
(QUAD4 that defines isoparametric membrane bending quad-
rilateral plate elements with rotational degrees of freedom nor-
mal to the plate) were used for the discretization step following
the Paver mesher methodology. The concluded Finite Elements
Models are shown in Figure 3.

Figure 6 shows three different details of the meshed UPSat struc-
ture concerning the meshing (6a) the side’s bolted connection (6b)

and the boundaries conditions (6¢).

The bolts were modeled in all the cases using beam elements

Figure 3. Lateral Worst Loading Case
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Figure 4. CAD designs using surfaces

Figure 5. Finite Element Modes for both structures

(RBE3 Interpolation Element, the interpolation elements allow
you to model the motion of one or more grid points as a func-
tion of the motion of the other points) offering Multi Point Con-
strains (MPCs) [20]. For these elements stainless steel properties
of were used assigned in all cases of analysis. Concerning the
placement of the bolt connection, in the case of CubeSat-kit the
instructions as described in the CubeSat kit Documentation [21]
were followed. Regarding the number and the placement of the
bolts in the case of Composite structure, after an optimization
step dealing also with the manufacturing and the assembly of the
composite components, 24 bolts were used, 4 per cube side area,
along the edges of the structure, as shown on Figure 5b. Again
clamped boundary conditions at the 4 lower edges of the system
were considered (Figure 6c¢).

T300/epoxy CFRP matetial was used for the Composite Cube-
Sat with a quasi-isotropic lay-up and UD layer properties given in
Table 1. For the CubeSat kit reference structure, aluminum alloy
7075 was considered, with properties presented in Table 2, and
finally for the bolts used in both cases stainless steel was used with
properties shown in Table 3.

Prior of any analysis, a connectivity check of the model was per-
formed, and after that a detail convergence study of the devel-
oped model was implemented. The final mesh used for the rest of
the analysis fulfills both the above mentioned checks.

Results
Finite Element Analysis results

Based on the selected materials and the connecting bolts of both
the composite CubeSat as well as the CubeSat kit reference struc-
ture made out of aluminum, the masses of the structures were
calculated. It was found that reference aluminum structure has a
mass of 162 grams, while the composite one has a total mass
of 107 grams. This means that the composite structure, despite
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the fact that no cuts have been made yet, is 35% lighter than the
aluminum one.

Modal Analysis Results: Tables 4 and 5 present the first 4 ei-
gen-frequencies together with the corresponding eigen-shapes for
the reference CubeSat kit structure as well as for the composite
CubeSat respectively.

As it is shown, the composite CubeSat results to slightly lower
first eigen-frequency, something that is directly related to the as-
sembly of the composite panels that form the CubeSat. This is
concluded, although no cut-outs have been imposed in the com-
posite structure.

Ideally, a more sophisticated connection of the composite panels,
that secures full contact along the connection edges may posh the
first eigen-frequency to higher value.

As a general remark it must be mentioned that the resulted eigen-
frequency values are quite high, but at the level of the present
analysis no internal components such as electronic boards, pow-
er units, sensors and cameras, were introduced to the structure.
Whenever these components will be added, a significant reduc-
tion of the natural frequencies is expected.

However, for the needs of comparative evaluation between the
reference CubeSat kit structure and the composite one the con-
cluded results provide a solid background for comparison. At this
stage, a preliminary modal analysis of the composite frame, using
lumped masses for the electronic stacks, demonstrated this reduc-
tion but still the 1st natural frequency remained highly above the
lower limit of 90 Hz (close to 140 Hz).

Quasi-Static Analysis Results: Tollowing the modal analysis,
quasi-static analysis was perform at the previously identified max-
imum loading conditions, both in the axial as well as in the lateral
direction. These loads were 30g compression in the axial direc-

6




V. Kostopoulos (2014) Qualification of Composite Structure for Cubesat Picosatellites as a Demonstration for Small Satellite Elements. Int ] Aeronautics Aero

space Res. 1(1), 1-10.

Figure 6. UPSat FEM and details

Table 4. The first 4 eigen-frequencies and mode shapes for CubeSat-kit

Aluminum CubeSat-kit MASS =162 ¢g
Model Mode2 Mode3 Mode4
f1=626 £2=701 £3=737 f4=755
Hz Hz Hz hz
Table 5. The first 4 eigen-frequencies and mode shapes for UPSat
Composite CubeSat of UPSat MASS =107 g
Model Mode2 Mode3 Mode4
f1=638 Hz f2=710 Hz f3=741 Hz f4=760Hz

tion and 10g compression in the lateral direction under clamped
boundary conditions, as it was eatlier discussed.

Table 6 summarizes the results of the quasi-static analysis per-
formed for the two loading cases, both for the aluminum alloy
reference CubeSat kit as well as for the composite CubeSat. For
aluminum structure Von Misses stresses have been calculated,
while in the case of composite structure the maximum stresses
have been used. In both cases maximum displacements are also
reported in Table 6. As it is evident from the results reported in
Table 6 all maximum stresses and displacements for both quasi-
static loading cases and both structures are extremely low, consid-
ering the strength of both materials.

This is expected, since both structures are designed on the basis
of a stiffness driven approach, in order to push eigen-frequencies
to higher values, as the design criteria request.
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Figure 7 presents the stress (a) and the displacements (b) distri-
butions for both CubeSat structures in the case of extreme axial
loading of 30g.

The stress distributions show a maximum loading along the edges
and around the bolts for both CubeSat structures, while in the
case of displacement distributions the maximum displacement
appears at the mid points of the top and the lower surfaces of the
structures, something that was expected since the inertial load of
30g was applied along the Y-axis.

Experimental Approach
Manufacturing of composite CubeSat structure

For the manufacturing process, the first step was the design and

~
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Table 6. Quasi-static Analysis results

CubeSat-kit (Aluminum Alloy)

| Mass = 162 ¢

Axial Worst Case
(30g)

Lateral Worst Case (10g)

max 30.8
STRESS

(MPa)

max STRESS (MPa) 1.8

max DIS-
PLAC.

(mm)

0.0268

max DISPLAC. (mm)

0.009

UPSat (Composite Material)

| Mass = 107g

Axial Worst Case
(30g)

Lateral Worst Case (10g)

max 2.5

STRESS
(MPa2)

max STRESS (MPa) 0.75

max DIS-
PLAC.
(mm)

0.016

max DISPLAC. (mm)

0.005

Figure 7. Stress (a) and Displacement (b) distributions for both structures (axial worst case)

manufacturing of two different aluminum molds as it is shown
in Figure 8a.

The reason of using two different molds is that all six structure
sides are not the same. The four lateral sides are identical while
the top and the bottom are slightly different.

Following the standard layup process and using the quasi-isotrop-
ic 8 layers stacking sequence which was described earlier, the com-
posite components of the CubeSat were prepared and place in the
Autoclave as it is presented in Figures 8b to 8e. The Autoclave cy-
cle follows the curing cycle of the prepreg material as it is given by
the material data sheet (3 hours at 120°C and 5 bar of pressure).

Finally after Autoclave, the composite parts removed from the
molds, trimmed and drilled according to the assembly design, and
the composite CubeSat was assembled using the stainless steel
bolts. The mass of the assembled composite structure is 104.5
grams. The assembly process is presented in Figures 9a -9c.

Modal Survey
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For the purpose of the modal survey for the assembled compos-
ite CubeSat, and in order to compare the results of the modal
analysis concluded numerically in Section 3.1 against the eigen-
frequencies of the real composite structure, it is necessary to sim-
ulate in a reliable way the boundary conditions that the P-POD
provides to the composite CubeSat structure. Thus, a Test-POD
made of Aluminum and Steel was designed and manufactured as
it is shown in Figure 9a. All five plates and connecting bars of the
Test-POD structure were made out of aluminum while the base
plate, where the CubeSat is fixed was made out of stainless steel
for additional rigidity.

Using the Test-POD equipment, the composite structure was
clamped at the bottom on the stainless steel plate. Two low mass
accelerometers were mounted on the top and the lateral surface
of the composite CubeSat, and the system was started to vibrate
using as excitation source a Vibrator shown in Figure 9b.

A sweeping vibration approach was used and typical vibration re-
sponse (amplitude versus time) is given in Figure 10b for the top
surface accelerometer. The FFT analysis of the monitored signals




V. Kostopoulos (2014) Qualification of Composite Structure for Cubesat Picosatellites as a Demonstration for Small Satellite Elements. Int ] Aeronautics Aero

space Res. 1(1), 1-10.

Figure 8. Manufacturing procedure

Figure 9. The first version of UPSat CubeSat

provides the eigen-frequencies related to the specific vibration
mode that excites the monitored surface.

Figure 10a shows the analysis of the signal given in Figure 10b,
and concludes to the 1st eigen-frequency of the composite Cube-
Sat structure, positioned inside the P-POD deployment structure.
The first eigen-frequency of the composite CubeSat was found to
be at 645 Hz, a value which is extremely closed with the one calcu-
lated numerically in Section 3.1, which is 638 Hz. This difference
is at the level of 1%, and confirms the validity of the numerical
analysis made.

Conclusions

In this study, the use of composite materials was investigated in
the design of CubeSat structures. The goal of the study was to

design and qualify by analysis and experiment a composite Cube-
Sat structure while attempting to quantify the benefits for such a
choice.

The first and most important conclusion from the current work
is that was realized a successful design and verification by analysis
for the first Greek CubeSat. UPSat composite structure offered
first frequency higher than the lower limit for space structures
that ranges between 70-90 Hz. Furthermore comparing the two
structures, the Aluminum and the Composite one, an increment
of the 1st eigen-frequency was noticed and at the same time the
structure mass was decreased close to 35%, even without any
cut-outs yet at the Composite structure. This means that using
composite materials and after evaluation for the best design and
proper lamination, the structure could be more stiff and lighter

Figure 10. Experimental setup for modal survey

International Journal of Aeronautical Science & Aerospace Research, 2014 ©
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Figure 11. Frequency versus Amplitude and Time versus Output Response charts

than the aluminum one.

The results from static analysis, for both cases, showed that all
stresses and displacements are very low regarding the strength of
both materials. Although the composite materials offered again
better results giving smaller values for maximum stress and dis-
placement than the aluminum alloy; something that was quite ex-
pectable by the time the Composite structure does not carry any
cutting parts yet.

Concerning the preliminary modal survey the results were very
promising as they were lined with the FEA ones. Although further
testing according to CalPoly and Stanford Universities standards
(Random and Sinusoidal vibrations, along with the corresponding
FEA analyses) is a crucial step for a more complete and reliable
evaluation of the composite CubeSat structure.

Finally, another design is currently considered concerning a Dou-
ble-Unit structure according to QB50 mission requirements [27].
This structure will be a “hybrid” structure consisting of both Alu-
minum and Composite Materials components in order to fulfill all
the project requirements.
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