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Abstract

CubeSats are small spacecraft that adhere to strict specifications, making them less expensive to manufacture and
launch than conventional satellites. To increase the benefits and applications of CubeSats, it is essential to utilize
advanced lightweight materials. This would increase the mass budget allocated to the payload and the other
subsystems. In addition to being low in weight, the CubeSat structure must be rigid and strong enough to sustain the
other subsystems. This study evaluates the Glass Fiber Reinforced Polymer (GFRP) composite material as an
alternative to the conventional aluminium utilized in the structure of a 1U CubeSat. This material has a high strength-
to-weight ratio and excellent thermal properties. A 1U CubeSat structure was developed, analyzed, constructed, and
tested entirely from GFRP composite material. To ensure that the suggested structure meets the CubeSat design
specifications, several finite element simulations were conducted, including both quasi-static and modal analyses. A
comparison was made with a commercial off-the-shelf 1U CubeSat structure that has a flight heritage. The results
established the proposed structure’s ability to be manufactured and certified for space applications.
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Acronyms/Abbreviations

1U One Unit

AlSI American Iron and Steel Institute
Al Aluminium

CDS CubeSat Design Specification
CFRP Carbon Fiber Reinforced Polymer
COTS Commercial off-the-shelf

GFRP Glass Fiber Reinforced Polymer
JEM Japanese Experiment Module
P-POD Poly Picosatellite Orbital Deployer

1. Introduction

A 1U CubeSat, which consists of one CubeSat standard unit, is a 10 cm cube with a mass under 2.0 Kg [1].
CubeSats are available in a variety of sizes that are unit-based. Moreover, they have been used to demonstrate new
space technology, whether they be for communication, remote sensing, testing new material, or other uses. Since it is
costly and takes a long time to produce, the practice of building huge conventional satellites to test new space
technology is currently viewed as an ineffective strategy.

The mechanical, onboard computer, electrical power, attitude determination and control, and communication
systems are just a few of the subsystems found in a CubeSat [2]. A CubeSat's mechanical subsystem is one of the
most important subsystems. In addition, the structure attaches the satellite to the launch vehicle, supports all satellite
subsystems, and enables ordnance-activated separation [3]. Along with offering protection from atomic oxygen and
cosmic radiation. Any CubeSat's structure must be able to withstand the hostile launch environment as part of its
purpose, which calls for a high degree of stiffness and strength. The structure must adhere to requirements regarding
its size, mass, volume, and material characteristics. A CubeSat must also pass certain tests to be qualified for the
space environment. This includes the vibration test that mimics the launch vehicle's environment. Due to the large
heat cycles, the CubeSat will experience while in orbit, thermal testing in a thermal vacuum chamber is particularly
crucial.

Mass, stiffness, and strength must be carefully balanced when designing space structural systems. While stiffness
is necessary to assure the instrumentation's ability to survive, it is also feasible to enhance payload by lowering the
bulk of the structure, which improves agility and lowers launch costs [4]. It is crucial to select the right material [5]
and structural configurations to decrease mass since a satellite's structural and mechanical components often account
for a significant portion of its mass.
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Thousands of CubeSats have been launched to space since 1999. Most of these CubeSat structures are made of
Aluminium 6061 or Aluminium 7075. Moreover, Glass Fiber Reinforced Polymer (GFRP) continued to be a
particularly promising material for space applications. Its use provides advantages in terms of mass and strength
compared with traditional Al 6061 or Al 7075, and the necessary stiffness may be attained by making the right
choices for better kinds and laminate orientation [6]. Additionally, it has a low thermal conductivity, which might be
advantageous for the thermal insulation of low-temperature components [7]. On the other hand, GFRP is suitable for
temperatures below 300°C, limiting its use for space exploration missions [8].

Related work focused on the evaluation of Carbon Fiber Reinforced Polymer (CFRP) in CubeSats structures.
Ampatzoglou et al. [9] evaluated the performance of CFRP in the structure of a 1U CubeSat. A significant mass
reduction of 40% was achieved by utilizing CFRP compared with conventional Aluminium alloy. In addition, the
maximum stress on the 1U CubeSat structure and the maximum displacement was reduced as a result of utilizing the
CFRP. Another research by Capovilla et al. [10] proposed a new design of smart power management tile where
CFRP is used as the structure material. Furthermore, a huge reduction of 46.5% in the mass of the structure of the
smart power management tile was achieved because of using the CFRP material instead of the conventional
Aluminium alloy.

This study focuses on the application of GFRP in the CubeSat structures, which is considered less expensive than
the CFRP [11]. To the best of the authors' knowledge, no open literature addresses this topic. With this solution, all
CubeSat and launch requirements will be met while the mass is decreased. The steps taken in this study take into
account the design requirements.

2. Material constitutive model

The material used in this study is the S-2 glass fiber reinforced with Hexcel 913 epoxy resin. The reason for
selecting this material is that it has more strength compared with the E-glass fiber [12]. In addition, S-2 glass fiber
has a flight heritage [13]. Table 1 shows the full set of properties of the material considered. For the CubeSat
structure analysis, an Aluminium structure composed of the 6061-T6 Aluminium alloy was taken into consideration.
Table 2 lists the characteristics of the Al 6061 alloy utilized in the analysis. The bolts, rods, and spacers that were
used to connect the various components of the two CubeSat structures are made of AISI 304 stainless steel, where its
properties are shown in Table 3.

Table 1. List of S-2 glass fiber reinforced Hexcel 913 epoxy resin properties [14]

Property Value
Ultimate tensile strength 1231 MPa
Yield tensile strength 560 MPa
Compressive strength 450 MPa
Flexural strength 790 MPa
Modulus of Elasticity 56.2 GPa
Density 2.5 g/lem?3
Specific heat capacity 0.7 J/g°C

Table 2. List of Aluminium 6061 properties [15], [16], [17]

Property Value
Ultimate tensile strength 310 MPa
Yield tensile strength 276 MPa
Compressive strength 142 MPa
Flexural strength 299 MPa
Modulus of Elasticity 69 GPa
Density 2.7 glcm®
Specific heat capacity 0.9 J/g°C

Table 3. List of AISI 304 stainless steel properties [18], [19]

Property Value

Ultimate tensile strength 505 MPa
Yield tensile strength 215 MPa
Compressive strength 205 MPa
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Modulus of Elasticity 193 GPa
Density 8 g/cm?
Specific heat capacity 0.5 J/g°C

3. Methodology

This study used a 1U structure meeting the CubeSat Design Specifications (CDS) [1] to conduct finite element
analysis. The main purpose of the analysis is to ensure the survivability of the GFRP material as a 1U CubeSat
structure and to compare the results with using the Al 6061 material. Moreover, internal dummy masses were used to
simulate the internal components of CubeSats. Two structural simulations were done namely the quasi-static and
modal analyses. Figure 1 depicts the methodology followed to produce the results of this study.
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Fig. 1. Methodology of the study

4. Finite element analysis

CubeSats experience accelerations during the launch that are many times greater than the gravitational
acceleration [20]. This is in addition to extremely dynamic loads like random vibrations with low and high
frequencies. When CubeSats malfunction due to launch vibrations, both the deployer case and the CubeSats may
sustain damage. Therefore, it is crucial to estimate the response of CubeSats to the loading environment of the launch
vehicle in order to avoid these potential problems. This is typically accomplished in simulations using quasi-static
and modal analyses. Figure 2 shows the design of the 1U structure that will be used to conduct the analyses and to
compare the GFRP with Al 6061. The main purpose of having the internal dummy masses is to simulate the force
employed by the internal components on the CubeSat structure. Figure 3 shows an exploded view of the 1U CubeSat
structure where orange, black, and grey colors represent the AISI 304 stainless steel connections, GFRP or Al 6061
CubeSat structure, and the Al 6061 internal components, respectively.
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Fig. 2. Design of the 1U CubeSat structure
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Fig. 3. Exploded view of the 1U CubeSat structure including internal dummy components

The boundary conditions that were defined in the finite element analysis are based on the interaction between the
CubeSat and the CubeSat deployer, known as the P-POD, see Figure 4. Fixing the CubeSat's -Z face in all directions
and providing a 46.6 N compression load to each of the +Z face's corners are both necessary for the quasi-static
analysis [21]. The backplate and mainspring's force on the CubeSat is reflected in this compression load. According
to the JEM Payload Accommodation Handbook [21], the CubeSat's +z and -z faces should be treated as fixed
supported for the modal analysis. By employing such boundary conditions, the CubeSat's surfaces will be less
limited, and the outcomes will more accurately reflect the worst-case situation.
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Fig. 4. Methodology of the study [21]

Liftoff can be simulated by applying static loads to a numerical analysis to model the spacecraft's acceleration
against gravity. These static loads are commonly applied in units of g-force and vary depending on the launch
vehicle being utilized. Additionally, because it is uncertain how the CubeSat would be oriented in the launch vehicle,
three potential loading scenarios—each in a different direction—were taken into account. Each time, the loading was
applied in one of the axes' (x, y, or z) directions. The Orbital Cygnus vehicle’s quasi-static loading of 18.1g was used
in the analysis because it is considered the worst case scenario [21].

In order to ensure the safety of the CubeSat, the yield and ultimate margins of safety were calculated, and they
are both greater than zero. According to [22], the yield factor of safety was assumed to be 1.1 and the ultimate factor
of safety to be 1.4. The yield margin of safety and the ultimate margin of safety calculations are shown in Equations
1 and 2, respectively.

Material's yield stress

Yield margin of safety = 1)

-1
Max stress analysis X Yield factor of safety -

- Material' sultimate stress =0
timat i ty = -1 =
mate margin of safety Max stress analysis x Ultimate factor of safety - 2)

The CubeSat experiences random vibrations from the engine of the launch vehicle. Hence, it may suffer serious
damage as a result of these vibrations. Therefore, it is necessary to undertake a dynamic/modal analysis to show how
the structure would react to such dynamic loads. The CubeSat's first mode frequency shall be higher than 100 Hz, as
specified in the CDS [1].

5. Results and discussion

To guarantee that the yield and ultimate margin of safety are more than zero, the quasi-static analysis was done
on a 1U CubeSat structure composed of GFRP. In order to confirm that the frequency in the first mode is larger than
100 Hz, a modal analysis was also performed. The outcomes were also contrasted with a 1U CubeSat structure
composed of Al 6061. Table 4 compares the mass of a 1U CubeSat structure built of Al 6061 with a 1U CubeSat
structure made of GFRP. The GFRP structure has a little reduced mass, as indicated in Table 4, which makes it
preferable for space applications.

Table 4. Mass comparison between GFRP structure and Al 6061 structure

Item Mass (g)
AISI 304 stainless steel connections 35

Al 6061 internal components 1094.4
GFRP 1U CubeSat 1203.3
Al 6061 1U CubeSat 1209.8

The quasi-static analysis was carried out for both structures, namely the GFRP structure and the Al 6061
structure. Figures 5-7 display the quasi-static findings for the three different loading conditions. The yield and final
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margin calculations for the three situations under consideration are shown in Table 5. Table 5 demonstrates that the
yield and ultimate margins are always more than zero, satisfying the condition [1]. In addition, the GFRP structure is
preferred because it has a higher yield and final margins than the Al 6061 structure.
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Fig. 5. (a) Maximum stress on the GFRP structure for the x-axis scenario. (b) Maximum stress on the Al 6061
structure for the x-axis scenario.
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Fig. 6. (a) Maximum stress on the GFRP structure for the y-axis scenario. (b) Maximum stress on the Al 6061
structure for the y-axis scenario.
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Fig. 7. (a) Maximum stress on the GFRP structure for the z-axis scenario. (b) Maximum stress on the Al 6061
structure for the z-axis scenario.
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Table 5. The yield and ultimate margins of safety for the three scenarios
Scenario GFRP yield margin of Al 6061 yield margin ~ GFRP ultimate margin Al 6061 ultimate

safety of safety of safety margin of safety

X-axis

. 12.4 6.2 22.2 5.4
scenario
Y-axis 19.9 11.1 35.0 9.6
scenario
Z-axis. 30.0 16.4 52.0 14.4
scenario

In order to meet the criteria in the CDS document [1], the modal analysis was done to ensure that the first mode's
frequency is considerably greater than 100 Hz. The findings of the modal analysis of the GFRP structure in
comparison to the Al 6061 structure results are displayed in Table 6. Table 6 shows that the GFRP structure's first
mode frequency is more than 100 Hz, which exceeds the criteria.

Table 6. The modal analysis results of the GFRP and Al 6061 structures

Structure 1%t frequency mode 2" frequency mode 3" frequency mode 4" frequency mode
(Hz) (Hz) (Hz) (Hz2)

GFRP 503.7 569.5 776.2 1221.2

Al 6061 519.0 586.9 799.3 1245.4

6. Conclusions

The composite material can be used to manufacture CubeSats structure. The literature has contributed to
evaluating some types of composite materials, such as the CFRP. The primary objective of this study is to
demonstrate the advantages of using the GFRP in the CubeSat structure. Therefore, a new CubeSat structure made of
GFRP was proposed in this study. The material used as a GFRP CubeSat structure is S-2 glass fiber reinforced with
Hexcel 913 epoxy resin which has a flight heritage. The proposed GFRP structure has a slightly less mass of 6g
compared with conventional Al 6061. Additionally, the GFRP structure outperformed the Al 6061 structure in the
quasi-static analysis. The yield and ultimate margins of safety all exceeded zero, meeting the requirements of the
CubeSat design. The initial mode frequency, 503.7 Hz, exceeds 100 Hz and complies with the CubeSat design
specifications [1]. The GFRP CubeSat structure and Al 6061 CubeSat structure were compared in the first four
frequency modes. The findings indicate that the Al 6061 structure frequencies in all three modes are marginally
greater to those of the GFRP structure.
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