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Sustainable Design of a
Nanosatellite Structure
Type CubeSat as a Modular
Platform for Tests

Diserio sostenible de una
estructura nanosatélite tipo
CubeSat como plataforma
modular para pruebas

Abstract: This article is intended to contribute to the development of proprietary technol-
ogies and the evaluation and selection of integrated technologies in the study of the aero-
space concept necessary for the processes of technological appropriation. The problem
addressed lies in the lack of modular platforms and lowcost test systems for experimen-
tal development and simulations of satellite systems. Therefore, compare to this the pro-
posal of a scalable modular platform of the 1U CubeSat standard is presented as the main
results. The design and characterization process presented from the concept of sustain-
ability, contributes to the use and development of low-cost equipment that minimizes the
impact on the environment and, in turn, is practical for its implementation in activities of
groups and research centers that promote the diffusion of space technologies in Colombia.
The methodology of sustainable design, the definition of design principles and conceptual
design, which is materialized with the application of quality function deployment method
(QFD), the theory of inventive problem solving (TRiz), the manufacturability-oriented de-
sign (DfM), assemblability (DfA), environmental impact (DfE), reliability (DfR), and safety
assessment, are relevant for compliance with the CubeSat operating standards described
in cps. Finally, several constructive modes of the low cost test platforms are proposed with
different materials such as 3D prototyping in paper, ABS, MDF wood and aluminum. All of
them are small-scale satellite structures designed and constructed at low-cost. These de-
signs result in the materialization to test on-board systems and integration resistance in
assembly and materials, in laboratories as vibration test-bench, for research groups or
companies interested in promoting the development of space technologies.

Keywords: Modular Platform; Conceptual Design; Sustainable Design; CubeSat; Nanosat-
ellite; Design by Factors; Testbed.

Resumen: Este articulo busca contribuir al desarrollo de tecnologias propias y la evalua-
cidn y seleccidn de tecnologias integradas para los procesos de apropiacién tecnoldgica
en el dmbito aeroespacial. El problema abordado surge de la falta de plataformas modu-
lares y de sistemas de prueba de bajo costo que permitan el desarrollo experimental de
sistemas satelitales y la realizacién de simulaciones. Por lo tanto, se presenta la propues-
ta de una plataforma modular escalable del estandar 1U CubeSat como principal resulta-
do. El proceso de disefio de esta plataforma con criterios de sostenibilidad contribuye al
desarrollo de equipos de bajo costo que minimizan su impacto ambiental y son de facil
adopcidn por parte de grupos y centros de investigacion interesados en la difusion de tec-
nologias espaciales en Colombia. La metodologia de disefio sostenible, la definicion de los
principios de disefio y del disefio conceptual, materializados con la aplicacién del método
de despliegue de la funcién calidad (QFD), la teoria para resolver problemas de inventiva
(TRIZ), el disefio orientado a la fabricacidn (DfM), la capacidad de ensamblaje (DfA), el im-
pacto ambiental (DfE), la confiabilidad (DfR) y la evaluacién de seguridad, son relevantes
para el cumplimiento de los estandares operativos requeridos por CubeSat. Por dltimo,
se proponen varios modelos para la fabricacidn de plataformas de prueba con diferentes
materiales, tales como prototipos 3D en papel, ABS, madera MDF y aluminio. Todos estos
son estructuras satelitales a pequefia escala disefiadas y construidas a bajo costo. Los di-
sefios propuestos permiten poner a prueba los sistemas a bordo y la resistencia de la in-
tegracion de ensamblaje y materiales a escala laboratorio, con el fin de que los grupos de
investigacion o las empresas interesadas promuevan el desarrollo de este tipo de tecnolo-
gias espaciales.

Palabras clave: Plataforma modular; disefio conceptual; disefio sostenible; CubeSat; na-
nosatélite; disefio por factores; banco de pruebas.
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Design sustentavel de uma
estrutura de nanossatélites do
tipo CubeSat como plataforma
de teste modular

Resumo: Este artigo busca contribuir para o desenvolvimento de tecnologias proprias e
a avaliagdo e sele¢do de tecnologias integradas necessérias para os processos de apro-
priagdo tecnoldgica no campo aeroespacial. O problema abordado surge da falta de pla-
taformas modulares e sistemas de teste de baixo custo permitindo o desenvolvimento
experiencial de sistemas de satélites e a realizacdo de simulag@es. Portanto, a proposta de
uma plataforma modular e escalavel do padrdo 1U CubeSat é apresentada como resultado
final. O processo de desenho desta plataforma, sob critérios sustentaveis, contribui para o
desenvolvimento de equipamentos de baixo custo que minimizam seu impacto ambiental
e podem ser facilmente adquiridos por grupos e centros de pesquisa interessados na dis-
seminacdo de tecnologias espaciais na Coldmbia. A metodologia de design sustentavel,
a defini¢do dos principios de design e o design conceitual, materializados com a aplica-
¢do do método Desdobramento da Fun¢do Qualidade (QFD), a Teoria da Solugdo Inventiva
de Problemas (TR1z), o Design para Fabricacdo (bFm), a Capacidade de Montagem (DFA), o
Impacto Ambiental (DFE), a confiabilidade e a avaliagdo da seguranca sdo relevantes para
atender aos padrdes exigidos pelo CubeSat. Por dltimo, varios modelos sdo propostos
para a fabricacdo de plataformas de testes com diferentes materiais como protétipos 3D
em papel, ABS, madeira MDF e aluminio. Todas estas sdo estruturas de satélite de pequena
escala projetadas e construidas com materiais de baixo custo. Os desenhos propostos per-
mitem testar os sistemas a bordo e a resisténcia da integracdo de montagens e materiais
em escala laboratorial, para que o desenvolvimento desse tipo de tecnologia espacial seja
divulgado pelos grupos de pesquisa ou empresas interessadas.

Palavras-chave: Plataforma modular; Design conceitual; Design sustentavel; CubeSat;
Nanossatélites; Desenho por fatores; Banco de ensaio.



Introduction

The opportunities that come with the democratiza-
tion of space open doors to developing countries for
the use of technologies and the implementation of
standards in the provision of aerospace service. Due
to the above, it is necessary to engage into process-
es, procedures and the use of equipment that project
the launching of satellite platforms into orbit, such as
the CubeSat standard, due to their reduced costs com-
pared to large classic technologies (Paredes, 2010).

Considering these processes of democratiza-
tion of space, the research problem identified in this
work focuses on the deficit of technological capabili-
ties of Colombia within the aerospace field, since the
development of such capabilities involves not only
public policy processes, but also the search, develop-
ment and dissemination of the space field, for which
the present project proposes mitigation actions. Said
actions focus on the search for solutions, such as the
identification of tools and the use of physical means,
on which progress can be made both in the knowledge
of space technologies and in the dissemination and ex-
ecution of basic activities for the handling of tests, sim-
ulations and the general recognition of the variables
related to satellite equipment.

In this sense, it is important to identify different
types of aerospace technologies or devices with which
services are being supplied in orbit, configuration
forms in hardware and software (Match, 2016), and
other aspects for the support of these services (Baez
& Rodriguez, 2010) regarding the possibility of devel-
oping production lines, equipment assembly and even
test development with user-friendly platforms.

Advances in the development of small-scale sat-
ellites are led widely by the United States, as shown in
figure 1.

The origin and tendency of these types of satel-
lites arose from a materialized project with the name
of “CubeSat” (CalPoly, 2009), by the Polytechnic Uni-
versity of California (Cal Poly) and Stanford Universi-
ty, since 1999. Table 1 shows shows the classification
used according to the satellite mass.
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Figure 1. Geographical distribution of peak developers and nanosatellites.
Source: Bouwmeester and Guo (2010).

Table 1
Classification of small satellites

Mini-satellite 100-500 kg
Micro-satellite 10-100 kg
Nano-satellite (CubeSat) 1-10kg

Source: Radhakrishnan and Burleigh (2016).

Afundamental purpose of using these smaller sat-
ellitesis to be able to supply the services of convention-
allarge monolithic satellites using small structures with
the same capacities on board, but distributed in differ-
ent units. Figure 2 shows the use of the standard in di-
mensional and modular terms, as alternative solutions
for ground test systems (Mier-Hicks, 2017).
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Figure 2. CubeSat basic settings.
Source: Poghosyan and Golkar (2016).
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It also highlights the high demand for the 3U type
configuration (Carnahan, 2014) for different mission
and use categories (Owen et al., 2013), both on land
and in orbit, such as the use of multispectral cameras
in one of the developments carried out by Sergio Ar-
boleda University (Diaz-Gonzalez, 2014). In addition to
the use of different types of structures (Medina, 2018),
different studies reflect their interest in the search for
alternatives and optimal designs for this type of satel-
lites (Camacho, 2016), such as the work carried out in
the University of Patras by (Ampatzoglou & Kost, 2018),
in others, designs of cubesat with alternative materi-
als (Sandik, 2012), propose methodologies with spe-
cific steps for the design of structures (Herrera et al.,
2015). Other works from different universities propose
designs such as the CP1 and CP2 California Polytech-
nic project, UW CubeSat, Washington, CanX-1, Toron-
to, Cysat, Lowa, NarcisSat, Stanford, TUSAT1, Tylor,
ICE cube, Cornell, AAU CubeSat Aalbort, NCUBE, Nor-
wegian Technique (Romero & Rodriguez, 2005). Others
analyze designs with coatings and fixed joints for differ-
ent types of launchers (Arroyave et al., 2015) or valida-
tion of life cycle requirements (Maropoulos & Ceglarek,
2010), which in the end promote the use and develop-
ment of this type of structure.

Taking this background into account, the design
of structural platforms for nano-satellites required in
the execution of ground tests is justified by the fact
that such platforms can be equipped with the different
subsystems and components of the satellite system
(Jacobs & Ruiz, 2013) in order to physically demon-
strate the affectations or strengths of equipment and
dimensionality of the components tested, consider-
ing not only their physical characteristics (Gavrilovich
et al., 2014) but also the implications of the external
environment and the phenomena to which the plat-
forms are exposed at the time of being placed in a spe-
cific orbit (Antunes, 2012).

In this sense, the problem addressed in this study
lies in the lack of modular platforms and low-cost test
systems for the experimental development and sim-
ulations of satellite systems. Thus, the design of a
CubeSat as a sustainable and materializable product
(Ullman, 2010) requires the search for information and

112

possible alternatives for the design of new structures
(Araya, 2014) capable of integrating the functionalities
of a particular aerospace service (Ulrich, 2015), such as
ground observation, which would be the service cur-
rently used to address space issues in Colombia and
for which the proposals in this article are being formu-
lated. With this, the proposed contribution regarding
the design focuses on the utility of replicating satellite
structure standards to low-cost modular platforms for
laboratory tests and teaching processes in space-relat-
ed subjects.

This article shows the proposal of scalable mod-
ular platform of the 1U CubeSat standard, in addition
to the methodology followed for the sustainable de-
velopment of a nanosatellite. The final scope of the
research starts from the design and characterization
process of a 1U standard structure, followed by the
manufacture of four test platforms in different materi-
als, ending with the demonstration of the use of one
of these structures in the setup and design of an ex-
perimental test on a vibration bench available at the
Laboratory of Industrial Electrical Tests of the Nation-
al University of Colombia (LABE), as one of the many
tests that these structures can be subject to.

The structure of this article contains the research
procedural route, the development of each of the de-
velopment phases, the evaluation of each of the stages
of the detailed design analysis, and the materializa-
tion of the sustainable product design, evidenced in
the manufacture of the prototypes real scale using 3D
prototyping in paper, ABS, MDF and aluminum, which
compiles the proposed innovation intentions for the
use of laboratory satellite test equipment. Finally, we
present the experimental test on a vibration bench,
showing the effects of acceleration and frequency to
which these types of structures can be exposed at the
time of launching on board rockets to be put into orbit.

Materials and Methods

Starting from the opportunity of using low-cost tech-
nologies and the development of test platforms for

Sustainable Design of a Nanosatellite Structure Type CubeSat as a Modular Platform for Tests



laboratories, the method was proposed within a de-
scriptive and correlational research methodology
through the execution of five structural phases, namely:

Definition of design specifications
Conceptual design

Preliminary design

Detail design

Application and manufacturing

® a0 oo

These phases bring together the levels of analysis
and context of the different requirements, standards
and applications used for structuring the platform
design and the proposal for innovation in laboratory
equipment concepts (Herrera-Arroyave & Pérez, 2015)
in order to address different specialized areas that
gather the application of space-related issues, from ac-
ademia to the industry and the state (Tirado & Rodri-
guez, 2016).

The definition of design specifications establish-
es a series of procedures that allow identify customer
needs and translate them into engineering specifica-
tions. In this phase, potential competitors were also
identified and the main features and attributes of simi-
lar competing products were analyzed. Finally, the de-
sign problem and sub-problems were established and
fully understood.

The conceptual design was approached through
the interpretation of the client’s need with its different
categories and levels of importance. The analysis of
competitors and the description of possible solutions
available in the market were developed, not only for
satellite laboratory test platforms on a small scale, but
also for its components and operating subsystems for
putting it into orbit. The functional analysis was also
carried out, where the formulation of black and gray
boxes of the platform model was obtained, along with
the functional decomposition (Ullman, 2010), speci-
fied by the generation and integration of the conceptu-
al alternatives of the product.

Throughout the project’s execution, various lim-
itations related to time, material resources, and man-
ufacturing occured. Regarding the time, as a university
project, the execution of the prototypes in Paper and

ABS considered a term of 6 months. For the aluminum
prototype, Aluminum 6061 is poorly accessible in Co-
lombian commerce and its cost tends to be high. Re-
garding manufacturing, machines such as bending
machines and laser cutters were not accessible for fi-
nancial resources, so designs such as MDF and alumi-
num were repeatedly changed. Machines such as the
CNC milling machine had a limited space to machine
the material, so it was necessary to previously manu-
facture to access the final design. Likewise, the 3D pro-
totyping machines had a delimited internal space, so
the dimensions of the designs were changed.

In this sense, and taking as a reference the con-
ceptual design described and previously formulated,
several relevant components were then raised for a
preliminary and detailed design of the test platform,
such as the definition of product architecture, with
their respective schemes and interactions at the sys-
tem level, fundamental for the detailed design to be
developed at the end of the proposal.

Subsequently, the detailed design was devel-
oped, a phase where the selection of the components,
materials and production techniques was made, the
functional interfaces were refined, and physical mod-
els and useful prototypes were developed to under-
stand the operation of the product, describing the
evaluation and compliance of the functions and per-
formance, together with the assessment of manufac-
turability (DfM),! assemblability (DfA)? (Ullman, 2010),
environmental impact (DfE),? reliability (DfR)* and safe-
ty factors, relevant to compliance with design stan-
dards for the CubeSat (Alvarez & Walls, 2016).

Based on these considerations, the design char-
acteristics, manufacturing processes, tooling, improve-
ment strategies, product life cycle analysis, product
process tree, assemblability evaluation, testing, and
design of experiments were established, with their re-
spective factors. Experimental, variables and analysis

Design for Manufacturing
Design for Assembly
Design for Environment
Design for Reliability

HWN=
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results, planned for evaluation of tests on the modular
platform were also established (Medina, 2018).

Finally, the production and process parameters
were established for product scalability and applica-
tion of the engineering design techniques available for
the management of laboratory test equipment with
CubeSat-type platforms, demonstrating the process by
manufacturing the full-scale modelin 3D printing, to fi-
nally verify its modular use in laboratory tests.

Results

Design Requirements

Based on the design subproblems deduced from the
analysis of different types of structures, customer
needs and engineering requirements are defined; this
is the basis of the design constitution. The design sub-
problems identified are the following:

+ Low load capacity of the device.

+ Possible electromagnetic interference.

+ Relative low mechanical resistance.

+ Limited resistance to temperature changes.

+ Lack of portability of flight platforms and their
equipment on board.

Customer's need was identified after different
processes of information analysis and interviews with
sector researchers and equipment dealers for launch-
es of nanosatellites, who argue the need for modular
platforms capable of providing performance of test
systems and portability of functions for the different
subsystems of the satellite equipment. This allowed
stating the requirement of test benches, as well as the
structures to be able to equip and simulate the refer-
ence frame of a nano-satellite, in terms of stability con-
trol, positioning and responsiveness to level variations
in simulated orbit.

Taking as a reference the description of the client’s
need and having a possible name for the proposed solu-
tion (Nano), table 2 lists the customer's requirements

114

next to the assigned level of importance, according to a
scale between 1 and 5, where 5 means very important.

Table 2
Levels of importance for customer requirements.

Level of .
: Customer requirement
importance

40 Nano is lightweight with free joints

5.0 Nano has attachable shapes and joints

40 Nano is not contaminable but biodegradable

3.0 Nano has disarmable components

30 Nar_10 allows you to insert electronic cards and easily
resists your weight

3.0 Nano can be transported and stored in a practical way

40 Nano is allowed to scale with the union of components

Based on the functional review, different specif-
ic requirements for the platform are added below, as
well as its correlation with useful engineering specifi-
cations to satisfy the quality function of the basic prod-
uct design.

Structural Requirements:

« Launch segment protection

» Protection of the space environment

« Interface integration with the P-POD space launch
vehicle (Poly Pico-Satellite Orbital Deployer)

Mass requirements and mass distribution:

o 1.33kgperunit
+ Center of gravity within 2 cm of the geometric
center

Technological requirements:

« Access by side face

«  Minimum access area with maximum 6.5 mm to
the normal face

o Minimum width of 8.5 mm rails with rounded
edges of Imm

«  Minimum roughness of the rails of 1.6 ym

« Hard anodized aluminum rails to avoid cold
welding

Sustainable Design of a Nanosatellite Structure Type CubeSat as a Modular Platform for Tests



« Minimum contact surface of the ends of the rails
with the side faces of 6.5 mm x 6.5 mm with the
neighboring launch rails, for a 75 % contact se-
cured with the P-POD rails

« Manufacture with 7075, 6061, 5005 or 5052 alumi-
num alloys

Launching requirements:

« Support static acceleration of the launch vehi-
cle (effects of propulsion systems, aerodynam-
ic loads and inertial loads) and static load by the
ejection spring

+ Novibrational nodes below the random frequen-
cy spectrum (PSD)

« Withstand sinusoidal vibrations due to the
growth of the takeoff pulse and combustion of
the engines; random vibrations due to the noise
and pressure reflected in the launch; shock vi-
brations measured by the shock response spec-
trum (SRS) due to the ignition of the propellant
systems and the activation of the mechanisms of
separation of stages and release of the satellite

Operational requirements:

+ Permanent structural union of components for
the launch, expulsion and operation of the equip-
ment

1) Competition Analysis: The deduction of com-
petitors and suppliers of these platforms results from
the debugging and information of contributions to the
sector, previously analyzed, and from which the com-
panies ISIS, GOMSPACE, Cubesatkit, Tyvak Nano-Satel-
lite Systems LLC are extracted, as possible references
for the outstanding weighting of these requirements,
where mainly the levels of forms, unions and require-
ments of low weight are ratified as the most prominent
of the products offered by these companies.

2) Engineering specifications, category and objec-
tive values: Engineering specifications are presented
indicating for each of them the estimated values and
ranges of operation (table 3), with which it is expected

to count in the design of the platform, in the same way
the categories and possible magnitudes of being con-
sidered for the deployment of the quality function.

Table 3
Values and ranges of operation.

Engineering specifications Values and ranges of operation

Density of construction material 1.2g/cm?(12.1 pts)

Volume of the basic unit of the
nanosatellite

1000 cm? (30.4 pts)

Total weight of the basic unit 500 g (11.3 pts)

Tensile strength of the structure 50 MPa (10.1 pts)

Platform load capacity 10 kg (16.6 pts)

Basic lateral load area 100 cm? (9.8 pts)

Operating temperature of the nano -170t0 150 C (9.8 pts)

In brackets, the score achieved by each of the en-
gineering specifications. This score makes it possible
to organize the Engineering Specifications according
to their level of importance to meet the expectations of
potential customers.

3) Development of the quality function deploy-
ment (QFD): The development of the deployment of
the quality function addresses the levels of impact
and correspondence between the client’s require-
ments and the engineering specifications raised. In re-
lation to the latter, it is possible to observe not only
the correlation of impact between them, but also, as
shown in figure 3, the weights of the most represen-
tative specifications, such as the volume of the struc-
ture and the capacity of load of the same, for which
the different estimation of impact between customer
requirements and engineering specifications, account
for the design attributes of greater relevance for the
product design.

4) Application of the Inventive Problem Solving
Technique (TRIZ): As a result of the interactions and re-
sults offered by the deployment of the quality function,
the two engineering specifications with higher weights
were taken as a reference, that is mentioned the vol-
ume and load capacity. These engineering specifica-
tions represent the contradictions to work according
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to the TRIZ methodology® technique appealing. When
using this technique (Rodriguez, 2017), the attributes
mentioned were related in the characteristics to be im-
proved within the design, since the contradiction ef-
fect could generate problems in the characteristics of
the row, such as the weight of the moving object and
the ease of manufacturing.

These being the most significant characteristics
obtained from the quality function, it follows that the
most significant inventive principles and that are re-
lated to these contradictions are both segmentation
and copying and even the fact of being able to replace
systems within the design. In this sense, both segmen-
tation and copying refer to the possibility of work-
ing with modular systems within the design proposal,
which are capable of being integrated and scaled if
necessary for the implementation and manufacturing
of the platform.

5) Functional analysis: The general status of
small-scale satellite technology platforms represents

5 Teorija Rezbenija Izobretatelskib Zadach (Inventive Problem Solving
Technique).

different types of mission, among which we want to
highlight related designs for topologies and control of
network agents.

Within the most common and generically de-
scribed satellite architectures, the following subsys-
tems are related:

« Structure

« Propulsion

« Powerorenergy
« Communications

Additionally, the gray box model is developed as
the first outline of the entrances and exits of the sys-
tem, considering both the gravitational movements of
the satellites and the effect of stability and armed with
components that the platform must replace. Taking
into account the subsystems of the on-board platform
for different aerospace service missions (figure 4), the
gray box model is presented, including the process-
ing of the energy, material and information flow con-
ditions for the observation of the states of each of the
components and subsystems.
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Figure 4. Gray box model for the CubeSat.

After the deduction of the functional gray box
model, the complementary functions (figure 5) can
be approached from the general functions of the sys-
tem; for example, attitude control (Meissner, 2019), on-
board data control, power supply, communications
control, propulsion control and, specifically, and as a
particular aspect for functional design, the structur-
al control function is resumed. This last main object of
study guarantees both the support and well as the pro-
tection and maintenance of the equipment on board
the platform.

6) Application of creativity techniques and concept
generation: The application of creativity techniques in
the generation of conceptual solution alternatives for
the test platform is supported by external elements
such as satellite designs used within the internation-
al balltype space station and home artifacts projects
for balloon launches, up to design of new models such
as the proposed nanosatellite for communications

applications and other services. Another generation of
concepts is based on the identification of patterns fol-
lowed by operational models of modular and deploy-
able platforms, which are currently used in the market.

Finally, the generation of concepts is supported
by the search for patents of platforms used for multi-
ple purposes, making use of creativity techniques by
analogies focused on the history of patents granted in
the market.

7) Concept Integration: After the correlation es-
timates between customer requirements and en-
gineering specifications, added to the functional
configuration of the platform, the creation of useful
concepts to interrelate the sub-functions of the system
is reached through creativity techniques, as is the case
presented in figure 6, with the classification tree. The
latter allows the integration of the components of each
subfunction and clarifies the guidelines for the con-
ceptualization of component operation.

System function

Control attitude Control data on board Supplies energy

I I |
Activate propulsion
system

Control
comunications

Control structure
and thermal systems

Sensing } Store energy

position Receive data }

)

Sensing

Communicate
consumption

{ Carry on payload satellites

Dsitribute energy

Activate axis
rotation

Transmit data }

)

levels

Carry on
components Station ground

dissipate heat

Filter
information

1

|
[ e=n
|

Control }

{ Protect systems propulsion

Figure 5. General functional decomposition.
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Figure 6. Concept integration (concept classification tree).

8) Evaluation procedure and concept selection:
In general terms and after the process of formulating
the possible types of concepts for the design of the test
platform, these are consolidated in the Pugh decision
matrix, as shown in table 4. This matrix allows the eval-
uation of the different global concepts, obtained by
means of combination techniques of elements such as
bars, rivets, screws, sections, stops and even profiles,
considering CG1%, CG27, CG3%, CG4°. As a result of the
application of this evaluation technique, the integrat-
ed concept number 2 is obtained as the most promis-
ing and strong as a design solution.

Table 4
Pugh decision matrix for the evaluation of the different concepts for
the testing platform.

—_m--- o4

Nano is lightweight with free joints

Nano has attachable shapes and joints
Nano is not contaminable but biodegradable
Nano has removable components

Nano allows you to insert electronic cards
and easily resists your weight

Nano can be transported and stored in a
practical way

Nano is allowed to scale with the union of
components

Total

Score (+)
Score (-)
Weighted

CGL1. Sheets, rivets, profiles.

CG2. Bars, screws, sections.

CG3 Bars, rivets, sections.

CG4. Pivot, blades, screws, stops.

W oK~

9) Effective transmission of the Global Dominant
Concept (CGD): As a result of the conceptual design
processes, the previous concepts are proposed as al-
ternatives of use in the conformation of shapes and
volumes, which meet both the inventive principles of
the TRIZ matrix and the integration of the basic ele-
ments of the concepts. The guidelines for the construc-
tion of a model based on the dominant global concept
are given, with the combination of side sections bars
and screw-type joint elements, as shown in figure 7.

Figure 7. Integrated assembly proposal.

In general terms, a structure with adjustment of
the lateral faces is proposed (figure 7), which are the
sections included in the concept, unlike the plates that
were previously proposed without special shapes or
holes, thus achieving visualization of the internal com-
ponents, as well as the provision for air circulation and
thermal protection of the components.

Preliminary design modular platform

In reference to the conceptual design developed so far
for the advancement in the development of the struc-
tural system of a nanosatellite, different aspects prior
to the definition of the design at the system level are
related, considering the need to properly document
the architecture of the product.

1) System level design. Product Architecture Defi-
nition: Faced with these characteristics and effects to
which the spatial structures are exposed, the different

Sustainable Design of a Nanosatellite Structure Type CubeSat as a Modular Platform for Tests



subsystems of the nanosatellite (Herrera-Arroyave &
Pérez, 2015) are resumed, and are described below, to
emphasize the design approach at the system level re-
lated to the structure of the equipment.

i.  Structural subsystem (shapes and rigidity - made
of aluminum alloys).

ii. Thermal subsystem (active or passive maintains
temperature control, its passive category refers
to surface finishes and coatings).

iii. Control and attitude determination subsys-
tem (ADCS), measures and guides, position and
orientation.

iv. Electrical Power subsystem (EPS) - supplies and
guarantees energy in the light and shadow phase.

v. Communications subsystem (sends and receives
data from the payload to the ground station, us-
ing electromagnetic waves with antennas).

vi. Command and data subsystem (OBC, On Board
Computer) is the on-board control computer,
with PC-104 standard connector electronic cards,
fire resistant and made of glass fiber reinforced
polymer (GFRP), Glass Fiber (Reinforced Poly-
mer item, manufactured by Commercial-Off-The-
Shelf - COTS).

On the other hand, in order to advance in the
process of detailed design and product generation, it
is important to identify the general requirements of
space materials, arranged to withstand the difficult
conditions to which they are subjected while in orbit:

Tempering

Tenacity

Extreme temperature resistance
Abrasion resistance

Wear resistance

Corrosion resistance

-0 a0 oo

In this sense, and in accordance with the de-
scribed subsystems, product development focuses on
this stage in the evaluation of the structural subsystem.
Taking as a reference both the modular architecture
and the geometric arrangement at the system level,

different interactions are established between each
of the subsystems of the structure in figure 8, such as
the versatility and objective stability between the side
sections of the model with the respective support bars,
which are subject to vibrations at launch and, subse-
quently, to dynamic loads by the vertical movement
of the loading device. Additionally, a vulnerable inter-
action for the operation of the system is presented,
such as the dimensional tolerance between the sup-
port bars and the connecting elements, since the fric-
tion of subjection and the stability in the rails greatly
compromise the safety of the components on board
the nanosatellite. Finally, the interaction of resistance
and load is established between the joining elements
and the frontal sections which are subjected to nodal
and shock vibrations to ensure the content and expul-
sion of the equipment in orbit.

Side

sections

o Versatility
and stability

¢ Dimensional
tolerance

Connecting

elements

b Front

sections

¢ Resistance
and load

Figure 8. System level interactions.

Based on these interactions and the geometric
arrangements that together with the modular archi-
tecture integrate the nano-satellite, the detailed de-
sign generation can be projected referring to both the
materials and the components required for the design
sequence (figure 9), this being one of the milestones of
the process with respect to the consolidated proposal
of the dominant global concept.

REVISTA CIENCIA Y PODER AEREO | vol. 15 n.° 1 | enero-junio del 2020 | pp. 108-134 | ISSN 1909-7050 E-ISSN 2389-9468 | https://doi.org/10.18667/cienciaypoderaereo.519

Escuela de Postgrados de la Fuerza Aérea Colombiana



Escuela de Postgrados de la Fuerza Aérea Colombiana

Figure 9. Final graphic model for the CubeSat 1U.

CubeSat structure detail design

The basis for the process of generating the detailed de-
sign is addressed by means of the CubeSat type modu-
lar architecture, composed of the basic cubic unit with
100 mm side, called 1U, which is scalable to 2U, 3U, 6U
even 12U, as additional units in a single modular struc-
ture. This scaling is done depending on the load and
the specific requirements of each mission.

Detailed design generation

Component Selection: The following is the selection of
standardized components according to the identifica-
tion of interactions and operating interfaces of the pro-
posed platform:

Connecting elements
Structural sheets
Divider sections
Support profiles

a0 oo

It also stands out that the detailed design must
start from the selection of standardized components,
where the Poly Picosatellite Orbital Deployer (P-POD)
launch vehicle is mainly located, within which the
nanosatellite whose structure is being developed is
to be housed and for which not only dimensions and
materials but also process and deployment standards

must be considered, both for launching and for putting
into orbit. To do this, the mission design must be clear-
ly defined.

Selection of materials and production techniques:
For the right selection of materials and manufacturing
processes of custom components of the CubeSat, ac-
cording to the spatial environment, the following as-
pects can be mentioned (Sandvik, 2012b):

« Ceramic matrices of amorphous silica and rein-
forced with ceramic nanoparticles of Titanium
oxide, alumina and zirconia

o Aluminum 7075, 6061, 5005, 5052 for structural
beams

« Maximum mass of a CubeSat 1U of 1.33 kg

« Structural beams with the following parameters:
thickness of 8.5 mm, roughness of the surface
of less than 1.6 ym, and edges of the structural
beams of at least 1 mm

Definition of spatial restrictions: In addition to the
characterization of the materials available for the man-
ufacture of the CubeSat, it is important to highlight the
standardized design of each of the CubeSat configura-
tions about the space restrictions that have been es-
tablished (Poghosyan & Golkar, 2016), considering the
1U, 2U and 3U configurations, with reference systems
such as the physical characteristics and the finishes of
the structures.

1) Development and connection of interfaces: Con-
sidering the parameters previously related to the stan-
dards, both structurally and functionally and material
selection. Figure 10 summarizes the functional inter-
faces of definition, and the development and connec-
tion between the subsystems of the product.

2) Description of calculation and computational
tools used: From the geometric and structural defini-
tion of the prototype, the static, modal and dynamic
analysis of the structure performance scenarios for the
CubeSat can be projected. After the simulation of the
loads applied to understand their effects (Mooij, 2007),
figure 11 shows the lateral deformations due to the in-
duced stresses; for this restrictions are placed on the
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bars where the displacement rails are attached to the
structure of P-POD (Chin & Puig-Suari, 2008). It can be
observed in the results that, despite the generated de-
formations, the structure remains integrated and the
upper and lower sides support the launching forces,
without uncoupling the lateral sides of the CubeSat.

On the other hand, figure 12 shows the simula-
tion of deformation of one of the PCB*° plates that are
contained within the CubeSat (Camacho, 2016). There
is also an increase in the stresses in the center of the
plate where the electronic components of the CubeSat
subsystems are located.

Control structures

Carry on

Carry on payload components
|

Keep systems Keep systems
protect isolated

Carry on electronic

Carry on sensor
weight

Side and front
sections

Fix unions

( Joint dampimg

caras (<) 2
@ = .2
Allow load Carry on reacton = s B
stability rywheels E o 3 Divide sections
a =
S S
. 7] . =
Pri?]tt(-:é%tr!?yad Flatten sections = Separate modules
L . . . ]
Union elements
Figure 10. Functional design interfaces.
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Figure 11. Analysis of displacements on the structure of the CubeSat.
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Figure 12. Deformation of the PCB with vibration at 323 Hz
Source: Pierlot (2009).

10 Protoboard Circuit Board
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In addition, it is important to study by thermal
modeling the effect of temperature changes during the
stabilization process of the CubeSat. Figure 13 shows
the influence that the light and eclipse phases have on
the CubeSat during its positioning in orbit.
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Figure 13. Analysis of the effect of light and eclipse phases.
Source: Gallegos (2009).
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After carrying out simulations of loads, vibrations
and thermal effects, which study the aspects that most
significantly impact a CubeSat, it is observed that both
the selection of standards in materials and compo-
nents comply with the operating requirements of the
structure during all phases of operation.

3) Modeling and analysis: As part of the design
process, the optimization of the useful volume as a
function of the amount of structural material is a fun-
damental task. To do this, a parametrization of the
mathematical model is performed, and a topological
optimization of the geometry is used to obtain the fi-
nal shape of the lateral, upper and lower sides of the
structure. The objective volume is defined as the total
volume subject to the condition of admissible stress in
the structure of the CubeSat, optimizing the payload
capacity (Pierlot, 2009). Figure 14 shows one of the
simulations used.

The integrity of all the components of the struc-
ture is expected from this functional correlation. The
right balance must be found between the subfunctions
of the platform through the support of the payload, the
support of components, the protection, and the isola-
tion of the systems. All these are expressed in geomet-
ric terms by means of the design of the lateral, superior
and inferior sides of the CubeSat.

1006,7 Max
783,35
550,97
336,50

113,2
110,18
-333,56
-556,04
-780,33
-1003,7 Min

0,300 ()

Figure 14. Simulation to obtain the deformations on the structure according
to the launch loads on the CubeSat.
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Discussion

Evaluation of the product in terms of
compliance with functions and performance

For the evaluation of the functions and performance
of the product, the prescriptive model of the planning
phase is taken as reference with the different steps of
the process, which are of use and application in nano-
satellite systems. About the different requirements
of the customer, table 5 shows the basic design crite-
ria, considering the defined levels of importance, to
carry out the respective evaluation of the selected de-
tailed design.

Table 5
Evaluation of compliance with customer requirements.

Cubesat design
EITE]
(o lower
performance
-5 higher
performance)

Relative
weighting of
requirements

Level of Requirements
of the client

importance

CubeSatis lightweight

40 and with free joints 5 /20
50 CubeSat has couplln'g 4 20/25
shapes and connections
CubeSat s bio
40 degradable 3 12/20
30 CubeSat has removable 1 1215
components
CubeSat allows to
introduce electronic
30 cards and resists its 4 12/15
weight easily

CubeSat can be
3.0 transported and stored in 3 9/15
a practical way

CubeSatis scalable with

40 the union of components 4 16/20
unitarily
Total Customer requirements 2735 101/130
assessment
Total percentage 7%

Table 6 Shows the evaluation of compliance with
the engineering specifications for the selected detail
design.

Table 6
Evaluation of engineering specifications.

Global Concept

Eng!n_eer!ng Rela_tlve #2 Compliance

specifications weight level: 0-10
Density of the construction 12.1
material 9 108.9
Volume of the basic unit
of the nanosatellite 04 8 2432
Total weight of the basic unit 11.3 7 79.1
Tensile strength of the 101 6 60.6
structure
Loading capacity of the 166 7 116.2
platform
Basic side loading area 9.8 7 68.6
Operating temperature of
the satellite 98 5 490

Product evaluation in terms of
manufacturability, assemblability
and costs (DfM y DfA).

The design oriented to the manufacturability, the as-
semblability, and the analysis of costs retakes the
analysis and redefinition of each one of the com-
ponents, along with the constructive processes re-
quired to obtain the CubeSat at a competitive cost.
For this, not only the inputs and outputs of a manufac-
turing system are considered, but also the materials
and products involved in the production activities of
the CubeSat.

1) Design oriented to manufacturing: Manufactur-
ability is approached from the analysis of the manufac-
turing system necessary to produce CubeSat. Figure 15
shows a diagram detailing the inputs and outputs nec-
essary to guarantee the manufacture of the product in
question. The inputs consist of the raw materials, such
as the basic construction materials of the platform
(Delgado, 2016), the standardized components, the es-
timate of the labor, supplies, energy, services, tooling,
and necessary information for each one of the required
processes. On the other hand, the outputs of the sys-
tem are composed of finished products, waste materi-
als, recyclable and reusable parts.
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Tools Information
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(Aluminium/ stainless steel/ (Estructure parts)
felt paper/ plastic) MANUFACTURE P
Standard components Systems Recyclabe or reusable
(Side, top and bottom faces / (Sodium hydroxide,
ejector spring screws) . sulfuric acid, water)
Satellite Test
Platform
Supplies Energy Service

Figure 15. Scheme of the manufacturing system required to produce CubeSat.

The manufacturing processes of the CubeSat
type structure considers the following work groups
and process parameters:

Sheet cutting processes:
+ Electric shear
Machining processes:

« CNCand conventional milling for the side faces

+ Cutting by laser or EDM-CNC, for geometries of
the lateral and superior sections of the CubeSat

+ Threaded and cylinder operation for the machin-
ing of the separation spring between CubeSats

Bending process:

+ Neutral fiber radius
+ Bendinglength

+ Bendingtolerance
+ Stretch length

+ Folds

Milling process:

« Revolutions per minute
+ Cutter, roughing and finishing

Surface coating process:

« Anodized for the rails or structural bars to avoid
cold welding with the P-POD structure

The cost model is based on the calculation of the
production cost of a unit of product, which is deter-
mined by means of the expression (1).

(Cset + Ctoo[)
C.=———+ Cur (l)

% Vprod

where C is the total cost of production of a unit
of product, Cst is the cost of preparation, Cwor is the
cost of tooling and other non-recurring costs, Vprod is
the volume of production and Cuwr the variable costs to
produce a product unit. According to the processes for-
mulated in table 7, the evaluation of manufacturability
is related to each of the pieces of CubeSat, qualifying
the level of impact, accessibility, and estimated costs
(Gallegos, 2009).

Table7
Qualification of CubeSat manufacturability. High (H), medium (M)
and low (L).

Environmental

Parts Process . Accessibility | Costs
impact
Lateral and Laminate M M M
top sides Shearing L H L
Laser cut L M M
Bent L H L
Shearing L H L
Vertical support | Boring M H L
bars and rail Anodized H L H
guides .
Cylinder M H L
Elements of joint | Threaded M H L
and fixation Bucking M H L
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2) Design oriented to assemblability: Based on
the disposition of the different parts of the structure,
the characteristics and qualifications of the assem-
blability performance of the design are evaluated. For
this, the number of parts and fasteners, assembly se-
quences, coupling trajectories, and accessibility to the
different interfaces are considered. From this, 54 refer-
ence points are obtained as evaluation parameters and
improvement criteria for the design of the components,
where the general scheme, the recovery of parts, and
the handling and joint of these are evaluated. The cost
model for the task of assembling the product is defined
with the help of expression (2) (Boothroyd, 2005).

Ca = CH (tmun + tins) (2)

Where Ca is the cost of assembly, Cris the hourly
rate of assembly, as in the equation tman is the time to
take and manipulate the components and finally tins is
the time to attach and fix the components.

Design oriented to the environmental
impact of the product (DfE)

For the analysis of the environmental impact, the
life cycle of the satellite test platform is defined, with
which the different aspects that generate a certain im-
pact are identified and related to the intensity of use
of the raw materials, standardized components, pro-
cess of production, quality control, packaging, stor-
age, marketing and distribution, use by the customer,
maintenance and repair, product recall, recycling and
reuse (EHU/UPV, 2017). Figure 16 shows a simplified di-
agram of the life cycle phases for the CubeSat.

For this activity, the CubeSat life cycle process
tree is developed (figure 17) based on the different ba-
sic composition materials of the structure, processes,
uses and final disposal. For this product, there is a mul-
tipurpose disposition in the laboratory. The above as
a result of its nature, destined to the simulation of sys-
tems on land and the modeling of multi-agent control
systems with on-board equipment.

- Stainless steel extraction &

\ 4 \ 4
Raw Materials Materials Product Desi
. i roduct Design .

- Air A 9 Process Design
- Atmosphere - Feltpaper - Scale Model

Ground - Biodegradableplatic

; |
Production . e
) . , . Packing & Storage Comercialization

- Aluminum extraction & processing Quality Control & Distribution

- Air &land transportation

- Ground station control . . .
equipment (antennas and —> ) %%Sl;?itsesgrggg” by decay of orbit
laboratory computing ) Laboratop
equipment v

processing - Vibration equipment for import of components - Packagingiin boxes
- Rolled, laser cut, milling, bending, - Load ingEquipment - Public laboratory service and plastic bags per
threading for storage component
- Tempering & anodizing I
Use/Maintenance Retirement Recycling Reusable

- Recycling Aluminum - Preusable modular

) ggrgzlsmg box structure for multiple
- Screws laboratory tests

Figure 16. Diagram for the life cycle analysis of CubeSat.
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Figure 17. Process tree for the CubeSat life cycle.

Based on the life cycle and the product process
tree, improvement strategies aimed at achieving a sus-
tainable design are implemented. For this purpose, the
concepts of each strategy, their respective scales and
comparison with the reference model of the market
and the designed product are used. As strong aspects
of the generated product, we can mention the sig-
nificant reduction in the use of materials and the de-
crease of the environmental impact during use, typical
of a reusable platform. The eco-efficiency index of the
proposed design is an important indicator to charac-
terize the efficiency of the product in terms of the val-
ue it produces and how much it negatively impacts the
environment throughout its life cycle (Louzguine et al.,
2000). The eco-efficiency index is calculated according
to the equation (3).

4

e (3)

leco =

Where leco is the index of eco-efficiency, V the val-
ue of the product, and Elicis the environmental impact
throughout the life cycle of the product. As a value of
the product, the estimated net profit is taken accord-
ing to the sale price that the potential customer would
be willing to pay and the unit production cost that has
been projected. On the other hand, to determine the
environmental impact during the life cycle, it is neces-
sary to determine the individual values of each of the
processes involved in the manufacture, distribution,
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final use of the platform, and removal of the product
at the end of its useful life. Here we take as a starting
point, for example, the extraction of bauxite ore and
the production of aluminum as the main material of
several of the CubeSat components.

About the different processes previously de-
scribed, the environmental impact assessment for
CubeSatis presented in table 8.

Table 8
Environmental impact assessment of the CubeSat structure

Item Process Quantity | Indicator Result
Production (raw materials and processes)
Aluminum 0.8 kg 780 624
Stainless steel 0.2kg 86 17.2
Fabrication process
1 Aluminum bending 0.8kg 0.000047 | 0.0000376
Aluminum shearing 0.2kg 0.00006 0.000012
Chemical derivatives
Sulfuric acid 0.018 kg/L 22 0.396
Sodium hydroxide 0.01 kg/L 38 0.38
Use
2 Low-voltage electricity ‘ 20 kWh ‘ 37 ‘ 740
Final disposition
Cardboard packaging 0.2kg 69 13.8
3 Municipal waste 1.33kg 2 2
Total indicator 1,397.66
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Returning the index of ecoefficiency with the val-
ue of utility of the estimated product of USD 3,700, due
to the quantification of total costs of investment in the
platform and the value of environmental impact total-
ized during the life cycle, the CubeSat modular structure
has an eco-efficiency index as calculated in equation (4).

3700USD usb

leco = =2647;3 —————  (4)

66 eco-points eco-points

Design oriented to reliability
and security (DfR y FMEA)

Design oriented to reliability: The following verifica-
tion aspects and test specifications are verified for the
approval of the CubeSat structure at the time of sched-
uling the launch:

a. Test of structural loads: support acceleration in
each axis and in both directions.

b. Random vibration test: support random vibration
environment.

c. Test of sinusoidal vibrations: support sinusoidal
vibrations environment.

d. Spatial thermal cycle test: withstand thermal cy-
cles without presenting fatigue failure.

Taking the categories of tests performed on the
CubeSat structure for its operation, the vibration test
was selected as a reference for the analysis of the re-
liability of the design. For this, the test parameters for
the design of experiments that appear in (Kuehl, 2001)

are taken, which is done by the computational simula-
tion method.

The central purpose of the experimental design
is to determine the fault elements subject to structural
vibration loads, such as modeling the process of plac-
ing a CubeSat into orbit according to the standards
by the European Cooperation for Space Standardiza-
tion (ECSS). The hypothesis to be tested is the follow-
ing: the structural supports and joining elements of
the modular platform remain coupled and fixed under
the conditions of the vibration test. To answer this, the
following independent factors and experimental re-
sponse are established:

Experimental factors:

«  Amplitude
« Frequency

Response variables to be measured:

+ Displacement (each longitudinal axis x, y, z) in mm
« Maximum acceleration (each longitudinal axis x,
y, z) in units of gravity

Figure 18 shows the arrangement of the elements
used to carry out the experiment. The main compo-
nents of the experimental assembly are:

«  Amplifying equipment

« Electrodynamic exciter head

« Support base and fixing clamps

« Vibration sensors

« Dataacquisition and processing system

PR BESORTE HEARSON 1

Body

Base

Acquisition

—> 178 | i = L
2 | - \

Electrodynamic
river

Figure 18. Study assembly of a structure

supported on a mobile base.
Source: Arroyave (2015).
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At the end of the acceptance of the proposed hy-
pothesis, based on the simulations, the rethinking
and refinement of the physical model and the prod-
uct prototype take place. Then a revaluation of the
client’s requirements and engineering specifications
is performed.

Design oriented to security: This activity consid-
ers the following aspects of safety within the concept
of structural design of the test platform, which present
the conditions under which risk factors could occur in
the product:

a. Design of components without dimensional
tolerances

b. Materials not resistant to extreme temperatures
Failed structural support tests

d. No use of standards for the structure and compo-
nents on board

e. Non-modularorscalable design

f.  Absence of quality controls (dimensional toler-
ance control, mechanical properties control of
materials, etc.)

g. Noavailability of a component assembly manual

Finally, the failure mode and effect analysis
(FMEA) is developed, whose fault evaluation matrix is
shown in table 9. This identifies the potential potential

Table 9
Matrix of modal analysis of failures and their effects.

failures of CubeSat, together with the evaluation of
the level of severity, estimated frequency occurrence,
and ease of detection. The product of these three vari-
ables allows the calculation of the priority risk number
(PRN). The latter establishes an order of priority for po-
tential failures and facilitates the drawing up of an ef-
fective action plan, necessary to minimize or eliminate
the risk of the product developed.

Based on the identification of the potential mode
of failure, its effects, and the PRN, the risk manage-
ment and minimization actions are projected (Tsarev,
2013). In the case of CubeSat, the support function of
the components resulted in a PRN of 270 points. Fortu-
nately, for this case, because it is a test structure on the
ground, it would not be exposed to the thermal effects
or extreme loads to which these platforms are exposed.

Finally, a strategy to improve industrial design
was implemented. The structure is revised in terms of
including the following design features: defined and
scalable geometries for the coupling between sides
and support bars; geometric interstices for the iden-
tification and visualization of internal components,
beveled sections for easy manipulation and position-
ing between sides; smooth surfaces for the anti-ad-
hesion of material external to the structure; and holes
symmetrically distributed for the union of components
and an easy location of elements within the structure.

. . P
. Potential Failure Potential C ause(s)/ S Potential C-ause(s)/ r Current Design D R
Item/Function Mechanism(s) of e Mechanism(s) e P
Mode(s) . . 0 Controls
Failure v of Failure b t N
Carry on systems 0
Carryon Vibrations Disarm 9 | Joint mismatch 6 | Threaded parts 5 270
components
Protect Disintegrationo of parts Structural heating 7 | Thermal unlock 4 | Parts coatin 4 112
systems
Keep systems Fracture of parts Component fusion 6 Electrical contacts 5 Isolating material 4 120
isolated

Sustainable Design of a Nanosatellite Structure Type CubeSat as a Modular Platform for Tests

128



Application and manufacture
model platform

To apply the design process developed, the construc-
tion of the model is carried out using the prototyping
technique by 3D printing —the first with cellulosic con-
struction material and the second in polymeric mate-
rial type Acrylonitrile Butadiene Styrene (ABS)— with
the object of proposing two alternatives for the use of
modular structures in the laboratory. The above, under
the premise of dimensional tolerance assessment and
selection of the best sustainable performance option,
both for its environmental impact and for its complete
design, manufacturing and end use condition, with
subsystems on board for specific tests in each material.

The manufacturing processes used to manufac-
ture the prototypes are described next. First, devel-
oped 3D models are converted to an .stl extension,
which is suitable for prototyping. Subsequently, the
model parts are placed inside the work trays and the
configuration of the polymer injector step is execut-
ed in the case of the ABS and the cutting blade in the
case of paper printing, as well as the application of the
additive for the adhesion of each one of the sheets of
paper. Then, the determination of the volume of mate-
rial for the model and the support material for the two
printing cases is made, from where the estimation and
time projection for the printing process is made, ac-
cording to the number of trays configured by the num-
ber of parts required. Finally, the demolding is carried
out, which for the case of paper is expensive due to the
separation of the model from the layers adhered to the
paper block. The use of polymer requires acids for the
removal of support material, which negatively impacts
the environment and decreases the rate of eco-effi-
ciency of this product. After the demolding process,
the finish and integrity of each of the parts is verified,
and the final model is assembled and tuned for each of
the manufacturing methods used.

Figure 19 shows the models constructed with cel-
lulose, both in the 1U and 3U configuration, respec-
tively. Figure 20 shows the models built with ABS, both

in the 2U and 3U configurations, respectively. All are
defined as a structural subsystem according to the
CubeSat standard. On these structures it is possible
to assemble the CubeSat work subsystems: thermal
subsystem, subsystem of control and attitude deter-
mination (ADCS), electrical power subsystem (EPS),
communications subsystem, and subsystem of com-
mands and data. They can be assembled in the struc-
ture and put to the test (Araya, 2014), for evaluation
of space technologies, in laboratories workbenches,
where variables of analysis in aerospace development
projects are specified.

Paper

Figure 19. Cellulose final prototypes for 1U and 3U configurations.

ABS Polymer

Figure 20. Final ABS prototypes for 2U and 3U configurations.
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Final ABS prototypes allow us to recreate the
classic CubeSat structure varying the materials, sizes,
volume, and manufacturing.

Wood

Figure 21. MDF Non-standard CubeSat

The prototype in wood (figure 21) was made with
agglomerated wood medium density fibreboard (MDF)
of 3 mm thickness, and was manufactured with laser cut.

Aluminium

Figure 22. Aluminium Non-Standard CubeSat

The prototype in aluminium of the figure 22 was
elaborated with aluminium-60601 with 2 mm of thick-
ness. The complete design and manufacturing is avail-
able in the work by Cortés-Garcia et al. (2019).

The results of the design and construction pro-
cess of the test platforms from different materials
pose several challenges not only to the manufactur-
ing processes but to the achievement of raw materials
and assembly processes, such is the case of the eval-
uation of physical properties and with the machining
and associated tools, for final disposal as modules of
the test system.

Table 10
Production Analysis, Eco indicador.

Eco
indicator
point (mPt)

Production Analysis 1U CubeSat Structure

Volume structure (148.9 cm®) |Eco indicador
Material Density (g/cm®) Amount(g) | Production Total
Paper 1 148.9 96 14.3
Polymer 1.03 153.4 360 55.3
Wood 0.45 67 39 2.6
Aluminium 21 402 780 313

The analysis of the eco-indicator against the pro-
duction of a material for the manufacture of the 1U
structure (Louzguine et al., 2000) (table 10) offers an
overview of the impact that the current production of
these structures generates with the different exposed
materials. However the analysis should be further ex-
panded to the complete processes of the life cycle of
the test platforms. In this sense, it is necessary to in-
clude aspects of reuse, recycling or disposal, as well
as aspects of maintenance and frequency of use in a
laboratory, to assess the effect or drastic reduction of
their life useful. Just as the life cycle conditions of the
structure give a guide for its production, so do the pro-
cesses of component instalation, assembly, and the
effects of the tests themselves, which are precisely as-
pects to consider in the final design process of the test
structures, with which various constructive options are
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given for their use, depending on the type of test and
the efforts to which the platforms will be subjected in
the laboratories.

Cubesats Testing Performance

According to the CubeSat Design Standard (CDS) (Car-
nahan, 2014), a test performance is needed to accom-
plish the Launch Provider’s requirements. Generally,
CubeSats are coupled into P-POD, and after the launch
procedure they are deployed into space; reason why
those tests must be performed with this coupling POD.
At the very minimum, all CubeSats will undergo the fol-
lowing tests:

+ Random Vibration: Performed as defined by the
launch provider, which usually oscillates up to
100 Hz.

+ Thermal Vacuum Bakeout: It is performed to en-
sure proper outgassing of components. The spec-
ifications are outlined by the launch provider.

+ Shock Testing: It is performed as defined by the
launch provider.

« Visual inspection: Carried out to analyze and mea-
sure critical areas and should be carried as spec-
ified per the appropriate CubeSat Acceptance
Checklist (CAC) protocol.

+ CubeSat Testing Philosophy: It is subject to a
qualification or protoflight testing as defined in
the CubeSat Testing Flow Diagram. Test levels
and durations are supplied by the P-POD or the
launch provider.

According to the different tests these structures
must undergo, only the vibration test for one of the
platforms built is taken as an application example,
taking into account that other projects for the design
of benches are being developed at the same time; test
that in subsequent phases of the present project will
be integrated into the developments. The National
University of Colombia has a Vibration test bed located
at the Electrical Labortories, where the Random Vibra-
tion Testing can be performed (figures 23 and 24).

This test bench can performance vibrations up to
100 Hz and 5 g of acceleration, as shown in figure 25.
However a P-POD is needed to coupled the
3D-printed CubeSats and perform according to launch
providers requirements.

Figure 23. Non-standard CubeSat coupled at Vibration test bench.
Source: Cortés-Garcia et al. (2019).

Figure 24. Non-standard wood and aluminium CubeSats coupled at Vibration
testbench.

3-axis acceleration - Frequency Sweep Z+ 2

Acceleration (g)

0 500 1000 1500 2000 2500
Time (ms)

—_—X —Y —_—Z

Figure 25. ADXL345 Acceleration sensor measurement for vibration test-bed
tuned to 50 Hz.

Source: Cortés-Garcia et al. (2019).
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Conclusions

The application of the sustainable product design pro-
cess allowed the presentation of the integrated use
of modular satellite platforms in accordance with the
CubeSat Standard. With this, it is possible to imple-
ment simulation exercises of the different types of
satellite subsystems on a small scale for tests at the
laboratory level.

A set of design techniques was applied for the se-
lection of the dominant global concept and the correct
development of the detailed design required to pres-
ent an alternative model of experimental structure.
This work motivates and promotes work on space is-
sues, thus allowing the development of the aerospace
sector in the country and the search for tools to apply
control techniques and design strategies on the differ-
ent subsystems on board the structure.

The final prototype CubeSat covers the need of
different centers and research groups, as well as com-
panies in the sector, to implement prototypes and de-
vices on which research resources related to modular
platforms can be applied, either to test existing sys-
tems technologies of control or to model behaviors of
new developments that placed in orbit can offer better
performances than those currently obtained by small-
scale satellite systems.

For emerging economies these platforms allow
a closer and more favorable approach for the adapta-
tion and appropriation of satellite technologies, to the
point of contributing in the medium term to the design
of space missions or programs with which academia,
industry and the state join efforts to have direct con-
trol, and not outsourced, of the aerospace services in
the national territory.

Future research

Implement and improve design techniques, as well as
having adequate laboratories for full compliance with
the CDS quality standard.
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In the same way, acquire adequate instrumenta-
tion for the study of the subsystems present in a satel-
lite, as well as the design and development of modular
CubeSat platforms for the promotion of education-
al and productive spaces where skills and work tech-
niques are developed in classrooms, laboratories and
research facilities, which make it possible to analyze
the behavior of variables and propose new designs
and processes for training in space.

Lastly, aim at the design and creation of satellites
that can be put into orbit with functional missions.
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