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ABSTRACT 
 
 
This thesis describes the influence of an asymmetric structure on the vibration 
response of satellites, specifically of CubeSat. Two (numerical) versions of asymmetric 
structure were created based on fractal geometry, as well as a symmetric structure 
that was taken as a reference.  
 
The symmetric and asymmetric structures were subjected to various simulated 
analyses such as Static Analysis, Modal Analysis and Random Vibration Analysis in 
order to study their vibration characteristics such as natural frequencies, deformation, 
von Misses stress and strain.  
 
The results of these analyses are then compared to those from studies of a symmetric 
structure based on hexagon structural surfaces in order to demonstrate the 
advantages and drawbacks brought by the asymmetry on structural vibration. It was 
shown that asymmetric structures display advantageous results in natural frequency 
behavior and rather good but can-be-improved response to random vibration.  
 
The analysis process consists of applying loads and constraints on the structure, after 
meshing the parts in to the number of nodes, were performed using the FEM analysis 
in ANSYS Workbench 18.0 software. A comprehensive description of each stage of 
the simulation analysis using ANSYS software is also provided in this thesis.
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INTRODUCTION  1 

INTRODUCTION 
 
The launch environment for satellites is rather extreme, with large quasi-static loads, 
intense vibrations in multiple frequencies (roughly between 20 Hz and 1000 Hz, the 
exact values depending on the launcher used), high noise levels, and large heat fluxes. 
All these variables have a serious impact upon the primary and secondary structures 
of a satellite. 
 
One of the worst situations is when the vibrations of the launcher excite a resonance 
in the primary (load-carrying) structure. If such is the case, the structure can collapse 
and the mission would be seriously jeopardized, if not completely lost. 
 
The goal of this Master Thesis is to analyze the possibility of using unsymmetrical 
structures to reduce the effects of resonances. As we will show, the increase of 
asymmetry reduces the height of the resonances, and widens the resonance peak. 
 
Chapter 1 discusses the relation between asymmetry of the structure to its vibration. It 
was hypothesized that the asymmetry reduces the peak response but widens the 
response range. This chapter also introduces the CubeSat satellite as a successful 
family of satellite.  
Chapter 2 describes the design of asymmetric CubeSat structure following the 
requirements of standard CubeSat design.  
Chapter 3 studies the vibration analysis of the satellite structure. This chapter follows 
the procedure of solving a problem using Finite Element Method: theoretical base, 
creating simulation model, meshing, applying constraints, obtaining the solution and 
reviewing the result. Two main analysis were carried out, including modal analysis and 
random vibration analysis.  
Chapter 4 finally concludes the thesis, employing the results from the previous 
chapters. 
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Chapter 1 
 

OVERVIEW 
 
 

1.1. Asymmetry and vibration 

 
Vibration is an oscillating motion about a position, called reference or equilibrium 

position. It is characterized by frequency, amplitude and acceleration. Frequency, by 

definition, is the number of motion cycles achieved during the period of one second. In 

real situations, vibration is normally composed of a large number of various 

frequencies taking place at the same time, making it complicated to distinguish the 

different components and their distinct frequencies. A fundamental technique to 

analyze and measure vibration is frequency analysis, which consists of breaking down 

vibration signals into individual frequency components. 

In satellites structures, vibration is the result of environmental impact and the operation 

of satellites especially during the harsh launch environments. Although the best 

practices normally are carried out to avoid the negative impact from the environment 

where satellites operate, this factor is naturally hard to control and it can be an 

unpleasant complication leading to the failure of the mission. The design of satellite, 

however, can greatly influence the vibration performance of the satellite. A poor design 

can allow vibration to impact on durability and fatigue of satellites, leading to a shorter 

service life or even grave incidents during the launch phase if a resonance becomes 

excited. A good design, on the contrary, limits the vibration generated by the operation 

of satellites and environmental impact, and also react better to this vibration.  

In order to enable use of the favorable effects of vibration and suppress the unfavorable 

ones, it is important to be acquainted with the entire vibration issue. Comprehension 

of the unexpected behavior of vibrating systems often requires relatively demanding 

mathematical calculations. Of these calculations, a few can be managed analytically, 

but the others require a numerical approach. 

In the analysis of the impact of asymmetry on vibration of satellite, it is necessarily 

crucial to distinguish three basic cases of asymmetry to the geometric symmetry axes. 

These three asymmetry are: 

 Asymmetry of mass distribution regarding to the geometric symmetry axes, 

mass center position, directions of the main central inertial axes 

 Asymmetry of distribution geometry of elastic and bond dissipative elements, of 

the individual bodies of the system and their mechanical properties, spring 

stiffness, viscous dumping intensity  
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 Asymmetry of kinematic excitation which is the environmental impact on the 

satellite structure. 

This study focuses on the first asymmetry and the influence of this characteristic of the 

structure on its vibration.  

Very few studies have been carried out to research this topic. P. Chidamraram and A. 

W. Leissa, basing on the one-dimensional analysis of curved beams, rings and arches, 

stated in their paper [1] on Journal of Sound and Vibration that centerline stretching 

(extensionality) during the vibratory motion causes a decrease in the vibration 

frequencies, and that this decrease may be quite large, especially for shallow arches. 

They also suggested further study on the support asymmetry effects on the free 

vibration frequencies.  

R. C. Yu and C.D. Mote, Jr., while studying asymmetric plates made by incision of 

equally spaced, equal-size radial slots at theirs rim, concluded in their paper [2] that 

imperfections in the geometry alter the vibration and create asymmetry of the vibration 

modes, and it causes the repeated natural frequencies of these modes in the 

symmetric plate to split into distinct values. The parametric excitation can be limited to 

high-frequency vibration (typically of small amplitude) if the asymmetry is appropriately 

designed. 

The hypothesis that this thesis plans to test is that the asymmetry reduces the peak 

response but widens the response range of the vibration in the response spectrum. 

This can lead to intentionally created asymmetry that benefits the structure of satellite 

and other structures, enabling them to have better behavior towards vibration. 

 

1.2. CubeSat overview 

 
Satellite marked a new era in Human civilization, leading us to the discovery of the 

physical conditions prevailing in outer space, and also serving our daily lives on Earth. 

Nowadays, satellites have been providing tremendous services to the society, 

including both scientific and commercial endeavors. Their applications range from 

Earth observation, interplanetary exploration, astronomy and solar physics studies, to 

television signal transmission, data transmission, and satellite telephone 

communication. 

A rather new but fast-raising movement in designing of satellite is the high/low 

approach toward the design and offer less redundancy. Small satellites are becoming 

more attractive to customers as a method of decreasing cost. As the launch costs 

remain relatively constant, the industry is turning towards nano and pico satellites 

technology, and distributed satellite systems to perform the same missions that once 

required super-satellites. Constellations or formations of small-satellite systems are 
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more and more capable in missions that once required large multi-million dollar 

spacecraft.  

The CubeSat is a prominent family in the group of these nano space crafts. Its 

reference design was proposed for the first time in 1999 by professors Jordi Puig-Suari 

of California Polytechnic State University and Bob Twiggs of Stanford University [3].  

The goal at the beginning was to enable graduate students to be able to design, build, 

test and operate in space a spacecraft, as a platform for education and space 

exploration. This project has quickly advanced into its own industry with government, 

industry and academia collaborating for ever increasing capabilities, and has promoted 

an international collaboration of over 100 universities, high schools, and private firms 

developing picosatellites containing scientific, private, and government payloads. 

CubeSats now provide a cost effective platform for science investigations, new 

technology demonstrations and advanced mission concepts using constellations, 

swarms and disaggregated systems. Developers benefit from the sharing of 

information within the community, for the program's primary mission of is to provide 

access to space for small payloads. A "one unit" or "1U" CubeSat is a 10 cm cube-

shaped satellite with a mass of up to 1.33 kg. The size of the satellite can be extended 

to 1.5, 2, 3, 6, and even 12U. The specifications of 1U CubeSat will be presented in 

more detail in the next chapter about structure designing, as it is the size chosen for 

our tests. 

Even though most CubeSat launches to date have followed the traditional secondary 

payload launch model, the CubeSat standard has already developed some of the 

infrastructure required to implement a flexible secondary launch model: [4] 

 A well-defined standard is available to both developers and launch vehicle 

providers. This includes a qualified standard launch vehicle interface (the P-

POD) that has already been integrated on a number of launch vehicles. 

 A large CubeSat developer community has emerged with worldwide 

participation from industry, government agencies and academic institutions. 

 The launch manifesting process has experienced a substantial centralization 

with a few organizations supporting integration and contracting efforts for the 

larger developer community. These organizations include Cal Poly in the U.S., 

ISIS (Innovative Solutions in Space), Delft, The Netherlands, and the University 

of Toronto in Canada. 

 

The CubeSat launch concept permits the launch of multiple secondary payloads which 

may be stacked into a launcher tube, called P-POD (Poly-Picosatellite Orbital 

Deployer), and developed by CalPoly. P-POD is a standard deployment system that 

ensures all CubeSat developers conform to common physical requirements. This is a 

standardized deployment system capable of carrying and deploying 3 standard 



6  The influence of asymmetric structure on vibration of satellites 

CubeSats (dimensions 100.0x100.0x113.5mm, mass 1.33kg). The P-POD is a 

rectangular box made of aluminum alloy 7075-T7, with a door and a spring mechanism 

(shown in Figure 1.1). Once the deploying signal is triggered by the launch vehicle, the 

P-POD door will open. The preloaded force of the spring mechanism is released, 

pushing the CubeSat which glides on its rails and P-POD rails (see cross section of P-

POD, figure 1.1) to enter the orbit. 

 

 

 

Figure 1.1. Poly Picosatellite Orbital Deployer (P-POD) with coordinate system (left) 
and its cross section (right). Image courtesy: CubeSat Specification Rev. 13 - The 
CubeSat Program, Cal Poly SLO 
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Chapter 2 
 

ASYMMETRIC DESIGN OF CUBESAT STRUCTURE 
 
 

2.1. Structural design requirement 

 
Structural design involves arranging and integrating structures and their components 
in such a way that the final structure is capable of supporting the designed loads within 
the allowable limit states [5]. An optimized structural design needs to be reliable, 
economic, and suitable for its specific task. Most of the time this is the result of a 
meticulous and thoroughly carried out investigation and requires a lot of time and 
efforts from the designers. Depending on the product, the practice of designing may 
vary; however, the process to a good design typically goes through various stages and 
each steps needs to be treated with great care. H. R. Grooms et al. [6] proposed 
optimization design approach that can be interesting for engineers whose task 
concerns designing an optimal structure, particularly a spacecraft structure. 
 
As shown in figure 2.1, the process of designing a structure, as happens many times, 
is an iterative process that can only be stopped once the requirements are met.  
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Figure 2.1.Typical structural design (optimization) 
approach [6] 
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2.2. CubeSat Standardization 

 
CubeSat Design Specifications drive a significant number of constraints and 

requirements of the design. Some rules about the structure design must be 

implemented to provide compatibility with interface adaptor. The mechanical 

requirements, directly taken from the CubeSat design specification (CDS), include [7]: 

1) All parts of satellite shall remain attached during launch, ejection, and operation. 

2) Risky materials shall not be used. 

3) Each single CubeSat shall not exceed 1.33 kg mass. 

4) The CubeSat center of gravity shall be located within a sphere of 2 cm from its 

geometric center. 

5) For CubeSat main structure, AA 6061 or 7075 should be used, since the 

material of satellite should have similar properties with the material of the P-

POD rails. If other materials are used, the developer shall submit a DAR and 

adhere to the waiver process. 

6) The CubeSat rails and standoff, which contact the P-POD rails and adjacent 

CubeSat standoffs, shall be hard anodized aluminum to prevent any cold 

welding within the P-POD. 

7) The CubeSat’s wide should be 100± 0.1 mm for X and Y directions. Single 

CubeSat’s tall shall be 113.5±0.1 mm for Z direction. 

8) No components should exceed 6.5 mm normal to the surface of the 100 mm 

cube. 

9) Exterior surface of the CubeSat should not contact with the interior surface of 

adaptor such as deployable panels and antennas. 

10)  Rails should have a minimum width of 8.5 mm, and shall not have a surface 

roughness greater than 1.6 μm. The edges of the rails shall be rounded to a 

radius of at least 1 mm. The ends of the rails on the +Z face shall have a 

minimum surface area of 6.5 mm x 6.5 mm contact area for neighboring 

CubeSat rails. 
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Image courtesy: CubeSat Specification Rev. 13 - The CubeSat Program, Cal Poly 
SLO 

 
 

2.3. Symmetric design: Hexagon Sat 

 
The symmetric design used in this work is a CubeSat structure named Hexagon Sat. 

It was made by UPC student Jorge Nicolás Álvarez as part of his Final Thesis to obtain 

the degree of Aeronautical Engineering. 

The design consists of a cube whose 6 faces are in the form of a hexagon. The outer 

cube cage, conforming to the CubeSat Design Specification presented previously, has 

a dimension of 100.0×100.0×113.5 mm. The hexagon faces are identical and have a 

thickness of 1 mm. 

The structure was designed to be as symmetric as possible and its center of mass is 

placed at the same position as its geometric center, conforming to the CubeSat family 

design specification. Although in practice the center of mass moves slightly from the 

geometric center approximately 1 mm due to the effect of the bolts, it can be 

considered that the model is symmetric.  

The behavior of this structure was slightly better than some commercial ones, and it 

will be employed as a touchstone to analyze the results of the asymmetric models. In 

particular, the amplitude of the resonances, as well as their widths, will be compared. 

 

 

 

 

 

Figure 2.2. Dimensions from CubeSat Design Specification Drawing. 
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Figure 2.3. Hexagon Sat (symmetric) SolidWorks model. 

 

2.4. Asymmetric designs: Square Fractal Structure 

 
Figure 2.4 depicts the concept of fractal structure that is used in the design. We have 

used fractals because its cascade self-similarity allows a reproducible way to generate 

asymmetric mass distributions, as well as asymmetric load and damping distributions. 

There is a large number of fractal families, but as one of our goals is to make an 

affordable, yet efficient, 3D printed structure, we have limited our attention to relatively 

simple geometries. The proposed asymmetric structure design is based on a square 

fractal pattern.  

Fractal is a term first used by mathematician Benoît Mandelbrot [8] from the Latin 

adjective "fractus". The corresponding Latin verb frangere means "to bretlk:" to create 

irregular fragments. Theoretical fractals are infinitely self-similarly iterated, yet in 

practice, the originate pattern is iterated to a certain level following the specified rule 

to obtain the final geometry; this is the so-called degree of the fractal. The self-similarity 

of fractal turns out to be not only geometrically fascinating but also highly applicable in 

different aspects of life and especially engineering. 
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Figure 2.4. Square fractal pattern as base of the asymmetric design 

 

As it can be easily seen, the square fractal pattern depicted above is constructed by 

the technique of subdividing a shape into smaller copies of itself. The construction 

begins with a square. The square is cut into 4 sub-squares in a 2-by-2 grid. The two 

sub-squares of the upper part remain unchanged while each of the sub-squares of the 

lower part are taken for the next constructing steps. Of these two squares, the same 

procedure is then applied recursively, ad infinitum. The figure depicts a 4th degree of 

fractal pattern while the theoretical process can continue to the infinity. The result of 

the recursive process is an asymmetric geometry that can be used in making the 

satellite structure for the study. 

With the above design concept defined and the CubeSat requirements kept into 

consideration, the two proposed satellite structures shall comply with the defined 

dimensions in the CubeSat Design Specifications document. The detailed design with 

its dimensions can be seen viewed in the drawings bellow. 
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-  

Figure 2.5. Dimensions of the asymmetric Square Fractal design A 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



14  The influence of asymmetric structure on vibration of satellites 

 

 

Figure 2.6. Dimensions of the asymmetric Square Fractal design B 

 

The model designs were completed using SolidWorks software. The Square Fractal A 

was constructed by an outer cube cage in which the 4 side faces are made using the 

fractal pattern discussed previously, while the up and bottom are hexagon faces. The 

outer cube cage is identical to that of symmetric Hexagon Sat design and so are the 

two hexagon faces. The 4 fractal faces, on the other hand, share the same thickness 

of 1 mm with hexagon faces. The Square Fractal B design is composed of an outer 

cube cage in which the 6 faces use the fractal pattern. Similar to the Square Fractal A 

design, the outer cube cage is identical to that of symmetric design and the 6 fractal 

faces have a thickness of 1 mm.  The final models are shown in the following pictures. 
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Figure 2.7. Geometry configuration of Square Fractal Sat A 
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Figure 2.8 Geometry configuration of Square Fractal Sat B 

 

 

2.5. Material selection 

 
Aluminum alloys are the most widely used metallic materials in spacecraft 

manufacturing due to their high strength to weight ratios, high ductility and the simplicity 

required for machining. Their stiffness to weight ratio is comparable to steel; however, 

the strength to weight ratio is typically higher. Their drawbacks are fairly low hardness 

and a high thermal expansion coefficient. Typically, aluminum alloys are tempered to 

increase strengths.  Two typical alloys used in manufacturing are 6061-T6 and 7075-

T7. Also, as specified in the CubeSat Design Specification from the CubeSat Program 

of Cal Poly [7], the main CubeSat structure conventionally uses aluminum 7075 or 

aluminum 6061-T6 as constructing material. (If other materials are used, the thermal 

expansion must be similar to that of Aluminum 7075-T73, which is used to make P-

POD, and approved by Cal Poly launch personnel.) 

Aluminum 6061-T6 contains silicon and magnesium which strengthens the alloy during 

tempering. This alloy has good machinability and corrosion resistance. Aluminum 

7075-T7 contains zinc and trace amounts of magnesium. The alloy exhibits higher 

strength than 6061-T6, but is more difficult to machine [9]. 

This project will use Al 6061-T6 to implement in the simulation. Although other 

materials can easily be employed, Al 6061-T6 is selected because of its popularity and 

good workability, which makes a future experimental test more economically feasible 

for a low budget program. The main characteristics of the materials are presented in 
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the table below. Its detailed properties can be found in the data sheet attached in annex 

1. 

 

 

Table 2.1 Properties of Al 6061-T6 material 

 

Material property Value 

Density 2.7 g/cc 

Ultimate Tensile Strength 310 Mpa 

Tensile Yield Strength 276 Mpa 

Modulus of Elasticity 68.9 Gpa 

Poisson's Ratio 0.33 

Shear Modulus 26 Gpa 

Shear Strength 207 MPa 

Specific Heat Capacity 0.896 J/g-°C 

Thermal Conductivity 167 W/m-K 

 
 

2.6. Comparison of the three structures 

 
The geometry properties of the two structures were automatically generated using 

ANSYS software and are given in the table below. 

It can be seen that the three design have similar mass. The Hexagon Sat design is 

4.5% lighter than the Square Fractal Sat design A and 5.6% lighter than Square Fractal 

Sat design B. The deviation of mass can affect the vibration behavior of two structures; 

however, in this case the difference is small and can be neglected.
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Table 2.2: Geometry properties of symmetric and asymmetric designs as taken from 
ANSYS Package. 

 

Symmetric design - Hexagon Sat Asymmetric design - Square Fractal Sat 

 Model A 

 

 

 

Model B 
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Chapter 3 
 

FREQUENCY ANALYSIS USING NUMERICAL 
SIMULATION 

 
 

3.1. FEM method and simulation procedure 

 
The advancement of science and technology leads to the need of finding solutions for 

different types of problems with increasing  complexity and high requirement for 

precision while keeping the  resources from exceeding a limit. The system of equations 

built up from real life problems are usually so big and complicated that solving them 

analytically is not a possible option. A powerful tool for those situations is using 

numerical methods, a technique evolves formulating mathematical problems so that 

they can be solved numerically with arithmetic operations. Among the numerical 

methods, Finite Element Method has gained its reputation by the efficiency in solving 

problems, and has become an essential step in the design as well as in modeling of 

different phenomenon [10]. 

Finite-element method divides the solution domain into simply shaped regions, or 

“elements”. An approximate solution for the partial differential equations (PDEs) can 

be developed for each of these elements. The total solution is then generated by linking 

together, or “assembling,” the individual solutions taking care to ensure continuity at 

the inter-element boundaries. Thus, the PDEs are satisfied in a piecewise fashion.  

The implementation of the finite-element approach usually follows a standard step-by-

step procedure presented in the following diagram: 
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Figure 3.1 Finite Element calculation procedure 

 
 
The first step is "Discretization", referred to as "Meshing", and the resulting set of 

elements is known as the finite element mesh. This step involves dividing the solution 

domain into finite elements. The points of intersection of the lines that make up the 

sides of the elements are referred to as nodes and the sides themselves are called 

nodal lines or planes.  

The next step is to develop equations to approximate the solution for each element. 

This involves two steps. First, we must choose an appropriate function with unknown 

coefficients that will be used to approximate the solution. Second, we evaluate the 

coefficients so that the function approximates the solution in an optimal fashion. 

Once the interpolation function is chosen, the equation governing the behavior of the 

element must be developed. This equation represents a fit of the function to the 

solution of the underlying differential equation. Several methods are available for this 
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purpose. Among the most common are the direct approach, the method of weighted 

residuals, and the vibrational approach. The outcome of all of these methods is 

analogous to curve fitting. However, instead of fitting functions to data, these methods 

specify relationships between the unknowns that satisfy the underlying PDE in an 

optimal fashion. Mathematically, the resulting element equations will often consist of a 

set of linear algebraic equations that can be expressed in matrix form [k] {u} = {F}, 

where [k] = an element property or stiffness matrix, {u} = a column vector of unknowns 

at the nodes, and {F} = a column vector reflecting the effect of any external influences 

applied at the nodes. 

After the individual element equations are derived, they must be linked together or 

assembled to characterize the unified behavior of the entire system. The assembly 

process is governed by the concept of continuity. That is, the solutions for contiguous 

elements are matched so that the unknown values (and sometimes its derivatives) at 

their common nodes are equivalent. Thus, the total solution will be continuous. When 

all the individual versions of the governing equation are finally assembled, the entire 

system is expressed in matrix form in assemblage equation [K] {u'} = {F'}, where [K] = 

the assemblage property matrix and {u'} & {F'} = column vectors for unknowns and 

external forces that are marked with primes to denote that they are an assemblage of 

the vectors {u} and {F} from the individual elements.  

Before assemblage equation can be solved, it must be modified to account for the 

system’s boundary conditions. These adjustments result in the boundary conditions [k̄] 

{u ‘} = {F̄'}, where the overbars signify that the boundary conditions have been 

incorporated. Solutions of this equation can be obtained with various techniques 

depending on the solver, such as LU decomposition. In many cases, the elements can 

be configured so that the resulting equations are banded. Thus, the highly efficient 

solution schemes available for such systems can be employed.  

Lastly, upon obtaining a solution, it can be displayed in tabular form or graphically. In 

addition, secondary variables can be determined and displayed. [11] 

A person using the finite element analysis technique must examine the solution 

analytically in terms of numerical convergence, reasonableness (does the result make 

sense?), whether the physical laws of the problem are satisfied (is the structure in 

equilibrium? Does the heat output balance with the heat input?), and whether the 

discontinuities in value of derived variables across element boundaries are reasonable. 

Many such questions must be posed and examined prior to accepting the results of a 

finite element analysis as representative of a correct solution useful for design 

purposes. [12] 

Finite element analysis has been proved to be genuinely effective in determining the 

optimal design, for example when changes are needed in order to fix and avoid 

resonant conditions. 
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Various different potential designs can be made and validated with low cost of time 

and efforts in a computer simulation first before recommending any structural changes. 

When conditions permit, numerical and experimental results can be compared to verify 

the numerical method. 

There are three main steps in a typical ANSYS analysis [13]: 

1) Model generation: 

 Simplifications, idealizations: Depending on whether the problem geometry is 

one, two or three dimensional, the geometry consists of creating lines, areas or 

volumes. These geometries can then, if necessary, be used to create other 

geometries by the use of Boolean operations. The key idea when building the 

geometry like this is to simplify the generation of the element mesh. Hence, this 

step is optional but most often used. Nodes and elements can however be 

created from coordinates only. 

 Define materials/material properties: A material is defined by its material 

constants. Every element has to be assigned a particular material. 

 Generate finite element model (mesh): The problem is discretized with nodal 

points. The nodes are connected to form finite elements, which together form 

the material volume. Depending on the problem and the assumptions that are 

made, the element type has to be determined. Common element types are 

truss, beam, plate, shell and solid elements. Each element type may contain 

several subtypes, e.g. 2D 4-noded solid, 3D 20-noded solid elements. 

Therefore, care has to be taken when the element type is chosen. The element 

mesh can in ANSYS be created in several ways. The most common way is that 

it is automatically created, however more or less controlled. For example, you 

can specify a certain number of elements in a specific area, or you can force 

the mesh generator to maintain a specific element size within an area. Certain 

element shapes or sizes are not recommended and if these limits are violated, 

a warning will be generated in ANSYS. It is up to the user to create a mesh 

which is able to generate results with a sufficient degree of accuracy. 

2) Solution: 

 Specify boundary conditions and apply loads: Boundary conditions are usually 

applied on nodes or elements. The prescribed quantity can for example be 

force, traction, displacement, moment, rotation. The loads may also be edited 

from the preprocessor in ANSYS. 

 Obtain the solution: The solution to the problem can be obtained if the whole 

problem is defined. 

3. Review results - Postprocessor: 
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 Plot/list results: It is possible to list the results as tabular listings or file printouts.  

 Check for validity: examine the solution analytically in terms of numerical 

convergence and reasonableness as discussed previously. 

 

3.2. Meshing 

 

3.2.1. Meshing qualification 

 
Meshing is the discretization process of dividing up the model into elements consisting 

of nodes, on which governing equations are solved numerically. This is an important 

part of an analysis and can determine the efficiency and effectiveness of an analysis. 

Bad quality mesh can cause convergence difficulties, bad physics description, or 

diffuse solution. In the following part, meshing qualification will be discussed. 

To evaluate Mesh Quality in ANSYS Meshing for Mechanical Models, we use the 

criteria for standard mechanical (Linear, modal, stress and thermal analysis) shape 

checking from ANSYS training material as follow. [14] 

 

Table 3.1: ANSYS Mesh qualification 

 

Mesh Criterion Quality Metric for Standard Mechanical 
Mesh 

Element Volume < 0 

Jacobian Ratio > 40 for 3D and > 10 for 2D, computed at 
element integration points 

Shape Metric <  0.75 for one dimensional elements 
< 0.01 for two dimensional elements 
< 10E-4 for three dimensional elements 

 
 

Besides, Orthogonal Quality and Skewness are also important to qualify a meshed 

model. Low Orthogonal Quality or high Skewness values are not recommended. 

Generally, it is best to try to keep minimum orthogonal quality larger than 0.1, or 

maximum skewness smaller than 0.95. However, these values may be different 

depending on the physics and the location of the cell. 
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3.2.2. Meshing refinement study 

 
The goal of mesh refinement study is to reduce the uncertainty originating from the 

discretization in order to achieve a good numerical solution for the governing equations 

at each of the nodes of the mesh. This is done by comparing static structural analysis 

results from different kinds of mesh and check the stability of the result when changing 

the number of elements. The practical setup of this analysis in ANSYS software can 

be found in annex 2 appended. 

The constraints applied on the model are based on the conditions of the positioning of 

CubeSat inside the P-POD, presented previously on the section I.2. CubeSat overview. 

The boundary conditions set to the model are the following: 

The 8 rails on the edges of the CubeSat (Oz direction) are restrained inside the P-

POD, thus the displacement constraint on the Ox and Oy directions. The –Z face of 

the CubeSat which is inserted first into the P-POD will face the spring mechanism, thus 

the restriction of this surface in the Z direction. The constraints that were applied are 

represented in the figures bellow. 

 

 

Figure 3.2 Constraint applied on rail surfaces 
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Figure 3.3 Constraint applied on -Z surface contacting spring mechanism 

 

The graph below demonstrates the stability of the result of interest, which is in this 

case equivalent Von-Misses stress, on the number of elements in the model. It can be 

seen that, as the number of mesh elements increases from 2000 to 14000, the result 

approaches the stable line, which can be assumed to be close to the exact solution 

when the number reaches 11000 elements. This number is then chosen to carry out 

further calculations. 
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Figure 3.4 Meshing stability 

 

3.2.3. Final Mesh in use 

 
The mesh of the two structures considered in this work are displayed in the following 

pictures. 

 

Table 3.2: Final mesh of 3 models  

 

Meshing of Square Fractal Sat  Meshing of Hexagon Sat 

 

-Model A 
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Model B 

 

 

3.3. Natural frequency analysis 

3.3.1. Overview of Natural frequency analysis 

 

The natural frequencies of a structure are the frequencies at which the structure 

naturally tends to vibrate if it is subjected to a disturbance. Natural frequency of a 

structure is a parameter of cardinal importance in its design and operation. Its objective 

is to ensure that the structural walls provide adequate stiffness and the satellite 

structure is able to withstand potentially damaging vibrations that occur during 

operation, especially during launch. The analysis of the structure's natural frequency, 

combining with the frequencies analysis of external forces, can help to select proper 

design and material in order to avoid resonance, which occurs when frequencies of 

loading vibrations match one of these natural frequencies and may cause serious 

damage to satellite during launch and operation.  For any dynamic structure, 

resonance is one of the most critical problems that control its design. Modal analysis 

is also a starting point for more detailed 

Natural frequency analysis, also known as eigenvalue analysis or modal analysis, is a 

technique used to determine vibration characteristics of a structure while it is being 

designed. The vibration characteristics include frequency of natural vibration and its 

mode shape:  the shape assumed by the structure when vibrating at a frequency. This 

analysis helps answer the questions: at what frequencies the structure would tend to 

naturally vibrate, in what shape the structure would tend to vibrate at each frequency, 

and what is the amount of mass that participates in a given direction for each mode. It 

gives an idea of how the design will respond to different types of dynamic loads and 
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helps in calculating solution controls (time steps, etc.) for other dynamic analyses. It is 

generally recommended to perform a modal analysis first before trying any other 

dynamic analysis, since a structure’s vibration characteristics determine how it 

responds to any type of dynamic load. [15] 

For a system having n degrees of freedom, there are n natural frequencies, each 

associated with its own mode shape [16]. It is the first step and acting as a foundation 

for further dynamic analyses such as random vibration analysis which will be 

considered in the next section. Decisions regarding subsequent dynamic analyses 

(i.e., transient response, frequency response, response spectrum analysis, etc.) can 

be based on the results of a natural frequency analysis. Because a structure’s vibration 

characteristics determine how it responds to any type of dynamic load, it is 

recommended to always perform a modal analysis first before trying any other dynamic 

analysis. The important modes can be evaluated and used to select the appropriate 

time or frequency step for integrating the equations of motion. 

Normal mode of vibration, or so called mode shape, characteristic shape or 

fundamental shape associated with a specific natural frequency is the deformed shape 

of the structure at that natural frequency. The form of a cantilever beam while 

experiencing a standing wave is an example of mode shape.  

In this analysis, modes are arranged according to participation factor and effective 

mass. This allows to determine the modes that have the most influence to the behavior 

of the satellite structure. 

 

3.3.2. Equation of motion 

Computation of the natural frequencies and mode shapes is performed by solving an 

eigenvalue problem. Consider a dynamic system. The vibration of a system involves 

the transfer of its potential energy to kinetic energy and vice versa. A vibratory system 

includes:  means for storing potential energy (springs or elasticity), means for storing 

kinetic energy (mass or inertia) and means for gradually losing energy (damper). In 

general, the equations of motion can be expressed as a function of the system mass, 

stiffness, damping and applied loads: 

[𝑀] { �̈�(𝑡) } + [𝐵]  { �̇�(𝑡) } + [𝐾] { 𝑥(𝑡) } = { P(𝑡) }  

Where: 

[M] = global mass matrix 

[K] = global stiffness matrix 

[B] = global damping matrix 

{P} = global load vector 
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Eigenvalues or natural frequencies are found when there is no damping or applied 

loads. The equations of motion for free vibration with no damping can then be written 

as: 

[𝑀]  { �̈�(𝑡) } + [𝐾] { 𝑥(𝑡) } =0 

Assume a sinusoidal vibration, where the displacement can be described by: 

{ 𝑥(𝑡) }= { 𝜙 }𝑒(𝑖𝜔𝑡) 

Then replace the {x (t)} term with the above and consider that, for a sinusoidal variation, 

the acceleration is the second derivative of the displacement: 

{ �̈�(𝑡) }= − 𝜔2{ 𝜙 }𝑒(𝑖𝜔𝑡) 

Thus the equation of motion becomes: 

(−𝜔2[𝑀]+[𝐾])[𝜙]𝑒𝑖𝜔𝑡 = 0 

 +If the matrix determinant𝐷𝑒𝑡([𝐾]– 𝜔2[𝑀]) ≠ 0, then the only possible solution 

is { 𝜙 } = 0. 

This is a trivial solution and does not provide any valuable information from a 

physical point of view, since it represents the case of no motion. 

 +If𝐷𝑒𝑡([𝐾]– 𝜔2[𝑀]) = 0, then a non-trivial solution { 𝜙 } ≠ 0is obtained. From a 

structural engineering point of view, the mathematical eigenvalue problem 

reduces to one of solving the equation of a determinant equal to zero: 

𝐷𝑒𝑡([𝐾]– 𝜔2[𝑀]) = 0 

Or 

𝐷𝑒𝑡([𝐾]– 𝜆[𝑀]) = 0 

Where λ = ω2 

 

The determinant is equal to zero only at a set of discrete eigenvalues λi or ωi
2. Exists 

an eigenvector   { 𝜙𝑖 } which satisfies the equation of motion and corresponds to each 

eigenvalue. The equation of motion then can be rewritten as: 

[𝐾 − 𝜔𝑖
2𝑀] { 𝜙𝑖  } = 0         i = 1, 2, 3 … 

Each eigenvalue and eigenvector defines a free vibration mode of the structure. The i-

th eigenvalue λi is related to the i-th natural frequency as follow: 

𝑓𝑖 =
𝜔𝑖

2𝜋
 

Where fi  is the i-th natural frequency related to the i-th eigenvalue 
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The lowest value f1 is called the fundamental or first the system natural frequency. In 

general, all the natural frequencies fi are distinct, although in some cases two natural 

frequencies might possess the same value. The number of eigenvalues and 

eigenvectors is equal to the number of degrees of freedom that has mass or the 

number of dynamic degree of freedom. 

It should be noted that the stress state of a structure under constant (static) loads may 

affect its natural frequencies. The same phenomenon can be observed when a guitar 

string is tuned: as the axial load is increased from tightening, the lateral frequencies 

increase. This is an example of the stress stiffening effect. When pre-stress effect is 

considered, internally inside the solver, two iterations are automatically carried out. 

Firstly, a linear static analysis is initially performed: 

[𝐾] { 𝑥0 } =F 

Secondly, a stress stiffness matrix [S] is calculated basing on the stress state from the 

static analysis: 

[𝜎0] → [𝑆] 

Where [σo] represents the state of stress found in the static analysis. 

The free vibration with pre-stress analysis is then solved, with the new stiffness matrix 

formed by the original stiffness matrix [K] combined with the stress stiffness matrix [S]: 

(−𝜔2[𝑀]+[𝐾 + 𝑆])[𝜙]𝑒𝑖𝜔𝑡 = 0 

The solving of this motion equation is the same as describe previously. A pre-stressed 

modal analysis is the same as running a regular free vibration analysis with the 

following exceptions:  

 A load, structural and/or thermal, must be applied to determine what the initial 

stress state of the structure is. 

 Results for the linear static structural analysis is requested under the Solution 

branch. 

 

3.3.3. Solving motion equation by Finite Element Method using ANSYS 

 
In practice, the structure of satellite, like most engineering systems, is continuous and 

has an infinite number of degrees of freedom. The vibration analysis of continuous 

systems requires the solution of partial differential equations, which is quite difficult. 

For many partial differential equations, in fact, analytical solutions do not exist. 

ANSYS uses Finite Element Method –a popular method of approximating a continuous 

system as a multi degree-of-freedom system. As discussed in the previous section, 

FEM method involves replacing the geometry of the system by a large number of small 
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elements. The approximate solution for the whole system is calculated by assuming a 

simple solution within each element and using the principles of compatibility and 

equilibrium. 

By assuming a simple solution within each element, the principles of compatibility and 

equilibrium are used to find an approximate solution to the original system. 

The calculation of eigenvalues and eigenvectors is termed mode extraction. To 

perform this calculation, ANSYS uses several methods: Block Lanczos, Subspace, 

PowerDynamics, Reduced Unsymmetric, Damped, and QR Damped. The Block 

Lanczos method, typically used in complex models with mixture of solids/shells/beams 

etc., is recommended for most applications because it provides efficient extraction of 

large number of modes (40+) in most models, efficient extraction of modes in a 

frequency range, and a good handling with rigid-body modes. For large (100K+ DOF) 

models and a small number of modes (< 20), the PowerDynamics method is 

recommended because it can be significantly faster than Block Lanczos or Subspace 

methods; however, it may not converge with poorly shaped elements or an ill-

conditioned matrix and may miss modes (No Sturm sequence check) and requires 

large amounts of memory –which makes it suitable only as a last resort for large 

models. For models in which lumping mass does not create a local oscillation, typically 

beams and spars, the Reduced method is recommended because it requires low 

memory and disk and in general is the fastest eigenvalue and eigenvector solver. This 

method employs matrix reduction, a technique to reduce the size of [K] and [M] by 

selecting a subset of DOF called master DOF. The disadvantage of this method is that 

reduction of [K] is exact but [M] loses some accuracy and accuracy of [M] depends on 

number and location of master DOF. The unsymmetric method is used for acoustics 

(with structural coupling) and other such applications with unsymmetric [K] and [M]. 

This method calculates complex eigenvalues and eigenvectors with the real part is the 

natural frequency and the imaginary part indicates stability –negative means stable, 

positive means unstable. Damping is normally ignored in a modal analysis, but if its 

effects are significant, the Damped method or Q-R Damped is used, whose typical 

application is rotor dynamics, where gyroscopic damping effects are important. [17]  

Because the structural frequencies are not known a priori, the finite element equilibrium 

equations for this type of analysis involve the solution of homogeneous algebraic 

equations whose eigenvalues correspond to the frequencies, and the eigenvectors 

represent the vibration modes. The following steps are used in a typical modal analysis 

in ANSYS [10]: 

1. Build the model. 

2. Apply loads and obtain the solution. 

3. Expand the modes. 

4. Review the results. 
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3.3.4. Result of natural frequency analysis 

The practical setup in ANSYS software is given in annex 3. 

The results of natural frequency analysis include natural frequencies, mode shapes, 

and corresponding parametric (relative) stress fields. For each design, 70 natural 

frequencies are extracted and mode shape of 6 first modes are calculated. The 

variation of number of modes vs frequency has been plotted graphically. 

a) For the case of Hexagon Sat: 

 

 

Figure 3.5 Variation of number of modes vs frequency for Hexagon Sat structure 

 

 

Table 3.3: Natural frequencies (in Hz) of Hexagon Sat structure at different modes 

 

 

Mode Frequency 

1 688,44 

2 712,04 

3 858,99 

4 871,93 

5 887,59 

 

Mode Frequency 

19 1879,4 

20 2001,9 

21 2003 

22 2016,7 

23 2017,8 

 

Mode Frequency 

37 3469,6 

38 3479,6 

39 3530,7 

40 3574,1 

41 3651,4 

 

Mode Frequency 

55 4884,9 

56 4936,6 

57 4987,9 

58 5089,4 

59 5130,3 
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6 955,43 

7 1049,2 

8 1101,6 

9 1171,8 

10 1227,5 

11 1236,8 

12 1297,6 

13 1345,5 

14 1374,3 

15 1637,2 

16 1648,3 

17 1649 

18 1659,5 

 

 

24 2040,8 

25 2100,4 

26 2155,9 

27 2611 

28 2617,2 

29 2622,3 

30 2701,8 

31 2995,4 

32 3002,5 

33 3374,6 

34 3430 

35 3433,5 

36 3452,6 
 

42 3681 

43 3707,7 

44 3708 

45 3708,9 

46 3713,2 

47 3865 

48 3907,6 

49 3985,6 

50 4006 

51 4588,3 

52 4794 

53 4800,6 

54 4808 
 

60 5250,5 

61 5277,9 

62 5294,4 

63 5420 

64 5464,3 

65 5566,3 

66 5574,2 

67 5581,1 

68 5599,3 

69 5939,1 

70 6030,9 
 

 
 
b) For the case of Square Fractal Sat A and B 
 
 

 

Figure 3.6 Variation of number of modes vs frequency for Square Fractal Sat A 
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Table 3.4: Natural frequencies (in Hz) of Square Fractal Sat A structure at different 
modes 

 

 

Mode Frequency 

1 682,57 

2 745,63 

3 771,87 

4 781,71 

5 789,07 

6 883,31 

7 1136,5 

8 1218,3 

9 1218,7 

10 1330,3 

11 1465,5 

12 1574,7 

13 1595,2 

14 1681,5 

15 1969,6 

16 1978,3 

17 2002,3 

18 2152,2 

 

 

 

Mode Frequency 

19 2154,3 

20 2160,6 

21 2193,3 

22 2275,3 

23 2382 

24 2399,2 

25 2431,7 

26 2714,1 

27 3006,8 

28 3156,9 

29 3162,9 

30 3170,5 

31 3211,8 

32 3384,4 

33 3600,1 

34 3619,7 

35 3653,2 

36 3666 
 

 

Mode Frequency 

37 3687,3 

38 3703,6 

39 3739,5 

40 3779,8 

41 4019,5 

42 4083,9 

43 4268,7 

44 4357 

45 4588,7 

46 4592,1 

47 4631,8 

48 4685,9 

49 4701,3 

50 4731,6 

51 4755,6 

52 4848,7 

53 4938,9 

54 5005,3 
 

 

Mode Frequency 

55 5110,2 

56 5139,9 

57 5401,2 

58 5597,1 

59 5615,2 

60 5679 

61 5688 

62 5717,2 

63 5813,5 

64 5815,3 

65 5875,4 

66 5935,3 

67 6139,8 

68 6200,4 

69 6421,7 

70 6571,8 
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Figure 3.7 Variation of number of modes vs frequency for Square Fractal Sat B 

 
 

 

Table 3.5: Natural frequencies of Square Fractal Sat B structure at different modes 

 

 

Mode Frequency 

1 611,29 

2 643,57 

3 787,36 

4 789,22 

5 800,94 

6 856,64 

7 1313,5 

8 1328,2 

9 1491,8 

10 1507,7 

11 1529,4 

12 1596,5 

13 1840,4 

14 1848,8 

15 2069 

 

Mode Frequency 

19 2160,6 

20 2291,5 

21 2490,4 

22 2544,5 

23 2577,2 

24 2763,3 

25 2789,9 

26 2852,5 

27 2930,5 

28 3076,8 

29 3155,6 

30 3201,3 

31 3211,2 

32 3294,8 

33 3664,1 

 

Mode Frequency 

37 3861,8 

38 3877,7 

39 3907,5 

40 4021,9 

41 4335,8 

42 4362,5 

43 4389 

44 4424,4 

45 4458,4 

46 4590,1 

47 4786,2 

48 4862,5 

49 4919,2 

50 4926,9 

51 5190,3 

 

Mode Frequency 

55 5318,9 

56 5399,6 

57 5463,2 

58 5534,1 

59 5655,3 

60 5659,2 

61 5778,8 

62 5782,7 

63 5860,9 

64 5987,9 

65 6086,7 

66 6131,9 

67 6326,1 

68 6359,7 

69 6482,6 
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16 2149,9 

17 2153,8 

18 2157,5 

 

 

34 3677,9 

35 3701,3 

36 3718,1 
 

52 5250,5 

53 5263,4 

54 5283,4 
 

70 6522,3 
 

 
 
It can be observed that the natural frequencies are high and resonance will not occur 

during the launch of satellite which imposes generally low frequencies, for example 35 

Hz for Shuttle and 50-60 Hz in most cases for expendables. There is still the possibility 

that higher frequency vibrations appear in liquid fuel rockets due to the turbopumps. 

Putting the naturally frequencies of three cases together with each frequency 

correspond to its mode, we obtain the following chart: 

 

 

Figure 3.8 Comparing the natural frequencies between symmetric design (Hexagon 
Sat) and asymmetric designs (Square Fractal Sat A and B) 

 

It can be observed that the structures share common pattern in the change of 

frequencies according to the increase of the mode. It is also clear that, except for the 

first ten modes where the difference between the natural frequencies of the three 

structures is not significant, the natural frequency of asymmetric designs (Square 

Fractal Sat A and B) is higher than that of symmetric design (Hexagon Sat) with 

corresponding mode. This leads to the conclusion that the asymmetric designs vibrate 
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at higher frequencies than the symmetric one and this difference is more obvious at 

high modes. 

Different shape modes for the 6 first modes of symmetric satellite structure Hexagon 

Sat are given as follows: 

a) For the case of Hexagon Sat: 

 

Figure 3.9 Shape Mode of Hexagon Sat, Mode 1- 688Hz 

 

 

Figure 3.10 Shape Mode of Hexagon Sat, Mode 2 - 712Hz 
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Figure 3.11 Shape Mode of Hexagon Sat, Mode 3 - 856 Hz 

 

 

Figure 3.12 Shape Mode of Hexagon Sat, Mode 4 – 872Hz 
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Figure 3.13 Shape Mode of Hexagon Sat, Mode 5 - 888Hz 

 

 

Figure 3.14  Shape Mode of Hexagon Sat, Mode 6 - 955Hz 

 

 

b) For the cases of Square Fractal Sat A and Square Fractal Sat B 
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Figure 3.15  Shape Mode of Square 
Fractal Sat A, Mode 1 - 375Hz 

 

 

Figure 3.16 Shape Mode of Square 
Fractal Sat B , Mode 1 - 443Hz 
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Figure 3.17 Shape Mode of Square 
Fractal Sat A, Mode 2 - 746Hz 

 

 

Figure 3.18 Shape Mode of Square 
Fractal Sat B , Mode 2 - 498Hz 

 

 

Figure 3.19  Shape Mode of Square 
Fractal Sat A, Mode 3 - 772Hz 

 

 

Figure 3.20 Shape Mode of Square 
Fractal Sat B , Mode 3 - 561Hz 

 

 

Figure 3.21 Shape Mode of Square 
Fractal Sat A , Mode 4 - 782Hz 

 

 

Figure 3.22 Shape Mode of Square 
Fractal Sat B , Mode 4 - 789Hz 
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Figure 3.23 Shape Mode of Square 
Fractal Sat A, Mode 5 - 789Hz 

 

 

Figure 3.24 Shape Mode of Square 
Fractal Sat B , Mode 5 - 801Hz 

 

Figure 3.25 Shape Mode of Square 
Fractal Sat A, Mode 6 – 883Hz 

 

 

Figure 3.26 Shape Mode of Square 
Fractal Sat B , Mode 6 - 857Hz 

 
The results above plot the shape mode of the two designs with their 6 first natural 

frequencies. Each natural frequency is associated with a shape mode which is the 

shape that the structure tends to assume when vibrating at that frequency.  Because 

there is no excitation applied to the structure, the mode shapes are relative values 

associated with free vibration. This means that the values of Total Deformation shown 

are not absolute values but give the idea about how one region deforms more or 

deforms less than another region and what is the degree of this difference. 

By reviewing the frequencies and mode shapes, one can get a better understanding 

of the possible dynamic response of the structure under different excitation. For 

instance, when reviewing the mode shape of the first frequency of the three structure, 

the region that deforms the most in each structure can be noticed. In the case of 

Hexagon Sat, this region is the ring inside the hexagon on Z+ and Z- surfaces, this is 

marked by red color on Figure 3.9. Similarly, the Fractal Sat A with hexagon Z+ and Z- 

surfaces has the same deformation concentration ring on hexagon surfaces (Figure 

3.15). On the other hand in the case of Fractal Sat B, the deformation concentrates at 

the center of Z+ and Z- surfaces where the main bars cross (Figure 3.16). The analysis 
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goes similarly for the next mode shapes of the corresponding natural frequency. It 

should be noted that under practical circumstances of vibration during satellite’s life, 

the extent to which dynamic loading excites a specific vibration modes depends on the 

spatial distribution and the frequency content of the load. 

 

3.4. Random vibration analysis 

3.4.1. Overview of random vibration analysis 

 
Random vibration analysis is a spectral method whose purpose is to determine some 

statistical properties of a structural response, normally the standard deviation (1 σ) of 

a displacement, force, or stress. Calculating the behavior of the structure under 

periodic, sinusoidal vibration is a fairly straightforward since damage content is 

calculated by multiplying the stress amplitude of each cycle from harmonic analysis 

with the number of cycles that the parts experience in the field. However, this is not 

always the case in practice.  

 

 

Figure 3.27 Deterministic and random excitations. Image courtesy: S. S. Rao, 
Mechanical Vibrations, 5th ed. 2011 

 

All along its operation and especially during launch phase, the satellite is subjected to 

various random vibration originating from launch vehicle. The structural design of the 

satellite then needs to take in to account this environmental effect, and only when the 

structure is resistant enough to its impact, the operation of the satellite is not put in 

jeopardy. Instantaneous vibration amplitudes are not highly predictable as the 

amplitude at any point in time is not related to that at any other point in time 

Contrasting to vibration at one predominant frequency, random vibration is a more 

common type of vibration where vibration occurs at many frequencies at the same time 

and can be described only in a statistical sense. The instantaneous magnitude is not 

explicitly known at a given time; rather, it is expressed in terms of statistical properties 

such as mean value, standard deviation, and probability of exceeding a certain value 

[18]. Since the amplitudes at these frequencies vary randomly with time, it is needed 
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to have some way of describing and quantifying this excitation. An important 

characteristic of random vibration which gives us the ability to easily characterize a 

random excitation is that at a given frequency, the amplitude of the excitation does 

constantly change, but for many processes, its average value tends to remain relatively 

constant. Basing on this, random excitation can be characterized statistically in terms 

of a Power Spectral Density (PSD) plot which shows amplitude versus frequency. A 

PSD is a statistical measure of the response of a structure to random dynamic loading 

conditions. It is a graph of the PSD value versus frequency, where the PSD may be a 

displacement PSD, velocity PSD, acceleration PSD, or force PSD. Mathematically, the 

area under a PSD versus frequency curve is equal to the variance (square of the 

standard deviation of the response) of the variable. This power spectral density will be 

the input of the random vibration analysis. 

 

3.4.2. Power Spectral Density formula 

The PSD of a random time signal x (t) can be expressed in one of two ways that are 

equivalent to each other: 

 The PSD is the average of the Fourier transform magnitude squared, over a 

large time interval 

𝑆𝑥(𝑓) = lim 𝐸
𝑇→∞

{
1

2𝑇
|∫ 𝑥(𝑡) 𝑒−𝑗2𝜋ftdt|

2

} 

 The PSD is the Fourier transform of the auto-correlation function 

𝑆𝑥(𝑓) = ∫ 𝑅𝑥(𝜏) 𝑒−𝑗2𝜋ftdt 

𝑅𝑥(𝜏) = 𝐸{𝑥(𝑡)𝑥 ∗ (𝑡 + 𝜏)} 

 

The power can be calculated from a random signal over a given band of frequencies 

as follows: 

 Total Power in x(t): 

𝑃 = ∫ 𝑆𝑥(𝑓)df = 𝑅𝑥(0) 

 Power in x(t) in range f1 – f2: 

𝑃12 = ∫ 𝑆𝑥(𝑓)df = 𝑅𝑥(0) 
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If a random signal x (t) is passed through a time-invariant filter with frequency response 

H (f), the resulting signal y (t) has a PSD as follows: 

𝑆𝑦(𝑓) = 𝑆𝑥(𝑓)|𝐻(𝑓)|2 

 

3.4.3. Frequency Response of the structures  

 
The frequency response results for excitation ranging from 3500Hz to 4000Hz are 

shown in the figures bellow:  

a) The case of Hexagon Sat: 

 

 

Figure 3.28 Stress Frequency Response - Hexagon Sat 

 
 

 

 

Figure 3.29 Strain Frequency Response - Hexagon Sat 
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Figure 3.30 Deformation Frequency Response - Hexagon Sat 
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a) The case of Hexagon Sat: 

 
 

 

Figure 3.31 Stress Frequency Response 
– Square Fractal Design A 

 
 

 

Figure 3.32 Stress Frequency Response 
– Square Fractal Design B 

  

 

Figure 3.34 Strain Frequency Response 
Design B 

 

 

 

Figure 3.35 Deformation Frequency 
Response - Square Fractal Design A 

 
 

 

Figure 3.36 Deformation Frequency 
Response - Square Fractal Design B 

 

 

 

Figure 3.33 Strain Frequency 
Response Design 
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The figures show power spectral density (PSD) of stress, strain and deformation 

responses of three structure. The PSD stress, strain and deformation represents the 

distribution of corresponding quantity over a spectrum of frequencies, in this case in 

the high frequency range, from 3500Hz to 4000Hz. 

It can be seen that the plots of frequency response have peaks at different frequencies. 

These peak frequencies coincide with the natural frequencies of the design discovered 

in section III.4, and this corresponds to the resonances that occur over the range of 

frequency studied. 

The peak values of stress, strain and deformation frequency responses are 

summarized in the following table. 

 

Table 3.6: Peak frequency responses of 3 structures  

 

Peak value Hexagon Sat Square Fractal Design A Square Fractal Design B 

Stress Frequency 

Response (MPa) 

2.14E-2 1.76 3.32E-2 

Strain Frequency 

Response 

(mm/mm) 

3.70E-7 6.40E-6 6.09E-7 

Deformation 

Frequency 

Response (mm) 

1.35E-5 3.90E-3 2.81E-3 

 
 

Comparing the frequency response of the three models, it is observed that the 

maximum peak amplitude of stress, strain and deformation frequency responses are 

highest in the case of Square Fractal Design A. The peaks have the lowest value in 

the case of symmetric design Hexagon Sat. The case of Square Fractal Designs have 

comparable peak frequency values to that of Hexagon Sat design. From this 

observation, it can be concluded that the Square Fractal Design A is most sensible to 

resonance in the range of high frequency studied. Although Square Fractal Design B 

has higher stress, strain and deformation peak values than symmetric Hexagon Sat, it 

has displayed significant improvement in terms of resonance behavior. 
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Chapter 4 
 

CONCLUSIONS AND FURTHER DEVELOPMENTS 
 
The simulation calculations of vibration applying to one symmetric and two asymmetric 

designs have shown that the asymmetric design has higher natural frequency 

comparing to that of symmetric design at the same mode. This is advantageous, as 

the normal vibration modes of launchers are in the low frequency part of the spectrum 

(up to 1000 Hz approximately). Higher natural frequency means that the structure 

would less likely suffer from resonance with critical vibrations that may lead to 

destruction of the structure. Particularly, as it was shown in section 2.6 when 

comparing the mass of the structures, the symmetric structure is lighter than 

asymmetric counterparts. This fact demonstrates that the advantage in natural 

frequency did not come from the difference in mass but the structural geometry itself, 

as the natural frequency is in general inversely proportional to the mass of the 

structure. 

When studying the frequency responses of the structure to high frequencies, it can be 

seen that the asymmetric structures display higher peak values than symmetric 

structure. This is not a desirable characteristic of the structure as it would increase the 

loads on the material when the structure is exposed to external random vibration. 

Nonetheless, when observing the shapes of the response spectrum to different 

frequencies, advantages of asymmetric structure can be spotted. The symmetric 

structure has rather high values of stress and strain responses to the whole band of 

frequencies studied. In contrast, the asymmetric structures have high values of 

response in a small range of frequencies near the peaks. Besides, the Square Fractal 

Design B with higher degree of asymmetry has shown important reduce in response 

values when comparing to Square Fractal Design A. This demonstrates the potential 

of advantages brought by highly asymmetric structure in relation to resonance 

behavior. 

It was also demonstrated that the designs exhibit different shape modes when vibrating 

at the natural frequency. In terms of frequency response, the asymmetry may benefit 

vibration in some aspect, yet brings drawbacks to some others. In particular, we have 

shown that the structure with hexagons in the faces is a particularly good design. The 

first test involved a CubeSat structure with four fractal faces and 2 hexagonal faces. 

This showed a poorer behavior than the symmetrical structure. Nevertheless, when we 

increased the asymmetry to include all the faces of the structure as fractals, the 

behavior notably improved, becoming much closer to the hexagonal one. This shows 

that increasing the asymmetry of the structure is a promising means of dealing with 
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vibrations in structures. It must also be beard in mind that fractals still have a large 

degree of symmetry. 

Additionally, the outcome of this thesis includes a complete process of simulating and 

analyzing vibration of satellite structure, which can be applied to other structure 

vibration analysis. 

Our future plans involve using a truly unsymmetrical pattern for the faces, and explore 

the possibility of building it by means of 3D printing techniques. Once we have this 

structure, we will test it in a suitable shaker to compare the behavior of the real 

structure with the simulations. 
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Annex 1: Aluminum 6061 data sheet 

 

 
 

Aluminum 6061-T6; 6061-T651 
 
Subcategory: 6000 Series Aluminum Alloy; Aluminum Alloy; Metal; Nonferrous 
Metal 
 
Close Analogs: 
 
Composition Notes:  
Aluminum content reported is calculated as remainder. 
Composition information provided by the Aluminum Association and is not for design. 
 
Key Words: al6061, UNS A96061; ISO AlMg1SiCu; Aluminium 6061-T6, AD-33 
(Russia); AA6061-T6; 6061T6, UNS A96061; ISO AlMg1SiCu; Aluminium 6061-
T651, AD-33 (Russia); AA6061-T651  

 

Component Wt. % 

Al 95.8 - 98.6 

Cr 0.04 – 0.35 

Cu 0.15 – 0.4 

Fe Max 0.7 

 
 

 

Component Wt. % 

Mg 0.8 - 1.2 

Mn Max 0.15
  

Other, each Max 0.05 

Other, total Max 0.05 
 

 

Component Wt. % 

Si 0.4 – 0.8 

Ti Max 0.15 

Zn Max 0.25 
 

 
Material Notes:  
Information provided by Alcoa, Starmet and the references. General 6061 
characteristics and uses: Excellent joining characteristics, good acceptance of applied 
coatings. Combines relatively high strength, good workability, and high resistance to 
corrosion; widely available. The T8 and T9 tempers offer better chipping characteristics 
over the T6 temper. 
 
Applications: Aircraft fittings, camera lens mounts, couplings, marines fittings and 
hardware, electrical fittings and connectors, decorative or misc. hardware, hinge pins, 
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magneto parts, brake pistons, hydraulic pistons, appliance fittings, valves and valve 
parts; bike frames. 
  
Data points with the AA note have been provided by the Aluminum Association, Inc. 
and are NOT FOR DESIGN. 
 
 

Physical Properties Metric English 
Comments 

  

 

Density  0.0975 lb/in³  AA; Typical 

 
Mechanical Properties 

  

 

Hardness, Brinell 95 95  AA; Typical; 500 g load; 10 mm 

ball 

Hardness, Knoop 120 120  Converted from Brinell Hardness 

Value 

Hardness, Rockwell A 40 40  Converted from Brinell Hardness 

Value 

Hardness, Rockwell B 60 60  Converted from Brinell Hardness 

Value 

Hardness, Vickers 107 107  Converted from Brinell Hardness 

Value 

Ultimate Tensile 
Strength 

 45000 psi  AA; Typical 

Tensile Yield Strength  40000 psi  AA; Typical 

Elongation at Break  12 %  AA; Typical; 1/16 in. (1.6 mm) 

Thickness 

Elongation at Break  17 %  AA; Typical; 1/2 in. (12.7 mm) 

Diameter 

Modulus of Elasticity  10000 ksi  AA; Typical; Average of tension 

and compression. Compression 
modulus is about 2% greater than 

tensile modulus. 

Notched Tensile 
Strength 

 47000 psi  2.5 cm width x 0.16 cm thick side-

notched specimen, Kt = 17. 

Ultimate Bearing 
Strength 

 88000 psi  Edge distance/pin diameter = 2.0 

Bearing Yield Strength  56000 psi  Edge distance/pin diameter = 2.0 

Poisson's Ratio 0.33 0.33  Estimated from trends in similar Al 

alloys. 

Fatigue Strength  14000 psi  AA; 500,000,000 cycles completely 

reversed stress; RR Moore 
machine/specimen 

Fracture Toughness  26.4 ksi-in½  KIC; TL orientation. 
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Machinability  50 %  0-100 Scale of Aluminum Alloys 

Shear Modulus  3770 ksi  Estimated from similar Al alloys. 

Shear Strength  30000 psi  AA; Typical 

 
Electrical Properties 

  

 

Electrical Resistivity  3.99e-006 ohm-cm  AA; Typical at 68°F 

 
Thermal Properties 

  

 

CTE, linear 68°F  13.1 µin/in-°F  AA; Typical; Average over 68-

212°F range. 

CTE, linear 250°C  14 µin/in-°F  Estimated from trends in similar Al 

alloys. 20-300°C. 

Specific Heat Capacity  0.214 BTU/lb-°F   

Thermal Conductivity  1160 BTU-in/hr-
ft²-°F 

 AA; Typical at 77°F 

Melting Point 582 - 652 °C 1080 - 1205 °F  AA; Typical range based on typical 

composition for wrought products 
1/4 inch thickness or greater; 

Eutectic melting can be completely 
eliminated by homogenization. 

Solidus  1080 °F  AA; Typical 

Liquidus  1205 °F  AA; Typical 

 
Processing Properties 

  

 

Solution Temperature  985 °F   

Aging Temperature  320 °F  Rolled or drawn products; hold at 

temperature for 18 hr 

Aging Temperature  350 °F  Extrusions or forgings; hold at 

temperature for 8 hr 

 
 
Some of the values displayed above may have been converted from their original units 
and/or rounded in order to display the information in a consistant format. Users 
requiring more precise data for scientific or engineering calculations can click on the 
property value to see the original value as well as raw conversions to equivalent units. 
We advise that you only use the original value or one of its raw conversions in your 
calculations to minimize rounding error. We also ask that you refer to MatWeb's  of use 
regarding this information. MatWeb data and tools provided by  
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Annex 2: ANSYS Setup for Static Structural 

I. Pre-analysis 
 
The Static Structural calculation starts with the building of model. As the models have 
already been built by other CAD software, specifically SolidWorks, ANSYS allows the 
models to be imported from external data. 
 

 
 
The   material used in the project Aluminum alloy Al6061is not provided in ANSYS's 
default library of materials. Therefore, it is needed to create a customized material with 
properties provided in the data sheet of Al6061 (cf. Annex 1). This can be done in the 
Engineering Data schematic of ANSYS: 
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As it can be seen in the following picture, where square connector between two cells 
shows that the part in both of them are shared together, the Static Structural tree is 
now having Geometry model and material ready for the physic setup. 
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II. Physics setup 
 
1. To simulate the effect of the eight rails on the edges of the structure that slides on 
the P-POD rails, Displacement constraints are applied on the edges of the structure. 
 
On the Outline tree, right click on Static Structural > Insert > Displacement: 
 
 

 

 

Select the faces of the geometry that represents the 8 outer surfaces of the 4 rails on 
the model, enter 0 to X component and Y component of the Displacement and keep 
the Z component to be free. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

The displacement constraint is applied to 8 faces representing the contact surfaces of 
the rail: 
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2. To simulate the contact of the structure with the deployment spring mechanism, 
displacement is applied to the bottom of the structure: 
Similarly to the previous step, insert displacement. 
This time, select the faces of the geometry that represents the 4 lower surfaces of the 
rails on the model, enter 0 to 0 component of the Displacement while keeping the X 
component and Z component to be free. 
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3. To apply load on the structure 
 
On the Outline tree, right click on Static Structural > Insert > Force 
 

 

  

Select the faces of the geometry that represents the 4 upper surfaces of the rails on 
the model, enter 100 N to the value of the force on the Y direction. 
The force of amplitude 100N is applied to the top of the structure (the 4 areas in purple): 
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III. Exploit the Solution 
 
1. To study the stress distribution on the model 
On the Outline tree, right click on Solution > Insert > Stress > Equivalent von-Mises 
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2. To study the strain distribution on the model 

On the Outline tree, right click on Solution > Insert > Strain > Equivalent von-Mises 
 
3. To study the deformation on the model 
On the Outline tree, right click on Solution > Insert > Deformation > Total 
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Annex 3: ANSYS Setup for Modal Analysis 

I. Pre-analysis 

The Modal Analysis is carried out after the Static Structural calculation. For that 
reason, Modal analysis can benefit from previous results and use the setups of Static 
Structural calculation as well as take the output of Static Structural calculations as 
input for Modal Analysis. To be specific, the physical model (satellite structure), the 
material used in simulation (Al 6061) and the mesh from Static Structural calculation 
are repeated in Modal Analysis.  
The square connector between two cells shows that the part in both of them are 
shared together. The round connector shows that the results from source cell is 
being transferred as a Setup (input) condition to be used for target cell. 
 

 

II. Physics setup 
As mentioned above, taking advantage of the previous Static Structural calculation, 
the constraints of the model used in Modal Analysis are repeated from Static Structural, 
including confined displacement on satellite's rails and fixed support on the bottom, on 
XY plane. Finally, the pre-stress is setup to use the conditions from Static Structure. 
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III. Numerical solution 
Here ANSYS is told to find 70 first natural frequency of the model. The option "Max 
Modes to find" is set to 70. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Ansys is also set up to calculate the deformation of the 6 first modes in order to show 
the shapes of the model in the 6 first modes.  In order to request the deformation 
results for the first mode, right click on Solution > Insert > Deformation > Total as 
shown below. 
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In the "Details" window of this Total Deformation, set the Mode option to 1 (as it is 
first natural frequency). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Repeat the last steps for the next 5 modes, selecting the 2nd, 3rd, 4th, 5th and 6th 
modes correspondingly. 
 
IV. Run Calculation and Extract the result 
 
In order to run the simulation and calculate the specified outputs, click the "Solve" 
button. 
 
The result of natural frequencies is displayed when the calculation finishes. ANSYS 
provides graphical and tabular result showing the frequency at corresponding mode: 
 
 
 


