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Abstract. NASA’s CubeSat Satellites, compact size and cost-efficiency have 
transformed access to space exploration, supporting missions from Earth 
observation to interplanetary research. However, the development of 
lightweight yet resilient structures for CubeSats remains a critical challenge, 
particularly in optimizing composite materials to withstand extreme launch 
loads. A key research question is: how can the mechanical performance and 
failure resistance of CubeSat composite panels be maximized under complex 
loading conditions? To address this, we applied Classical Laminated Plate 
Theory (CLPT) to analyze stresses, strains, and failure indices for various 
stacking sequences of composite laminates. Using MATLAB, we modeled the 
mechanical behavior of three different laminates, considering symmetry, ply 
orientation, and material properties. We employed Tsai-Wu and Maximum 
Strain failure criterias to assess laminate performance and identify optimal 
configurations. Our results demonstrated that carbon/epoxy composites with the 
symmetric stacking sequence of [60 -60 -45 -30 30 -30 60]s provide the best 
combination of strength and durability, minimizing failure indices under 
launch-induced forces. These findings contribute to advancing the reliability 
and performance of CubeSat structures, paving the way for their expanded use 
in demanding aerospace applications. 
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1​ Introduction 

This project focuses on the analysis and design of a laminated composite structure 
specifically tailored for CubeSat satellites Figure 1, which are compact spacecraft 
measuring 10x10x10 cm. These small spacecraft are designed to withstand the 
rigorous conditions of space travel, including gravitational loads experienced during 
launch to Low Earth Orbit (LEO), where they encounter microgravity conditions 
simulating weightlessness [1].  

The primary goal of this project is to evaluate the mechanical performance of 
CubeSat panels under various loading conditions, including longitudinal tension and 
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compression, bending moments, and torsional loads. In this experiment, we will be 
looking at the gravitational forces acting upon the satellite during launch from earth 
up to reaching LEO, while ignoring external factors like radiation and pressure. 
Specific gravitational accelerations during launch were determined from a NASA 
research paper [1] to be 5G in the x-direction and 10G in the y-direction, where GGG 
is the gravitational acceleration. Utilizing Newton’s second law of motion, the force in 
the x and y directions present during launch could then be found, given the mass of 
the CubeSat, which was found to be 10 kilograms.  

To translate these forces into in-plane distributed forces (N), the forces were 
divided by the width of each individual solar panel cell (5 mm), resulting in 
distributed loads of 9.81 N/mm in the x-direction and 19.62 N/mm in the y-direction. 
The distributed moments M were calculated by multiplying these loads by the length 
of each panel, yielding 245.25 N*mm in the x-direction and 490.5 N*mm in the 
y-direction. The shear forces and moments (xy-direction) were negligible due to a 
lack of these forces and moments being present given the CubeSat application and 
research findings of NASA [1].  

Using Classical Laminated Plate Theory (CLPT), stress distribution, strain 
responses, and potential failure mechanisms to optimize structural integrity were 
analyzed. Carbon-epoxy composites were selected due to their exceptional 
strength-to-weight ratio and ability to endure the harsh thermal and mechanical 
environments of space [2]. This analysis considers critical factors such as stacking 
sequences, laminate thickness, and load scenarios to maximize performance while 
adhering to dimensional constraints. To achieve this, the project involves computing 
global and local stresses and strains, determining the optimal stacking sequence, and 
evaluating failure through criteria such as Tsai-Wu and maximum strain analysis. 

 
Figure 1: A CubeSat satellite operating in Low Earth Orbit (LEO) 
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2​ Methods 

2.1​ Material Selection Process:  

The composite material selected for this study is Carbon/Epoxy IM6G/3501-6, as 
detailed in Appendix A. This material was chosen due to its exceptional 
strength-to-weight ratio, which is critical for CubeSat structures that endure extreme 
conditions during space launches and orbital operations. Compared to alternative 
materials, Carbon/Epoxy IM6G/3501-6 exhibits superior longitudinal modulus (169 
GPa vs. 41 GPa for E-Glass/Epoxy, a 312% increase) and tensile strength (2240 MPa 
vs. 1140 MPa for E-Glass/Epoxy, a 96% increase). Similarly, it shows a 19% 
improvement in tensile strength over Kevlar/Epoxy (1400 MPa) and a 15% higher 
longitudinal modulus compared to Carbon/Epoxy AS4 (147 GPa). These significant 
improvements further justify its selection for the application. A visual comparison of 
these material properties is provided below in the following two figures. 

 

Figure 2: Material comparison of longitudinal modulus (GPa) 

 

 

Figure 3: Material comparison of longitudinal tensile strength (MPa)  
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The figures above compare the longitudinal modulus and tensile strength of 
different composite materials. These charts illustrate the superior properties of 
Carbon/Epoxy IM6G/3501-6 over other materials like E-Glass/Epoxy and 
Kevlar/Epoxy. They highlight its significantly higher longitudinal modulus and tensile 
strength, supporting its selection for CubeSat applications. 

 

2.2​ Thickness and Layup Selection Process:  

The laminate design adheres to a thickness limit of 3 mm, as required by the Classical 
Laminated Plate Theory (CLPT) for thin laminate analysis. A thinner laminate was 
prioritized to balance weight reduction with sufficient structural performance, as 
lower thickness minimizes mass which is critical for CubeSat applications where 
launch weight is constrained. Based on industry standards and prior studies on 
CubeSat panels, the average thickness of similar panels was found to be 
approximately 2 mm [4]. To ensure structural integrity and improve mechanical 
performance, a slightly increased thickness of 2.1 mm was selected. This thickness 
was determined based on the lamina thickness of 0.15 mm, allowing for 14 plies in 
the final layup, ensuring uniform distribution of strength and stiffness across the 
laminate. This lamina thickness enhances both tensile strength and stiffness, providing 
better resistance to the high stresses and moments experienced during launch, while 
still staying within the thin laminate assumptions of CLPT. This balances weight 
efficiency and performance, as supported by NASA's guidelines for small satellite 
structures [1]. 

To optimize the stacking sequence for the complex loading case, a MATLab 
script was created in order to analyze 2,097,152 possible stacking sequences. This 
number was reached by assuming that our laminate will be symmetrical, as this 
simplifies the script and increases load-carrying capacity within the laminate. Taking 
the 8 possible stacking orientations: 0, +/- 30, +/- 45, +/- 60, 90 (degrees), we 
multiplied this number by 7 or half the plies to reach the number of possible stacking 
sequences. Once a large matrix with all the stacking sequence combinations was 
created, we ran a MATLAB algorithm, which is talked about in detail in 2.4 Code 
Structure and Functionality. This found the most optimized stacking sequence 
given the Tsai-Wu and Max Strain failure criterion. The third stacking sequence 
analyzed within the following experiment was user defined using ply orientations of 
0, +/- 45, and 90 only. This third stacking sequence will allow us to show the 
differences between the optimized stacking sequences and one where a human 
defined the stacking sequence. The specific tracking sequences used can be seen 
below in Figure 4. 
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Figure 4: Stacking Sequences Analyzed 

 

 

 

2.3​ CLPT Equations and Assumptions:  

The Classical Laminated Plate Theory forms the foundation for the stress and strain 
analysis. The theory assumes a linear relationship between stress and strain and 
negligible shear deformation. The governing equations compute the global stresses 
and strains based on the laminate's stiffness matrices (A, B, and D) and the applied 
forces and moments. The material properties of each ply were input into the model, 
which then calculated the laminate-level response. Symmetry in the layup simplifies 
the plate theory equations due to the coupling matrix B becoming zero, and this 
further improves our laminate’s performance. The assumptions of this theory include: 
each ply is thin compared to its in-plane dimensions; each ply behaves according to 
linear elasticity; the laminate is perfectly bonded; plane sections remain plane and 
perpendicular to the midplane after deformation; out-of-plane shear deformations are 
negligible. The specific equations used in CLPT analysis are presented in Appendix 
E. 

The assumptions made for this project include the laminate being modeled 
using Classical Laminated Plate Theory (CLPT), assuming negligible shear 
deformation and perfectly bonded plies. Additionally, it was assumed that the 
CubeSat panels experience a uniform gravitational force during launch and that 
out-of-plane shear deformations are negligible. Finally, symmetrical stacking 
sequences were employed to simplify calculations when determining the laminate 
stacking sequence. This is due to the algorithm running the number of possible 
stacking orientations (8) squared to the number of unique plies in the laminate. If the 
laminate was not symmetrical we would have to run 8^14 or 4 trillion combinations. 
We could have removed the number of stacking orientations available but instead we 
exponentially cut down the computation time by making the ply symmetric so there 
would only be approximately 2 million combinations. By doing so the MATLab script 
was able to fully run in about 5 minutes.  
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2.4​ Code Structure and Functionality:  

The code used in the following experiment was broken up into two separate scripts 
for time efficiency purposes. The purpose of the first script was in order to find the 
two most optimal stacking sequences for the laminate given the Tsai-Wu and Max 
Strain failure criteria. Although the first script found the global and local stresses and 
determined the failure index of the plies given the two failure theories, a second 
MATLab script was created in order to efficiently calculate the max load, failure 
indices, and local stresses and strains for just the three stacking sequences we 
determined for the experiment. Both scripts run similarly, so the structure of the code 
is provided together in the following paragraph below. For a line-by-line visualization 
of the code, please refer to Appendix B and Appendix C.  

The script begins by defining user inputs such as the material properties, 
engineering constants, normal and moment loads, and ply thickness, which were 
consistent throughout the entire laminate. Once this is accomplished, the script 
calculates the number of possible combinations for the stacking sequence by taking 
the power of the number of possible ply orientations (8) by the number of symmetric 
plies (7). A large matrix is created with the symmetric stacking sequences. Next, the 
ply location, S, and Q matrices were calculated on the laminate level. Initializing our 
stiffness matrices (A, B, and D) and running them through a for loop and storing the 
matrices was done in order to have the stiffness matrix for all possible stacking 
sequences. This was similarly done for the midplane and curvature matrices. Next, the 
global and local stresses and strains were found for all of the stacking sequences. 
Simultaneously, as the code found the local stresses and strains for each ply and each 
stacking sequence, a maximum failure index was keeping track of all plies and all 
stacking sequences to identify which laminate had the lowest maximum failure index. 
Looping over all possible combinations, this gave us the laminate with the lowest 
failure index, which allowed us to identify the two most optimal stacking sequences 
for the two failure criteria.  

As previously mentioned, the second script followed the same structure as 
the one above but allowed us to single out and study the local stresses and strains and 
stiffness matrices of the three final laminates. Alongside this, the second script 
calculated the maximum loading reached by the three laminates prior to failure, which 
is when the failure index reaches 1.  

2.5​ Failure Theories Used:  

This experiment utilized the Tsai-Wu and Maximum Strain Failure criteria to evaluate 
the performance of the three composite laminates. These criteria were chosen to 
provide a comparative perspective on failure prediction and to optimize stacking 
sequences for improved mechanical performance. 
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The Tsai-Wu criterion is a quadratic failure theory that considers interactions 
between different stress components. The advantage in this is that it provides a more 
complex prediction of failure. By accounting for both material strengths and the 
interaction of stresses, the Tsai-Wu criterion gives a more holistic result to the 
laminate performance; this also makes the failure criterion more conservative 
compared to other failure theories. In contrast, the Maximum Strain criterion 
evaluates failure based on the principal strains exceeding predefined material limits. 
This approach is computationally simpler and easier to interpret; however, it does not 
account for stress interactions, which can lead to less conservative or less accurate 
predictions under multi-axial loading. Using both criteria allowed for a 
comprehensive analysis of the laminates. For further detail on the two failure theories 
and their equations refer to the bottom of Appendix B. 

3​ Results and Discussions 

Using the CLPT code, the local and global stresses and strains for each stacking 
sequence were calculated. The local stresses and strains for stacking sequence 1 can 
be seen below in Figure 5. All stacking sequences’ local and global strains can be  
found in Appendix D. 
 

 
Figure 5: Stacking Sequence 1 local Stresses and Strains 

 
In calculating the load for failure for each of the three chosen stacking 

sequences, the Tsai Wu criterion proved to be an overall more conservative failure 
criterion, as it generally predicted failure earlier than the maximum strain criterion. 
These loads for failure can be seen below in Figure 6. For the Tsai Wu criterion, 
stacking sequence 1 withheld 31% greater load than stacking sequence 2 and 84% 
greater than stacking sequence 3. For the Max Strain criterion, stacking sequence 2 
performed the best, sustaining 47% greater load than stacking sequence 1 and 352% 
greater than stacking sequence 3.  
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Figure 6: Maximum Loads for Failure Results 

 
From a mechanical standpoint, failure is most likely to occur at the 

outermost ply in composite laminates, especially under bending or high moments, as 
the outermost layers experience the largest tensile or compressive stresses due to their 
distance from the neutral axis. This makes them more susceptible to failure, such as 
delamination or matrix cracking. The type of loading significantly affects this 
behavior, as bending loads amplify stresses in the outer plies, while tensile or 
compressive loads can also lead to failure in these plies. To compare stiffness between 
the three layups, the ABD matrices can be compared. These respective matrices can 
be found in Appendix F. Looking at these matrices, it is clear that the stiffness layup 
is the third stacking sequence, as its A and D matrices hold higher values than the 
other sequences. The chosen final layup is not the stiffest. Although stiffness helps 
resist deformation, a stiffer laminate may be more prone to failure due to higher stress 
concentrations, leading to issues like delamination or cracking. Additionally, the 
stiffest layup may increase weight, which could be detrimental in applications where 
material efficiency is crucial, like in aerospace. Ultimately, the best layup balances 
stiffness, strength, durability, and weight for the specific loading conditions. 

From these results, it is clear that stacking sequences 1 and 2 are superior to 
3, as they both sustain a higher load for failure in each failure criterion. To determine 
the final laminate selection, it was determined to base the decision on the more 
conservative method, Tsai-Wu. By choosing this criterion, failure would be predicted 
earlier, thus preventing a premature failure of the CubeSat’s panels while reaching 
LEO. In all three stacking sequences, the failure mode likely to occur is delamination. 
This is because the high moments create out-of-plane tensile stresses within the panel. 
These stresses act on the interlaminar regions of the layup, where the matrix holds the 
plies together, causing the layers to separate. This failure is critical near the edges and 
attachment points, as the stress concentrations will be the highest here and can 
propagate as the loading condition progresses. 
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4​ Conclusions 

This study demonstrates the Classical Laminated Plate Theory (CLPT) to optimize the 
laminate layup  in order to improve the structural performance of the CubeSat 
composite panels under complex loading conditions. Carbon/epoxy was utilized in a 
2.1 mm panel thickness, 0.15 mm ply thickness, and 14 ply setup. Although three 
stacking sequences were analyzed, [60 -60 -45 -30 30 -30 60]s was chosen as the final 
sequence as it performed the best under the conservative Tsai-Wu failure criterion. 
The specific loading case for failure was found to be [18.15 36.3 0 453.75 907.5 0]’ 
causing failure in ply 14, as shown in Figure 2. The specific values for the global and 
local stresses and strains are presented in Appendix D. These findings contribute to 
the ongoing development of advanced composite structures for aerospace 
applications, offering a way to improve the accessibility and dependability of small 
satellite technologies. Future work could explore integrating environmental factors 
such as radiation and thermal cycling to improve the laminate design further. 
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6​ Appendix 

6.1​ Appendix A: Material Properties from Engineering Mechanics of Composite 
Materials by Daniel, Isaac M., and Ori Ishai
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6.2​ Appendix B: MATLAB Script for Identifying Optimal Stacking Sequences for 
Laminate Analysis 
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6.3​ Appendix C: MATLAB Script for Maximum Load Determination, Local 
Stress-Strain Analysis, and Failure Evaluation Across All Three Stacking 
Sequences 
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6.4​ Appendix D: Local and Global stress and strain results 

 
Stacking Sequence 1 local Stresses and Strains 

 



24 

 
Stacking Sequence 2 local Stresses and Strains 

 

 
Stacking Sequence 2 local Stresses and Strains 
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Stacking Sequence 1 global Stresses and Strains 

 

 
Stacking Sequence 2 global Stresses and Strains 
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Stacking Sequence 3 global Stresses and Strains 
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6.5​ Appendix E: CLPT Equations 

Laminate Stiffness Matrices:  

 

Force-strain and moment-curvature relationship: 

 

Material Stiffness:  
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Reduced Stiffness Matrix: 

 

Global and Local Stresses and Strains: 
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6.6​ Appendix F: Stiffness (ABD) Matrices 

Stacking Sequence 1:  

 

Stacking Sequence 2: 
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Stacking Sequence 3: 

 

 

 


