
OMEN Structural Analysis 3 

By Gabe Mitchell and Elliott Platz 

Introduction: 

This document is a thorough analysis of the OMEN cube satellite primary and secondary structure. The 

OMEN engineering unit is a 3U sized cube satellite created specifically for Saint Louis University’s 
DORRE mission. Space Systems Research Lab has chosen a NanoAvionics 3U Frame to serve as the 
skeleton of the cube satellite.  

 

General Test Procedure Background: 

The purpose of the verification test is to ensure that OMEN will survive Launch Vehicle loading 

conditions. The tests required (as taken from UNP 10-4 and UNP 10-5, UNP NS10 User’s Guide) are an 
acceleration loading analysis followed by a random vibration analysis. The tests will be simulated with 
the FEA software ANSYS using the Static Structural, Modal, and Random Vibration analysis tools.  

 

Assembly 

Below is an image of the assembly imported into ANSYS. The assembly includes the cube satellite's 
primary structure, secondary structure, and relevant fasteners. Many components were excluded from 

this analysis, as their inclusion would have increased the complexity of the analysis and therefore 
lengthened solve times. 

 

Figure 1: Assembly 

 



 

The cube satellite's primary structure is pictured below on the left. It consists of two 3U walls as well as 

six structural ribs (the hollow squares). All primary structure components are made of aluminum 6061. 

The purpose of the primary structure is to constrain all the hardware on the cube satellite. The 

secondary structure is pictured below in the middle. It consists of four aluminum 6061 plates as well as 

4 aluminum 6061 mounting rods. The plates will serve as a mount for several pieces of hardware, and 

the rods will constrain the plates. Lastly, all the fasteners that constrain the components of the primary 

and secondary structure relative to each other are pictured below on the right. All fasteners are made 

of steel. The form of all fasteners was simplified substantially; for instance, all threads were completely 

removed. This change was made to simplify the connections between objects in the assembly. This 

alteration will not alter the behavior of the assembly, but it will make stress results in the fasteners 

themselves unrealistic. Therefore, this test will focus only on loads experienced by the primary and 

secondary structures.  

 

Figure 2: Primary Structure (left), Secondary Structure (middle), and Fasteners (right) 

FEA Mesh 

Below is an image of the Mesh generated for the FEA analysis. Note that in the bottom of the image , a graph 

describing the elements is included. The x axis is element quality, which ranges from zero (which describes an 

extremely distorted element) to one (which describes an element that is a perfect tetrahedron, hexahedron, or 

another element shape). The y axis is the distribution of elements. Note that the distribution is centered at a 

quality value of 0.85, so this is a quality mesh. However, an even finer mesh with more high-quality elements 

was not generated, as it would have increased solution times. 



 

Figure 3: Mesh 

 

Acceleration Loading Conditions 

Each acceleration load was required to be applied independently of the others (UNP 10-4). Therefore, the 

structural analysis needed to be divided into three parts: one for x -axis acceleration loading, one for y-axis 

acceleration loading, and one for z-axis acceleration loading. Note that the assembly and mesh pictured above 

were used in all three analyses. In each of the three analyses, 30 G’s, or 294.3 m/s2 , was applied through the 

center of mass on each separate axis (From UNP10-4). The loading conditions, as applied to the assembly in 

Ansys Static Structural, are pictured below. 

 



 

Figure 4: Loading Conditions for X-Axis Structural Analysis  

 

Figure 5: Loading Conditions for Y-Axis Structural Analysis  



 

Figure 6: Loading Conditions for Z-Axis Structural Analysis  

  

Acceleration Loading Results 

The loading conditions pictured above caused the stress and deformation that are represented in the figures 

below. Note that the deformation is exaggerated by a factor of  about 1000-2000 for emphasis. With a true scale 

there is no visible deformation due to the acceleration loading. During x-axis acceleration loading, the max 

equivalent stress was 42.309 MPa. During y-axis acceleration loading, the max equivalent stress was 22.008 

MPa. During z-axis acceleration loading, the max equivalent stress was 37.112 MPa. Because the yield strength 

of Aluminum 6061 (241 MPa [1]) is well above any induced stress, it can be concluded that the acceleration 

loading through the primary axes will not compromise the OMEN structure, especially because 30G’s is likely an 

over estimation of the acceleration loading. Note also that the maximum stresses mentioned above occurred 

only in small areas in the assembly, often in the secondary structure rods.  



 

Figure 7: Equivalent Stress During X-Axis Acceleration Loading 

 

Figure 8: Equivalent Stress During Y-Axis Acceleration Loading 



 

Figure 9: Equivalent Stress During Z-Axis Acceleration Loading 

 

Modal Analysis 

The lowest natural frequencies of the structure under each of the three acceleration loading conditions were 

found using the Ansys Modal Analysis tool. The frequencies as well as their associated mode number are shown 

in the figures below. Note that the modes for each natural frequency were found during analysis, but images of 

the modes will not be included in this document for the sake of brevity.  



 

Figure 10: Natural Frequencies and Modes during X-Axis Acceleration Loading  



 

Figure 11: Natural Frequencies and Modes during Y-Axis Acceleration Loading 



 

Figure 12: Natural Frequencies and Modes during Z-Axis Acceleration Loading 

Mass Participation Factor 

The vibrations induced by the natural frequencies displayed in the figures above yielded mass participation 

ratios that can be seen in the table below. Because the ratios of the effective mass (the sum of the mass 

associated with each mode) to the total mass are close to 1, enough modes have been extracted. A common 

standard for a modal analysis mass ratio is 0.9 or higher, which this test for the most part did not meet. As with 

other trade-offs in this analysis, this comprise was made to reduce solution time. Lastly, only 36 modes were 

extracted for the z-axis acceleration loading, as the mass participation factors during that analysis were near 0.9, 

so 36 modes were deemed sufficient.  

Loading Conditions Direction  Ratio of effective mass to total mass 

X-axis acceleration loading x 0.733 

y 0.811 

z 0.819 

Y-axis acceleration loading x 0.850 

y 0.686 

z 0.857 

Z-axis acceleration loading x 0.941 

y 0.933 

z 0.886 

Figure 13: Participation Factor Summary Table 

RANDOM VIBRATION 

Requirement UNP10-5 states that the cube satellite should be designed to withstand a 15 Grms vibroacoustic 

environment. Because there is no one unique set of vibrations that create such an environment, it was 

determined that a set of acceleration spectral density (ASD) plots should be randomly generated and used 

during the random vibration analysis. Such a method reduced bias. The MATLAB script pictured below was used 

to generate the random ASD plots. The code randomly generates a set of frequencies as well as associated 



acceleration spectral densities. It then calculates the root mean square acceleration of the set of vibrations. If 

the Grms value is between 15 and 15.5, the code will output the random ASD plot. If the Grms value is not 

satisfactory, the code will continue generating ASD plots until one has an appropriate Grms value.  

 





 

 Figure 14: Random ASD Generator Code 

Random Acceleration Spectral Density Plots 

The code pictured above was used to randomly generate the frequency sets pictured below.  
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(Hz) 
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57.694 0.0351 25.024 0.1218 70.815 0.8492 22.304 0.0989 34.7 0.0395 90.906 0.2786 

88.908 0.6050 30.580 0.8388 105.70 0.3382 29.352 0.3668 97.897 0.0317 795.32 0.0600 

98.637 0.3937 97.298 0.5814 445.35 0.4874 61.915 0.8102 320.81 0.1093 938.76 0.3402 
935.26 0.0324 389.47 0.2448 547.51 0.9418 188.63 0.7657 469.07 0.1471 2676.9 0.0143 

1525.7 0.7006 706.70 0.2727   456.32 0.0345 1867.9 0.0727   

      2486.2 0.0188 3000.6 0.0411   

      2730.4 0.1424     

 

 



Figure 15: Random ASD Data Generated 

 

Random Vibration Loading Conditions 

The vibration groups were applied independently to the assembly while it was undergoing each acceleration 

loading condition. That made for a total of 18 random vibration analyses, six per each acceleration loading 

condition. In each analysis, the vibrations were applied in the same direction as the direction of acceleration. It 

was determined that this would most accurately represent launch conditions.  

 

Random Vibration Results 

To reiterate, a total of 18 different loading condition combinations were applied to the structure during this test: 

3 different acceleration loads along with 6 different random vibration loads. Furthermore, within each loading 

combination, the stress within the primary structure and secondary was analyzed independently. Therefore, for 

the sake of brevity, tables summarizing the results are included instead of images that show the stress 

throughout a body.  

X-Axis Acceleration and Vibration Loading 

 Primary Structure 
(Aluminum) 

Secondary Structure 
Plates (Aluminum) 

Secondary Structure 
Rods (Aluminum) 

Maximum Stress from 
Vibration Group 1 (MPa) 

59.593 64.502 109.15 

Maximum Stress from 
Vibration Group 2 (MPa) 

51.109 36.647 70.089 

Maximum Stress from 
Vibration Group 3 (MPa) 

24.737 26.219 47.903 

Maximum Stress from 
Vibration Group 4 (MPa) 

45.764 54.778 94.111 

Maximum Stress from 
Vibration Group 5 (MPa) 

84.017 104.67 176.56 

Maximum Stress from 
Vibration Group 6 (MPa) 

70.409 92.867 157.18 

Yield Strength (MPa) 241 241 241 
 

Figure 16: X-Axis Vibration Loading Results 

 

Y-Axis Acceleration and Vibration Loading 

 Primary Structure 
(Aluminum) 

Secondary Structure 
Plates (Aluminum) 

Secondary Structure 
Rods (Aluminum) 

Maximum Stress from 
Vibration Group 1 (MPa) 

72.338 82.835 106.27 



Maximum Stress from 
Vibration Group 2 (MPa) 

10.433 11.733 13.666 

Maximum Stress from 
Vibration Group 3 (MPa) 

10.296 11.568 35.744 

Maximum Stress from 
Vibration Group 4 (MPa) 

30.195 34.613 44.561 

Maximum Stress from 
Vibration Group 5 (MPa) 

56.322 64.631 83.778 

Maximum Stress from 
Vibration Group 6 (MPa) 

86.822 119.29 227.10 

Yield Strength (MPa) 241 241 241 
 

Figure 17: Y-Axis Vibration Loading Results 

 

Z-Axis Acceleration and Vibration Loading 

 Primary Structure 
(Aluminum) 

Secondary Structure 
Plates (Aluminum) 

Secondary Structure 
Rods (Aluminum) 

Maximum Stress from 
Vibration Group 1 (MPa) 

60.279 73.854 158.74 

Maximum Stress from 
Vibration Group 2 (MPa) 

44.768 51.832 127.69 

Maximum Stress from 
Vibration Group 3 (MPa) 

20.902 19.939 50.873 

Maximum Stress from 
Vibration Group 4 (MPa) 

44.145 53.552 120.16 

Maximum Stress from 
Vibration Group 5 (MPa) 

83.878 104.31 233.55 

Maximum Stress from 
Vibration Group 6 (MPa) 

65.641 83.911 185.91 

Yield Strength (MPa) 241 241 241 
 

Figure 18: Z-Axis Vibration Loading Results 

 

The stresses that occurred in the primary structure and secondary structure plates were all relatively minor; 

none of these stresses resulted in a factor of safety below two, and most of these safety factors were much 

higher. The stress experienced by the secondary structure rods was more substantial, but it was never as high as 

the yield strength of aluminum 6061, 241 MPa [1]. Therefore, the factor of safety was always greater than one in 

the Secondary Structure Rods.   

 

Random Vibration Image Result Example 



 

Three images are included in addition to the tables to give an example of the image results. The images are from 

vibration group 4 being applied to the structure under y-axis acceleration loading. Note that the tables only 

include the maximum stress experienced by the specified group of bodies. As can bee n seen in the example 

images below, these maximum stress values only occur in small pockets in the primary structure and the 

secondary structure plates, and a vast majority of these bodies are in a much lower stress state. However, the 

stress distribution in the secondary structure rods is more varied. In the other 17 combinations of acceleration 

and vibration loading conditions, stress was distributed among the assembly bodies in a comparable way.  

 

 

 

Figure 19: Example Primary Structure Vibration Loading Results 

 



 

 

Figure 20 Example Secondary Structure Plates Vibration Loading Results 

 



 

 

Figure 21: Example Secondary Structure Rods Vibration Loading Results 

 

 

Conclusion 

Because all the vibration loads experienced by the primary and secondary structure induced stresses less than 

the yield strength of aluminum 6061, it can be concluded that the structure will not fail when exposed to a 

combination of acceleration and vibration loading. Such a conclusion has extra certainty because many different 

loading condition combinations were tested, and relatively high stresses (those that yield a factor of safety less 

than two) occurred infrequently. Most stresses were well below the yield strength of the structure. Lastly, both 

the acceleration and vibration loads in this test are deemed to be extreme conditions that the cube satellite will 

likely never experience. If minor changes were to be made to the structure, the secondary structure rods could 

be made thicker, as those components experienced the most severe stress states.  
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