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ABSTRACT  

 

Vibrational Analysis of 3D Printed Structures for Aerospace 
 

Ethan Chang 

 

The purpose of this project is to create data and research the vibrational characteristics of 3D 

printed structures and the effects of various 3D printing parameters on those characteristics. Using 

school utilities and a personal printing machine, a complete process for manufacturing and analysis 

was done. FDM was used to print the structures used in the project while a combination of Ansys 

and SolidWorks were used for modelling and simulation. Data was recorded and calculations were 

done to find specific values. An increase in the infill density led to a general increase in the stiffness 

of the system. Adding an angle to the printed structure also provided greater stiffness with angles 

greater than 15 degrees providing less improvements to the stiffness. Data accuracy is confirmed 

through coherence for recorded data. Further tests should be done to improve the accuracy of the 

data through refined variation in parameters and material testing. 
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1. Introduction  

1.1 Motivation 

3D printing has become a widely adopted method to create a wide variety of structures. It 

utilizes additive manufacturing, a form of manufacturing that continuously builds a structure layer 

by layer [1]. Its ability to create complex shapes quickly and cost effectively has made it a high 

priority tool for many, whether it be from someone using it for a hobby or an engineering company 

using it for manufacturing parts. The increased use of 3D printing brings it closer to becoming one 

of the most popular manufacturing methods. The expected outcome of this is it being introduced 

to largescale industries. 

In the current aerospace industry, 3D printing has become a relatively new method to 

manufacture lightweight parts. Airbus has been using 3D printed brackets and venting pipes in 

planes such as the A320 and A350 starting in 2017 with success in reducing time and weight [2]. 

Its capabilities were proven and show signs of maintaining their presence within the industry. 

Other aerospace companies have also adopted this method around the world and thus make this 

method quite popular. 

Since this has been a recently adopted method, there is little development made to improve or 

analyze the method. Although there are many articles on the capabilities of 3D printers and 

different filaments, there exist only a handful of research done specifically for the effects of 3D 

printing settings, such as orientation or direction, on the mechanical and vibrational characteristics 

of the structure. There are many aspects to 3D printing that are effective in creating a proper 

structure such as techniques and setting parameters. This leaves room for more research and further 

improvement of the additive manufacturing method otherwise known as 3D printing. 

1.2 Literature Review 

1.2.1 General Knowledge & History 

Additive manufacturing, later known as 3D printing, was an idea originating in the 1980’s as 

a resin polymerized by UV light popularized by Chuck Hull as stereolithography (SLA) [3]. The 

.stl file format that he created is still used in the current state of 3D printing, further amplifying his 

contributions and his significance to the history of 3D printing. The following methods of 3D 

printing to come after Chuck’s SLA were selective laser sintering (SLS) by Carl Deckard in 1987 

and fused deposition modeling (FDM) by Scott Crump in 1989 [3]. SLS utilizes lasers to solidify 

powder materials whereas FDM extrudes filament, typically a form of plastic, through an 

adjustable nozzle. FDM and SLA make up many 3D print types used, with FDM being the most 

popular due to its cheaper costs and ease of use [4].  

A significant event that occurred in the market of 3D printing was the expiration of patents 

for FDM technology by Stratasys owned by Crump. The main patent for license of the FDM 

method expired on October 30 of 2009 and following this, an open-source project called RepRap 

was released. The market price for owning a 3D printer dropped significantly right after these 

events [5][6]. It is still speculated what caused the drop in prices but the increase in competing 

FDM based 3D printers is argued to be the largest contributor. The favor for FDM based 3D 

printers remains as a recent study by HUBS in 2023 revealed that 56% of people used FDM as 
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their primary method of part manufacturing, the next most popular only being 20% [7]. Thus, the 

focus of most research including this paper will be focused on FDM based 3D printing. 

1.2.2 Analysis of 3D prints 

3D prints have various parameters to change how a structure is made. These parameters 

include layer height, infill, shell thickness, etc. Adjusting these parameters is expected to affect 

the structures’ mechanical properties. 

 A recent article has indeed shown that the layer height, when varied, can leave significant 

effects on the tensile strength of a structure, with the strength maximizing at a height of .3 mm [8]. 

The study was conducted using a varying layer height from .1 to .7 mm and the value for tensile 

strength was calculated from a measurement of roughness of the structure. The exact calculation 

made was through an equation relating the ultimate tensile strength to the hardness and a 

coefficient as stated by Gasko and Rosenburg [9]. 

 

 
Figure 1.1 – Hardness compared to layer height results by Suprapto et al. [8]. 

 Since the result for maximum tensile strength appears at a height of .3 mm, it can be 

concluded that too small of a layer height or too large can lead to reduced tensile strength, although 

further explanations were not made [8]. 

A significant discovery, made by a team working at the University of Navarra in 2025, has 

shown that small printing events such as the points of intersection can occur during the printing 

process that resulted in a 14%-20% error between the experimental and simulated mechanical 

characteristics with the experimental results showing stronger characteristics and the simulations 

results showing weaker characteristics [10]. These intersections occur during printed layers when 

the patterns of the infill overlap during the same layer. Their research was done using a 

combination of CAD and FEM in Ansys Workbench and using a wavy infill design for their 

structure. The wavy infill design is the pattern they chose to use for their infill and appears like a 

grid pattern, but the wavy design replaces the lines with waves. The points of when the waves 

connect like the grid pattern are the points of intersection mentioned before. Because of the way 

printing works, points of intersection cause an additional bit of material to build on top of that 
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point since it does not smoothly print through a previously cooled line and overlap can occur at 

the connections of infill to the walls of the structure [11]. This makes the structure slightly stronger 

since the joints appear to have a stronger connection due to the added material. The team studying 

this error concluded that it is necessary to add correction factors to their simulated values to 

account for the extra area being added to the structure, which they concluded to be a 25% increase 

due to intersecting errors and an 8% increase due to the added material in the structure [10]. 

Although the exact values may change based on infill design, this is a significant development 

regarding properly simulating the mechanical properties of a 3D printed structure and the 

assumptions to be made when comparing a simulated structure to the experimental. This also 

shows the capabilities of 3D printing and the ability to successfully analyze the structure. 

Another study in 2020 on the structure of various infill designs for tissue scaffolding tested 

the ability to properly predict mechanical behaviors using CAD and FEM analysis and was 

successful [12]. This study is important as it covers yet another parameter of 3D printing, the infill 

design, and measures their mechanical characteristics and provides further support for the ability 

to apply FEM analysis to a simulated 3D printed structure. In this case the experimental values 

matched very closely to the simulated values as compared to the previously mentioned study. This 

is due to the infill design being printed as scaffolding rather than printed in the same elevation as 

one another, thus avoiding the errors caused in traditional 3D printing [11] [12]. Concluding this 

topic, it is not necessarily a negative error. Rather, the error is simply based on proper FEM 

analysis of a real 3D printed structure. 

1.2.3 Typical Errors and Solutions 

In a study found by a team in 2023 researching printing in the food industry, it was noted that 

errors had also occurred around points where the nozzle had to reset its position [13]. This error in 

the print is called oozing or stringing and is caused when the material from the nozzle leaks during 

travel points in which there should not be any extrusion [14]. 
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Figure 1.2 – Typical oozing/stringing error on a 3D printed chair [14]. 

 The cause of such errors is mainly due to incorrect temperature settings in either the nozzle 

or the environment. Since the team was working with a material that had a low melting point it 

was too difficult to adjust the temperature correctly, thus an appropriate solution to the oozing 

error was to increase the retraction speed and pull the material back further before it could leak 

during transport [13]. There already exists a default retraction speed to reduce the effect of oozing, 

but in this case, it had to be increased further. Solutions that can be made in addition to the 

retraction speed are to adjust the retraction distance, to ensure the filament does not leak, and to 

increase the nozzles travel speed as this will reduce time for an error to occur [14][15]. 

Analyses have also been made in terms of 3D printings using different materials. A study from 

Sukkur IBA university tested the capabilities and measured multiple physical characteristics of 

structures made with various materials using FDM, the result of which revealed that PLA is the 

most ideal material in terms of accuracy and ease of use due to its thermos-capabilities and surface 

behavior [16]. This result is also reflected in the current popularity of Polylactic Acid (PLA), being 

one of the most common forms of material used in the use of FDM 3D printing [17]. This study 

also introduces yet another error that may occur during printing and that is warping that was seen 

to be very common with the material Acrylonitrile Butadiene Styrene (ABS) [16]. 

 

 
Figure 1.3 – Warping at bottom and middle of structure [19] 

 Warping occurs due to the extruded material cooling and thus shrinking, lifting the structure 

off the build plate or causing it to twist and thus altering the structure of the print [18][19]. Warping 

is more prominent as structures become wider rather than taller but can still crack due to internal 

stress at a certain level of height, thus it is recommended by Ramian to print with the widest surface 

applied to the bottom with an applied “brim” to reduce warping [19]. Proper heating of the bed 

and nozzle also reduces the effects of warping. This is because the difference in temperature 

between the bed and material may reduce the adhesion between the two. 

Infill density is a parameter specific to 3D printing that influences the porosity of the modeled 

structure. Increasing the density will bring it closer to being equal to a completely solid structure 

of the material of choice. Theoretically, increased infill density should lead to more strength of the 

structure, and this is proven in a study by Joana when they measured the strengths of varying 

densities [20]. A comparison of PLA and tough PLA was also made during this study. PLA tough 

is a modified form of PLA made to have increased mechanical properties; the one used in this 

study is developed and sold by Spectrum in Poland [20][21]. The results of their study revealed 
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that the properties of the tough PLA performed worse than the normal PLA for most of the 

experiments, only performing better during tests for energy absorption at one to two layers and 

afterwards being beaten at increased layers [20]. There is no conclusion about the possible reasons 

as to the tough PLA’s performance issues. 

1.2.4 Techniques and Innovations 

Breakthroughs in techniques to improve printing have also been studied and published. A 

recent study by Kim et al. analyzes an alternative G-Code [22]. Typically, an infill pattern is 

generated at the point of converting a model into G-Code and the nozzle position is reset to an 

origin for each layer of that infill. By using an open-source alternate G-Code like FullControl they 

were able to create their own infill instructions. FullControl is an open-source custom G-Code 

created by Dr. Gleadall at Loughborough University to have full control over the printing and 

splicing process of 3D printing [23]. FullControl offers incredible detail in the design of 3D 

processing, allowing for specific instructions and settings at every segment of the nozzles pathing 

and further improving aspects of speed and accuracy during actions such as infill [24]. The method 

introduced by Kim et al. altered the normal pathing of the nozzle during infills to be adjusted to 

ideal angles, thus improving its typical time and improving its mechanical characteristics [22]. The 

results of their study were able to reduce the time to print by 10% to 30% based on increasing infill 

density and revealed an increase in ultimate tensile strength at around 15% at an infill density of 

30%, its additional increase going down as infill density approached 100% at which point the 

increase in strength was no longer prominent [22]. A combination of the release of the open-source 

G-Code FullControl and the methods for specific infill instructions shown by Kim and their team 

allows for an improved method compared to typical 3D printing and opens the door to a wider 

range of significant improvements to techniques in the future. 

Typical movement of the printer head consists of various cartesian based systems, two of 

which are ideal and known commonly as H-bot or CoreXY [25]. H-bot utilizes a single belt 

whereas CoreXY uses two that work opposite each other, thus minimizing the error caused by 

torque in the H-bot system [25][26][27]. 
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Figure 1.4 – Example of CoreXY kinematics system [28]. 

 Development of a new system that utilizes the compact and efficient design of the H-bot and 

the dual belt system of the CoreXY was done in 2022, ending in success and deemed the CoreH-

bot [29]. The newly realized design can compete with other cartesian based systems according to 

studies done on the behaviors of the system by Edoardo and his team who were the creators of the 

new design. 

A test on accuracy by Jeong et al. between a high-end dentist’s milling machine and a 3D 

printer was done in Korea [30]. The milling machine used was an Arum 5X-200 which can be 

purchased for around $100,000 and the 3D printer used was an unspecified Zenith printer, most of 

which can be found being sold online for around $1000 [31][32]. The results for prices were found 

through public websites and offers not direct to the related companies due to the locations being 

fixed in Korea. Ignoring the original purpose of the study, the price difference alone shows 

significance to the introduction of 3D printing into the manufacturing industry. Using RMSs to 

calculate the difference in error between the Arum and Zenith, the test revealed a significantly 

lower RMS error in the 3D printed results compared to the results of the milling machine [30].  
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Figure 1.5 – RMS error comparison between Arum 5X-200 and Zenith 3D printer [30]. 

From the results of their data in Figure 1.5, the difference in RMS error between the miller 

and 3D printer is of significant value. It can also be concluded that the 3D printer performs more 

constantly in comparison to the miller. 

A new technique studied in 2021by a team in Poland inverted the direction in which an FDM 

printer extruded [33]. By placing the printing board above and printing with the extruder pointed 

upward, they found that the mechanical properties were higher than that of a typical downward 

facing extruder although very small in difference. The researchers hypothesized that this could be 

due to the heat convection allowing for a better environment. Further explanation for his can be 

seen from a previously referenced study regarding the increase in cracking and warping by 

Ramian, showing that by inverting the printing mechanism it possibly relieves some of the stress 

of the structure [19]. 

 

1.3 Project Proposal 

Since 3D printing can be an ideal method to manufacture parts, it would be in our best interest 

to analyze the capabilities and properties of their print structures. The goal of this project is to 

analyze the structural properties, such as the static and vibrational properties, of 3D printed parts 

and verify the effects of: 

- Print orientation on natural frequencies 

- Infill density on stiffness and dampening 

- Anisotropy printing on directional vibration behavior 
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These varying parameters will be applied to a beam structure of consistent size to properly 

measure the effects of the parameters. Using the results of the analysis, conclusions will be made 

on the characteristics of the structures and variable settings to allow ideal techniques for 3D 

printing in the future. 

1.4 Methodology 

The timeline of the work for this project will be broken into two separate phases. The purpose 

of this is to allow focus on both the computational simulations and the experimental measurements 

of the total analyses. Phase 1 will cover the computational simulations, including the process of 

studying and modeling the various parameters to be simulated. 

1.4.1 Phase 1 

The first phase of the project consists of simulations of structures to create reference data in 

preparation for physical analysis in the second phase. This will be done through a combination of 

FEM analysis and 3D modeling to create simulations of variable parameters applied to the bar and 

cylinder models. Creating this analysis will allow for hypothesis’ to be made on the characteristics 

of the 3D printed structures and their capabilities. 

A secondary goal of the first phase is to research methods of 3D printing as further preparation 

for real-world physical analysis. Current options for 3D printing are to utilize a personal station in 

which there is no restriction of use or to use the public 3D printing stations accommodated by the 

school. Unfortunately, the accommodation for school is limited to a single print per person per 

month. This is less than ideal since there will be variable printed structures; thus, a personal station 

will be prepared and used. 

1.4.2 Phase 2 

The second phase of the project begins with the physical printing and designing of models 

with various parameters according to the project goals. These parameters are adjusted within the 

settings of the 3D printer interface to create various structures. The structures themselves will be 

rectangular beams of a consistent size to emphasize the effects of the changing parameters on the 

characteristics.  

Once the structures are made, physical analysis can be done by utilizing measuring tools on 

site of the SJSU campus. These tools will be used to measure frequencies, stiffness, and 

dampening. Once the analysis is completed, comparisons will be made on the results of the 

analysis, and the second phase may be concluded with further comparisons, discussions, and 

conclusions of the analysis and results. 



9 

2. Preparation & Theory 

2.1 Visualizing of 3D Printed Parameters 

The goal of this project is to compare and measure the effects of varying 3D printing settings 

on the vibrational characteristics of a structure, in this case a beam. The 3D printing software used 

in this project is Ultimaker Cura 5.10.1. To begin with, a 3D model needs to be imported into Cura. 

A simple beam model of 150x30x5 mm was created in SolidWorks.  

 

 
Figure 2.1 – A 150x30x5 mm beam created in SolidWorks. 

Once the beam was created in SolidWorks, it was imported into Cura. The file must be saved 

as an STL (Standard Tesselation Language) file before being imported to Cura. Cura allows for 

various printing parameters to be changed. This project focuses on the infill density setting and the 

movement tools to adjust the angle of print and the orientation, thus the infill design will remain 

as the default grid setting with a 10% minimum infill density throughout the project. Selecting the 

appropriate settings and clicking splice will create the g-code file in which it can be printed. A 

preview is available for the file where each layer can be seen allowing for a view of the inside of 

the structure. These previews are important as they will be used as references when modeling for 

each specific variable parameter. Aside from the specific parameters mentioned for the project 

goal, the parameters for the 3D print are left on the default parameters for standard quality. This 

means that the walls of the structure are .8 mm thick and each layer is printed at .2 mm in height. 
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Figure 2.2 – 3D slice preview of various orientations of beam in Cura. 

 
Figure 2.3 – 3D slice preview of variable angles of beam in Cura. 

Something interesting to note when viewing the infill of the 3D preview is that the design of 

the infill does not move with reference to the structure of the beam. This gives insight into the fact 

that the angle at which a structure is printed may affect the mechanical properties. 
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Figure 2.4 – 3D slice preview of variable infill density in Cura. 

When viewing the 3D preview of the various infill densities, the increase in density is 

consistent but also is simplistic. When increasing the infill density, there is no change from the 

10% infills position. From 10% to 20%, the lines are simply twice as often with two times the 

tighter distance between repetition. This remains the same with 30% being equal to three times. 

This is helpful information for modeling later since details regarding the specific instructions for 

the software are not public. 

The figures shown are sliced to layer 7 to view the infill pattern within the structure. The final 

print is completely covered by .8 mm of wall on all sides. The cyan colored area represents the 

brim applied to the print to ensure that warping does not occur. 

Summarizing the details of the 3D previews of the various parameters, it is seen that the 

pattern for infill always originates from the midpoint of the structure. The infill pattern also seems 

to be in reference to the printing board itself rather than the location or position of the structure. 

Infill densities also appear to increase linearly based on the infill density in comparison to a 10% 

infill density. It is still unsure what equations are used to calculate the original infill densities as 

the specific instructions for Cura’s infill density are not public. Parameters not varying in infill 

density will be given a 10% infill density. Using this set of information, it is possible to begin 

modeling the 3D previews back in SolidWorks to be used for finite element analysis. 

2.2 Modeling Variable Parameters 

Using the information gathered from Cura and utilizing the 3D previews as references, the 

process for modeling the beam with the infill designs included can now begin. Once again, 

SolidWorks 2025 is the application being used for modeling the structure of the beam and its 

various parameters. Using the beam previously modeled as a starting point for each modeled 

parameter, detailed modeling can begin. Since there will be a 10% infill minimum on all designs, 

it is crucial to be able to accurately model the infill. A technique was used to recreate the infill 

pattern within SolidWorks. The basics of this method include using a copy of the shelled model 

and one set of lines in each direction and then combining the solid bodies back together later to 

complete the grid pattern. The values for the width of the infill lines are set to .4 mm according to 

the nozzle of the Ender 3 specifications. The widths of the walls, including the roof and flooring, 

are set to a thickness of .8 mm. 
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Figure 2.5 – 3D slice of 10% (left), 20% (middle), 30% (right).,. 

Since the pattern always begins at the center of the beam, it can be replicated easily. The 

density increase by percent directly leads to an increase of the number of lines by double for every 

10%. The lines were hand counted to a certain value to prove this theory. The distances between 

each line were adjusted as closely as possible to resemble the pattern from Cura as their exact 

measurements and calculations are not available.  

 

 
Figure 2.6 – 3D slice of 0° (top left), 15° (top right), 30° (bottom left), and 45° (bottom right) in 

SolidWorks. 

Since the movement of the printing nozzle is omnidirectional, the walls and printing layers 

are the same despite the angle. The only visible change from changing the angle of the structure is 

the way the infill pattern is printed. As seen from the Cura preview, the pattern follows the same 
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change directly as the change in angle of the structure’s position, making it easy to recreate when 

modeling. 

 

 
Figure 2.7 – 3D slice of beam in a flat (left), side (middle), and vertical (right) orientation in 

SolidWorks. 

The flat orientation shown in Figure 2.7 is virtually the same as the other 10% infill beams 

shown for a 0° angle in Figure 2.6 and a 10% infill in Figure 2.5. Changing orientation once again 

affects the way the infill pattern is printed, which may lead to a difference in mechanical 

capabilities as expected. Now that each model has been created for the varying parameters, tests 

can be made on both the printed and 3D model beams. 

2.3 Simulation approach 

A significant part of this project is the computational simulations that will be paired with the 

experimental results. The simulations will be conducted with the use of the finite element 

method/analysis (FEM/FEA). FEM is a method used to simulate real-world interactions of 

structures. This is done by utilizing advanced computing power to apply equations representative 

of real physics to small pieces of a structure called “elements”. These elements are then placed 

into a system of equations to create a solution of reactions for the entire structure. FEA refers to 

the complete analysis of the results utilizing the finite element method as the method to compute 

and simulate said results.  

The reason for using FEM and FEA for this project is to create a basis of data to compare with 

when completing the real-world measurements of the same data. The comparison ensures what 

kind of data to expect from the experimental data and creates further reference on the capabilities 

of FEM/FEA, for the use of testing 3D printed models. 

The accuracy of the results of FEA are limited by the size of the elements used, small elements 

leading to a more accurate result. Decreasing the size of the elements will take considerably larger 

computational power depending on how drastic the change is. A technique to avoid this significant 

increase in computational power is to apply a smaller and more accurate mesh to areas of 

significance such as corners and points of structural variability. 

Another problem that intervenes in the accuracy of the results is the accuracy of the inputs as 

well. It is necessary that the inputs are completely accounted for and as precise as possible to create 

results that are truly accurate to real-world interactions. The FEA applications being used for this 
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project are a combination of Ansys Workbench and Ansys Mechanical. An input required for FEA 

applications is a model to perform analysis upon. As stated before, inputs need to be precise and 

therefore so does the model. Further details regarding the analysis of the 3D models created in 

SolidWorks will be discussed in the results for FEA later in the report. 

The expected results for the analysis are that there will be an increase in mechanical strength 

for increasing infill density. The change and orientation and angle should also provide unique 

results based on the difference in pattern.  

2.4 Printing Setup 

A necessary step to completing this project is to obtain and correctly apply a 3D printing 

system. The options for public 3D printing locations are limited as productions are set per person. 

A personal 3D printing station was acquired for the purpose of this project for its ideal location 

and convenience. The 3D printer used for this project is an Ender 3 currently sold commercially 

by Creality for $189. The printer utilizes FDM printing which is the specific target of this project. 

It has a printing zone of 220x220x250 mm, which is ideal to fit the entirety of the beam in its 

various orientations and angles. The nozzle size is .4 mm in diameter, providing enough precision 

to complete the project ideally. Adjustments made to create an ideal printing area are fine-tuned 

through human precision and vary significantly between products and locations and thus are not 

necessary to record. The nozzle and bed temperatures are set to 200° C and 60° C respectively. All 

other settings for the system are left at default values. 

 

 
Figure 2.8 – Ender 3 3D printing setup. 
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Test prints were done to ensure that the printing setup was fit to carry on with the project. 

These tests include bed level prints to ensure that the printer is flat and the well-known “Benchy” 

boat test. The previously mentioned application “Cura” has a setting that applies the Ender 3 

specifications to its slicing configuration. The SolidWorks models were also modeled with these 

same specifications in mind.  

2.4.1 3D Printed Beams 

3D prints are created layer by layer onto a heated build plate and extruded through a heated 

nozzle with a width of .4 mm. The nozzle moves through a belt moving in the X direction while a 

motor also moves the entire belt up in down in the Z direction. The build plate moves through a 

motor and belt moving it in the Y directions. This means that the system is moving with 3 separate 

systems of motors and belts. 

Beams are printed through the setup described previously. The beams are printed and cleaned 

to maintain a clean part. This includes cutting off extra printed layers placed to ensure that the 

beam is printed correctly, such as the brim. A small line is visible along the wall of the 3D prints. 

This is due to the extruder beginning its print at a specific position at each layer printed. This is 

unavoidable in FEM printing, but the resulting blemishes are also removed in post printing clean 

up. 



16 

3. Setup & Results of FEM 

3.1 FEM Setup 

As stated before, the application used for FEM analysis is Ansys 2025 R2 Workbench and 

Mechanical. The license used is the free version under student applications. Because this is a 

student license, there are limits placed on the number of elements allowed for analysis and 

meshing. This is why the study for infill density goes up to 30% as any density further will surpass 

the limit of the license. 

3.1.1 Ansys Workbench  

The first step before opening Ansys Workbench is to properly format the SolidWorks files so 

that it can be accepted into Ansys. The two options for this are to save them as an IGES file or a 

STEP file. Initially the IGES file was used, but at higher infill densities it incorrectly read the infill 

density as an inverted surface and saving each hole as a separate part. This caused significantly 

higher demand from the computer and made meshing within the limit of the student license 

impossible. Thus, the STEP file was used. Using the STEP file saved the beam as a singular body 

and detailed the infill density correctly. 

Once the files are saved, simulation systems can be made for analysis. Beginning with a modal 

system, since the project is based on vibrational results, a new material needs to be added with the 

characteristics of PLA. This can be done by entering the engineering data page seen in Figure 3.1.  

 
Figure 3.1 – Basic modal analysis system in Ansys Workbench 2025. 

An empty library has been created to be used as a container for the new material. A custom 

material is added into the new library and the library is saved before the new material can be added 

into the modal analysis system. The material is labeled as PLA and uses custom mechanical values 

listed below provided by Tunca et al [34]. PLA was once contained within the Ansys materials 

library in older versions but does not appear by default in the 2025 R2 version. 
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Table 3.1 – Mechanical properties of PLA (polyactic acid) [34]. 

Property Value Units 

Density 1250 kg/m3 

Young’s Modulus 3.45E+09 Pa 

Poisson’s Ratio .39  

Bulk Modulus 5.2273E+09 Pa 

Shear Modulus 1.241E+09 Pa 

 

Once the material is added to the system, the models containing the various parameters are 

added to their own separate systems to be worked on afterwards. The values added to the custom 

material are necessary for vibrational analysis. 

The specific variable parameter STEP file is imported into the geometry input as seen in 

Figure 3.1. These Workbench procedures are applied to all other instances of variable parameters. 

The rest of the analysis is completed in Ansys Mechanical through editing the Model input of the 

modal analysis system. 

3.1.2 Ansys Mechanical 

The first step to creating the system is to apply a mesh to the model. The mesh is what defines 

the elements of the model and is affected by physics simulator. Elements are adjustable to create 

an efficient mesh. A smaller mesh will mean that the elements will be smaller. The mesh size is 

set to 2 millimeters. This is the limit for which the student license can allow on the most mesh 

intensive structure, the 30% infill beam. This size is more than enough to capture accurate results 

for the analysis. A mesh analysis shows that the difference in data between mesh sizes decreases 

significantly as the element size gets smaller. When the difference in results for frequencies 

reaches below 1% is typically a point when the result is deemed accurate. The table below shows 

the results of the mesh analysis. 

Table 3.2 – Percent difference in frequency mesh analysis for a 10% infill beam. 

 Element Size in Meters (m) 

 1 to .1 .1 to .01 .01 to .005 .005 to .002 .002 to .001 

Mode 1 2.67 4.49 0.13 0.37 0.14 

Mode 2 2.25 2.03 0.14 0.41 0.13 

Mode 3 15.54 19.27 0.41 0.73 0.21 

Mode 4 6.41 7.06 0.95 1.17 0.41 

Mode 5 19.57 23.19 0.75 1.24 0.33 

Mode 6 6.76 4.40 0.21 0.40 0.14 

 

From the table, we see that the difference in data from 2 millimeters to 1 millimeter is not 

significant. Technically, a 5-millimeter or 1-centimeter element size would also suffice as an 

accurate mesh. A 2-millimeter mesh size was still chosen to be as accurate as possible since the 

tools for analysis are limited. The figure below better presents the difference between decrease in 

mesh sizes. 
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Figure 3.2 – Mesh size vs difference in frequency for a 10% infill beam. 

The reason for the range of infill density variability being from 10% to 30% is due to the 

limited elements allowed for the student version of Ansys 2025. The infill densities create 

significantly more elements due to the many pores in the infill. Unfortunately, this is unavoidable 

even when adjusting the mesh size to create less elements.  

 

 
Figure 3.3 – .002 m size mesh of 30% infill density beam. 

0

5

10

15

20

25

1 to .1 .1 to .01 .01 to .005 .005 to .002 .002 to .001

P
er

ce
n

t 
D

if
fe

re
n

ce

Mesh Size in Meters (m)

Beam 10% - Mesh Size vs Difference in Frequency

Mode 1

Mode 2

Mode 3

Mode 4

Mode 5

Mode 6



19 

 

After a mesh is applied to the beams, the parameters of the system and analysis can be created. 

A fixed support is applied to the end of all beams in the same position. Damping is also turned on 

for cases involved with variable infill density since it is turned off by default. The system is given 

a constant structural damping of 2% to simulate typical structural damping. Structural damping 

simulated damping effects that occur within the structure itself due to micro friction. The effects 

are typically negligible but nonetheless included. The value comes from the damping ratio of a 

typical hard plastic, which PLA is the biodegradable alternative of. This is to properly simulate 

vibrational characteristics of the beam to test the effects of infill density on the system. The modes 

that are analyzed from the beam represent vibrational characteristics in multiple directions. The 

total modes being analyzed are 6 total modes. This is because almost all necessary modes important 

to being analyzed are within the 6 modes which are also considered to be the vibrational body 

modes. This is also a reason for applying the fixed support to one end of the beam. Not doing so 

would create values close to zero for all modes since the beam would have no reaction if left in 

free space. 

3.2 FEM Results 

The results of the analysis give the natural frequencies of the various modes. The six modes 

analyzed are the vibrational body modes of the beam. The modes are of two types, bending and 

rotational. Mode 4 represents torsion about the y-axis, specifically for this analysis. Modes 1, 3, 

and 5 represent bending movements in the x-direction. Modes 2 and 6 represent the bending 

movements in the z-direction. The results are given visualized results. These show the deformation 

of the beam with a range of deformation included in the resulting visualizer. 
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Figure 3.4 – Deformation visualization for modes 1-6 (top-left to bottom-right) for a 10% infill 

beam. 

3.2.1 Variable Orientation Results 

The results for frequencies in hertz and other measured results for each mode of varying 

orientations parameter are recorded in the tables below. The results for the 10% infill beam with 

no other adjustment will be used as the baseline comparison for all varied parameters. 

Table 3.3 – Natural frequency in Hertz (Hz) for different printing orientations. 

 Natural Frequencies (Hz) 

Mode Flat Side Vertical 

1 77.40 77.274 77.62 

2 348.82 349.87 369.43 

3 469.94 461.55 471.82 

4 640.34 637.56 619.25 

5 1259.5 1208.3 1266.1 

6 1851.8 1843.8 1826.2 

 

The flat orientation in the orientation tables is the data collected from the basic 10% infill 

beam. The frequencies are clearly affected by the printing orientation but by a slight margin. This 

is still expected since this is a representation of a clean model with zero FDM characteristics such 

as micro-indents between each layer, which would lead to more serious changes. 

Table 3.4 – Max total displacement in millimeters (mm) for different printing orientations. 

 Max Total Displacement (mm) 

Mode Flat Side Vertical 

1 18.18 18.2 17.95 

2 17.99 18.04 17.72 

3 17.56 17.52 17.36 

4 21.31 21.36 20.62 

5 17.13 17.02 16.94 

6 17.28 17.31 20.22 

 

3.2.2 Variable Infill Density Results 

It is well known for it to be difficult to measure dampening of a structure in FEM. Finding the 

damping coefficient of a structure is typically done using an accelerometer or similar equipment. 

The tables below are the result of a dampened system utilizing a .02 or 2% damping based on 

mass. FEM results still give us insight into the general characteristics and allow for comparisons 

to be made. Results of significance from this analysis include the damp frequency, stability, and 

maximum total deformation. 
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Table 3.5 – Damped frequency in Hertz (Hz) for different infill density. 

 Damped Frequencies (Hz) 

Mode 10% 20% 30% 

1 77.40 73.48 70.55 

2 348.84 332.86 323.36 

3 469.96 451.79 435.8 

4 640.37 624.42 609.31 

5 1259.6 1233.3 1197.9 

6 1851.8 1787.4 1747.9 

Table 3.6 – Max total displacement in millimeters (mm) for different infill density. 

 Max Total Displacement (mm) 

Mode 10% 20% 30% 

1 18.05 17.04 16.02 

2 17.96 16.86 16.02 

3 17.58 16.64 15.89 

4 21.29 20.33 19.29 

5 17.00 16.36 15.61 

6 17.25 16.18 15.61 

Table 3.7 – Stability in Hertz (Hz) for different infill density. 

 Stability (Hz) 

Mode 10% 20% 30% 

1 -0.77398 -0.73472 -0.70541 

2 -3.488 -3.3283 -3.2333 

3 -4.6991 -4.5175 -4.3575 

4 -6.4031 -6.2436 -6.0925 

5 -12.595 -12.332 -11.978 

6 -18.517 -17.872 -17.477 

 

The stability measurement of each mode ensures that the system is being analyzed properly. 

The stability is recorded as a frequency response and represents the real portion of a complex 

response related to damping. If a measured stability were to be positive, it would mean that the 

system is unstable, and the natural frequencies would also be recorded as a negative value. The 

negative stability values show that the system is dynamically stable which is the correct response. 

Recording the values also allows for further comparisons of the systems. 

3.2.3 Variable Angle Results 

The change in angles represents the anisotropic effects of 3D printing. From the hypothesis 

made before, there should be noticeable effects on the vibrational characteristics as the angle 

continuously changes. The range for varying degrees goes from 0 degrees to 45 degrees. Going 

further than this leads to similar results as previous degrees but mirrored. Removing the 

unnecessary additional angles saves time and material without hindering the results of the project 

and data collection. 
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Table 3.8 – Natural frequency in Hertz (Hz) for different angles. 

 Natural Frequencies (Hz) 

Mode 0° 15° 30° 45° 

1 77.40 77.489 77.72 78.003 

2 348.82 351. 354.71 353.57 

3 469.94 470.39 471.74 473.22 

4 640.34 639.37 637.1 640.13 

5 1259.5 1260.6 1263.9 1266.7 

6 1851.8 1854.1 1854.9 1845.7 

Table 3.9 – Maximum total displacement in (mm) for different angles. 

 Max Total Displacement (mm) 

Mode 0° 15° 30° 45° 

1 18.18 18.19 18.19 18.25 

2 17.99 17.99 17.97 18.03 

3 17.56 17.58 17.57 17.54 

4 21.31 21.41 21.37 21.56 

5 17.13 17.09 17.10 17.02 

6 17.28 17.33 17.23 17.15 

 

Once again, the 10% infill beam design is used as the 0-degree data point. There are no 

additional parameters changed to the structure.  

 

3.3 FEM Summary 

The results of FEM are values from vibrational modal analysis. The geometry used consists 

of the beam shape and the changing infill within the beam. The geometry does not include details 

regarding the micro-indents between print layers. This means that the FEM results are best 

understood as an analysis of how the variable parameters affect the vibrational properties through 

the change in infill. Results from the experimental analysis will give greater insight to the detailed 

effects of these parameters. 

The change in orientation causes the direction of the infill to change since the infill design is 

unaffected by position and orientation and remains in the same position. When the beam is printed 

on its side, when reoriented it would appear as though the infill were printed sideways when 

compared to the flat position. The same applies to the vertical position. As hypothesized, there is 

indeed an effect on the vibrational characteristics, but these effects are only a factor due to the 

infill. The main factor behind the hypothesis was the idea that the adhesion between layers may 

cause significant change to the properties based on orientation. Thus, experimental results will 

reveal further significance of orientation on vibrational characteristics. 

Variable density results proved significant and were expected. FEM analysis results are 

limited in terms of specific values such as damping and stiffness. This is solved in the experimental 

phase. The results of FEM still give clear results of the effects of increasing density, showing a 

decrease in frequency and max deformation as the infill density increases. Typically, a higher 

frequency means an increase in stiffness and decrease in deformation. This gives insight into the 
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possibility that the increase in infill density increases the mass significantly more than increases 

the stiffness of the structure. Further discussion will explain this result. 

Measurements for the change in angles are useful to once again identify the effects of infill 

patterns and printing techniques. It also provides further information regarding how orientation 

can affect vibrational characteristics. Understandably, the results of the change in angles lead to 

noticeable but small differences in the vibrational characteristics. There is a small change in mass 

due to how the infill is placed within the structure which is a factor to consider when analyzing the 

results of the simulation. 
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4. Setup & Results of Modal Impact Analysis 

4.1 Modal Impact Setup 

The method of experimental analysis used for this project is the modal impact method. The 

modal impact method utilizes multiple tools to stimulate, measure, and calculate vibrational 

characteristics. Instruments required for modal impact analysis include an impact hammer and 

accelerometers. The application used for data acquisition is a custom-made impact analysis 

application created through LabVIEW. Modal impact analysis was done in SJSU’s Engineering 

Building inside of the Aerospace Structures Lab. A clamp is placed on a table and tightened on 

one end of each beam to simulate the same boundary conditions as done in the FEA. Figure 4.1 

shows an example of the full experimental set-up. 

 
Figure 4.1 – Clamped 3D printed beam with accelerometers. 

4.1.1 Modal Impact Analysis Theory 

Modal impact analysis is a method of vibrational analysis that is simple to use and prepare. 

Modal impact analysis uses a tool called an impact hammer to stimulate the vibrational modes of 

the structure. The hammer provides an instantaneous force to excite all modes within a large 

frequency. The tighter the impulse, the more the modes there are that are excited. Realistically, the 

impact hammer is not capable of creating a completely instant impact. This means that in some 

cases, the impact cannot excite certain modes beyond a level of frequency. To fix this, there are a 

multitude of adjustments to be made. There are a variety of hammers with different weights and 

tips. The adjustment in weight allows the hammer to create a meaningful impact on large structures 

such as boats or propellers. Smaller hammers are also meant for small components such as circuit 

boards or processors, the lighter weight allowing for a more precise hit. The tips of the hammers 
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are also adjustable. Tips generally span from a very soft tip consisting of rubber to a hard tip made 

of plastic or metal. These arrangements of tips allow for higher frequency excitations while using 

harder tips. If specific frequencies are being experimented with, then the tip is crucial to acquiring 

the correct range of modes. 

A key step to acquiring promising data is to avoid double-hits. A double hit occurs when the 

hammer strikes a structure twice or more, due to human error. This can occur when the hammer 

bounces multiple times on the structure when hit. The figure below shows an ideal instantaneous 

impact with no double-hits. A double impact would show multiple peaks in the impact graph 

spread throughout the time frame of the graph. 

 
Figure 4.2 – Impact data as a function of time with impact(above) and response (below). 

The application used for data acquisition typically produces graphed results of coherence, 

magnitude, and phase. The magnitude and phase are both a part of the FRF or Frequency Response 

Function. The FRF can also be output as a real and imaginary set of values although for this 

experiment it is presented as a magnitude and phase. Coherence is a representation of the 

effectiveness between the impact and the response. This means that it is a measurement of how 

much of the response of the system is due to the impact rather than outside noise. Coherence is 

measured from 0 to 1 with 1 being coherent and 0 being distorted. Ideal results should have the 

coherence being near 1 for most of the analyzed frequency. Points at which the coherence may be 

low are at low magnitudes which are typically the nodes of the system that produce little vibrations. 

4.1.2 Impact Hammer Specifications 

The only hammer currently available for modal analysis in the Aerospace Structures Lab is 

the PCB-086C03. This model is meant for small structures such as impellers to slightly larger 
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structures such as panels or frames. Although a smaller hammer would be more optimal, the PCB-

086C03 structural functioning range still includes the structures created in this paper. Table 4.1 

contains the specifications of the impact hammer. 

Table 4.1 – PCB-086C03 performance specifications. 

 English SI 

Sensitivity 10 mV/lbf 2.25 mV/N 

Measurement Range ±500 lbf pk ±2224 N pk 

Resonant Frequency ≥22 kHz ≥22 kHz 

Non-Linearity ≤1 % ≤1 % 

 

4.1.3 Accelerometer Specifications 

The accelerometers available in the lab are PCB-352A24. These are typical accelerometers 

and are fully capable of performing this experiment. Table 4.2 contains the specifications of the 

accelerometers. 

Table 4.2 – PCB-352A24 performance specifications. 

 English SI 

Sensitivity (±10 %) 100 mV/g 10.2 mV/(m/s²) 

Measurement Range ±50 g pk ±490 m/s² pk 

Frequency Range (±5 %) 1.0 to 8000 Hz 1.0 to 8000 Hz 

Frequency Range (±10 %) 0.8 to 10000 Hz 0.8 to 10000 Hz 

Frequency Range (±3 dB) 0.4 to 12000 Hz 0.4 to 12000 Hz 

Resonant Frequency ≥30 kHz ≥30 kHz 

Broadband Resolution (1) 0.0002 g rms 0.002 m/s² rms 

Non-Linearity ≤1 % ≤1 % 

Transverse Sensitivity ≤5 % ≤5 % 

 

4.1.4 Driving Point Survey 

Before collecting data, it is necessary to conduct a driving point survey. The purpose of a 

driving point survey is to find the optimal location to create the impact. The optimal location 

should be able to excite as many modes as possible or at the very least, the modes that are being 

analyzed. To conduct a driving point survey, an impact location on the structure is tested as how a 

normal analysis was to be performed. The results are then compared to those that were taken from 

when a different location was to be impacted. Repeating this practice along the structure will show 

at which location excited the most modes, thus giving the ideal location to perform analysis. Figure 

4.3 shows the locations at which the test was performed. 
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Figure 4.3 – Visual representation of data point survey across a beam clamped on the left. 

These locations for the data point survey were chosen due to the inability to acquire data at 

any points lower than the middle location. This is due to the difficulty with the mass of the hammer 

causing more momentum than the structure can handle for it to create meaningful vibrations. 

Instead of impacting in an instant, the structure experiences significant bend and thus the results 

become unsuitable. This can be seen in Figure 4.4. These graphs show hypothetical FRF results 

when impacting from different locations. Ideal results should show smooth peaks at 

distinguishable locations. The middle location’s results were poor and significantly distorted, with 

the close-left and far-left providing clearer data. In the end, the close-left location was chosen since 

it was able to give a slightly better reading of modes than the far-left location. 

 

 
Figure 4.4 – Data point survey at close-left (top), far-left(middle), and middle (bottom). 
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4.1.5 Data Import 

Data collected from LabView’s acquisition is saved as a set of files. These files include the 

impact results saved in the form of a TDMS file and the FRF results saved as a UFF (universal file 

format) file. These are files typically used in data acquisition as ways to easily categorize and 

organize data.  

TDMS and UFF files cannot be read by normal means. A specific software or code is designed 

to read these files to properly display the organized data. Methods to view these files include excel 

add-ins, LabView applications, and MATLAB code. The method used for this project was 

MATLAB for its ease of use and previous experience. 

Using MATLAB, two key functions were used to read the files containing data. To read a 

TDMS file, “tdmsread” is used. This is a function already integrated within MATLAB. To read a 

UFF file, a custom function by Thomas Emmert called “UFF File Reading and Writing” was 

downloaded from MATLAB’s file exchange [35]. This download contains the function “readuff”, 

allowing for the ability to read the organized UFF file and the details of category. This includes 

the units and labels used for the data. 

The data collected from the FRF is recorded as a complex response with a real and imaginary 

component against frequency in Hertz in the x-axis. The data is also recorded as a separate set of 

data for each accelerometer. The results shown in Figure 4.4 and in LabView are already averaged 

and converted into magnitude format. This process is done manually in MATLAB onto the raw 

data. The data must be averaged as real and imaginary components before being converted into 

magnitude values. Processing the data in the incorrect order results in data that incorrectly 

measures phase. 

The key results that are important to this project are the location of natural frequencies for 

modes and the damping of each mode. The natural frequencies can be found at the location of 

peaks in the magnitude response. The first six peaks represent the first six modes of the structure. 

Damping is calculated using the half power method [36]. This method uses the width of each peak 

at a power of 50% or -3 dB from the peak of each natural frequency. The magnitude is converted 

into decibels using the MATLAB function “mag2db()” and the damping factor Q is then found at 

the location below 3 dB from the peak using equation (1). The damping factor is then converted 

to damping ratio ζ through a conversion ratio (2). 

 

𝑄 =
𝜔𝑛

𝜔2 − 𝜔1
 (1) 

 

 

ζ =
1

2𝑄
 (2) 

 

 

Calculations and acquisitions for this method are done by manually viewing data points at 

each key location. At certain modes that have natural frequencies close to each other for the half 

power method, the peaks are isolated and curve fitting is used to properly use the half power 

method. 
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4.2 Modal Impact Results 

The results of the data acquisition give us three graphs. Coherence in green is a measure of 

how accurate data is. The maximum value for coherence is 1. Generally, if the coherence is around 

1 at the point of natural frequency, then the data can be considered good. It is common for the 

coherency to appear low moments before approaching the natural frequency of modes. The blue 

graph represents the Magnitude of the FRF. The magnitude is measured by the response over the 

impact. Phase at the bottom represents the time shift between input and output waves. The 

important result to this project is the magnitude, as it signifies the natural frequencies at the 

locations of peaks that appear. The tables following each figure represent the data for manually 

acquired natural frequencies and damping ratios. 

4.2.1 Varying Infill Density Results 

The results for the infill density are as shown in Figures 4.5-4.7. The results of the infill 

densities, aside from 30% infill density, lack a natural frequency peak for what appears to be mode 

5. The results despite this are correct. This is confirmed by the coherence, meaning that the data 

collection itself was clear.  

 
Figure 4.5 – FRF results of 10% infill beam with Coherence (top), Magnitude (middle), and 

Phase (bottom). 
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Table 4.3 – Natural frequency and damping ratios for modes 1-6 of a 10% infill beam. 

Modes 1 2 3 4 5 6 

Natural Frequency 

(Hz) 

59 383 474 1102 - 1971 

Damping Ratio .0271 .0392 .0369 .0122 - .0658 

 

 
Figure 4.6 – FRF results of 20% infill beam with Coherence (top), Magnitude (middle), and 

Phase (bottom). 

Table 4.4 – Natural frequency and damping ratios for modes 1-6 of a 20% infill beam. 

Modes 1 2 3 4 5 6 

Natural Frequency 

(Hz) 

60 395 488 1153 - 2072 

Damping Ratio .0213 .0316 .0446 .0101 - .0076 
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Figure 4.7 – FRF results of 30% infill beam with Coherence (top), Magnitude (middle), and 

Phase (bottom). 

Table 4.5 – Natural frequency and damping ratios for modes 1-6 of a 30% infill beam. 

Modes 1 2 3 4 5 6 

Natural Frequency 

(Hz) 

61 409 481 1122 1727 2170 

Damping Ratio .0172 .0266 .0642 .0099 .0197 .0091 

 

4.2.2 Varying Degrees Results 

The results for the varying degrees are shown in Figures 4.8-4.10. Once again, a clear peak of 

natural frequency is missing for the fifth mode, most likely due to the placement of accelerometers 

discussed later. The coherence drops at locations before the natural frequencies are semi-normal 

as the structure approaches its natural frequency. The drops in coherence can be seen where the 

typical mode 5 should have appeared, the magnitude however does not give a distinct result except 

for a 30-degree angle.  
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Figure 4.8 – FRF results of 15° beam with Coherence (top), Magnitude (middle), and Phase 

(bottom). 

Table 4.6 – Natural frequency and damping ratios for modes 1-6 of a 15° beam. 

Modes 1 2 3 4 5 6 

Natural Frequency 

(Hz) 

66 426 517 1159 - 2178 

Damping Ratio .0307 .0257 .0865 .0118 - .0076 
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Figure 4.9 – FRF results of 30° beam with Coherence (top), Magnitude (middle), and Phase 

(bottom). 

Table 4.7 – Natural frequency and damping ratios for modes 1-6 of a 30° beam. 

Modes 1 2 3 4 5 6 

Natural Frequency 

(Hz) 

64 418 494 1172 1717 2179 

Damping Ratio .0273 .0281 .0464 .0107 .0048 .0037 
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Figure 4.10 – FRF results of 45° beam with Coherence (top), Magnitude (middle), and Phase 

(bottom). 

Table 4.8 – Natural frequency and damping ratios for modes 1-6 of a 45° beam. 

Modes 1 2 3 4 5 6 

Natural Frequency 

(Hz) 

64 418 482 1166 - 2204 

Damping Ratio .0215 .0374 .0283 .0144 - .0033 

 

4.2.3 Varying Orientation Results 

The results for the orientations are as shown in Figures 4.11 and 4.12. The orientation data 

has less coherent data, although clear peaks are still able to be seen. The side results fall off at later 

frequencies. The peaks that are clear and within coherence are recorded within the tables following 

the figures. The vertical results in Figure 4.12 once again show a missing natural frequency for the 

fifth mode. 
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Figure 4.11 – FRF results of side printed beam with Coherence (top), Magnitude (middle), and 

Phase (bottom). 

Table 4.9 – Natural frequency and damping ratios for modes 1-6 of a side printed beam. 

Modes 1 2 3 4 5 6 

Natural Frequency 

(Hz) 

63 393 489 977 1449 1910 

Damping Ratio .0222 .0223 .0449 .0243 .0068 .0087 
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Figure 4.12 – FRF results of vertical printed beam with Coherence (top), Magnitude (middle), 

and Phase (bottom). 

Table 4.10 – Natural frequency and damping ratios for modes 1-6 of a vertical printed beam. 

Modes 1 2 3 4 5 6 

Natural Frequency 

(Hz) 

58 379 473 1078 - 2025 

Damping Ratio .0284 .0350 .0322 .0087 - .0098 
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5. Discussion & Comparison 

Using the data collected, comparison can be made between the varying parameters. Results 

are compared between their respective varying parameters by the natural frequencies and damping 

coefficients. From the comparisons, conclusions can be drawn based on the patterns. 

Table 5.1 – Comparison of experimental natural frequencies (Hz) for varying infill densities. 

 Frequencies (Hz) 

Mode 10% infill 20% infill 30% infill 

1 59 60 61 

2 383 395 409 

3 474 488 481 

4 1102 1153 1122 

5 - - 1727 

6 1971 2072 2170 

 

Table 5.1 compares the natural frequencies of the results obtained from varying infill 

densities. From the table, the frequency tends to increase consistently depending on which mode 

is being focused on. When comparing the 10% infill to either of the increased infill densities, the 

high infill densities have a higher natural frequency. This is to be expected, as the greater infill 

densities should create a stiffer structure. Although the 30% infill density beam does not have a 

higher natural frequency in modes 3 and 4, it still has greater frequencies compared to the base 

10% beam. Further studies and tests can confirm whether the discrepancy is due to print quality. 

Table 5.2 – Comparison of experimental natural frequencies (Hz) for varying printing 

angles. 

 Frequencies (Hz) 

Mode 15° 30° 45° 

1 66 64 64 

2 426 418 418 

3 517 494 482 

4 1159 1172 1166 

5 - 1717 - 

6 2178 2179 2204 

 

Table 5.2 compares the results of natural frequencies of varying print angles. Since all beams 

aside from the varying infill densities have a base infill density of 10%, the 10% infill density 

results can be used as a neutral comparison for a print angle of 0°. Using this information, we see 

that the angled prints all have a higher natural frequency for every mode. The reason for this could 

be due to the way printed layers are able to fuse when printed at an angle. Another reason for this 

can be due to the adjusted infill pattern within the structure adding better stiffness for angled prints. 

The first three modes show a decrease in natural frequencies as the angle increases to 45°, whereas 

modes 4 and 6 show a general trend of a higher frequency at a higher angle of print. 



38 

Table 5.3 – Comparison of experimental natural frequencies (Hz) for varying orientations. 

 Frequency (Hz) 

Mode Flat Side Vertical 

1 59 63 58 

2 383 393 379 

3 474 489 473 

4 1102 977 1078 

5 - 1449 - 

6 1971 1910 2025 

 

Comparisons between the print orientations use the 10% infill data as the flat default 

orientation since the since all orientations use a 10% infill density. For modes 1 to 3, the vertical 

orientation has the lowest natural frequency whereas the side orientation has the highest. Mode 4 

has the flat orientation as the highest natural frequency and the side orientation as the lowest. The 

side natural frequency is the lowest for mode 6 with the vertical being the highest. Once again, 

results for mode 5 are not discernable from the FRF response for the flat and vertical orientations. 

Table 5.4 – Comparison of damping coefficients for varying infill densities. 

 Damping Coefficients 

Mode 10% infill 20% infill 30% infill 

1 0.0271 0.0213 0.0172 

2 0.0392 0.0316 0.0266 

3 0.0369 0.0446 0.0642 

4 0.0122 0.0101 0.0099 

5 - - 0.0197 

6 0.0658 0.0076 0.0091 

 

Trends can be found when comparing the damping coefficients of varying infill density 

beams. Modes 1, 2, 4, and 6 experience a consistent decrease for an increasing infill density. On 

the other hand, mode 3 has an increase in damping coefficient with increasing density. The 

decrease in damping coefficients seen in mode 6 appears significantly between the densities of 

10% and 20%, dropping to nearly a tenth of the base 10% infill density damping coefficient value. 

Table 5.5 – Comparison of damping coefficients for varying printing angles. 

 Damping Coefficients 

Mode 15° 30° 45° 

1 0.0307 0.0273 0.0215 

2 0.0257 0.0281 0.0374 

3 0.0865 0.0464 0.0283 

4 0.0118 0.0107 0.0144 

5 - 0.0048 - 

6 0.0076 0.0037 0.0033 

 

Table 5.5 shows multiple trends of increasing and decreasing coefficients. Modes 1,3, and 6 

show a decreasing damping coefficient at higher angles. Mode 2 experiences increased damping 



39 

when increasing the angle of print. Meanwhile, mode 4 has mixed results. These results show the 

unique effects of the printing angle on the structures vibrational modes. More prints with an 

increased number of angle variables can confirm results and possibly give detail on the trend of 

damping for mode 4. 

Table 5.6 – Comparison of damping coefficients for varying orientations. 

 Damping Coefficients 

Mode Flat Side Vertical 

1 0.0271 0.0222 0.0284 

2 0.0392 0.0223 0.035 

3 0.0369 0.0449 0.0322 

4 0.0122 0.0243 0.0087 

5 - 0.0068 - 

6 0.0658 0.0087 0.0098 

 

There are some signs of a trend when comparing results of the damping coefficients for 

varying orientations. The side orientation appears to have comparably lower damping coefficients 

when compared to the other orientations for modes 1 and 2. For modes 3 and 4, the side orientation 

has a much higher damping compared to the others. For these first four modes, the side and vertical 

orientations share similar coefficients in comparison to the side results. Mode 5 once again has 

missing data for the flat and vertical orientation. The damping coefficient for the flat orientation 

appears to be significantly higher than the side and vertical orientations for Mode 6. 

What was seen in some results was a missing fifth mode natural frequency peak. It was 

previously thought that the reason for this was due to the location of the modal impact. However, 

the cause of the missing mode was because of the placement of the accelerometers. As seen in 

Figure 5.1, one of the accelerometers was able to acquire data for mode 5 whereas the other had 

no reaction. This is because the accelerometer happened to be placed on the fifth mode’s node of 

oscillation. This means that the accelerometer could not experience any significant vibrations, and 

the results of that accelerometer canceled out the results of the other when averaged together. 
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Figure 5.1 – Comparison of accelerometer results for 20% infill beam. 

 

The data on the left in Figure 5.1 represents the accelerometer placed near the third quarter of 

the beam from the fixed point while the data on the right represents the accelerometer at the tip of 

the beam. Using multiple accelerometers allows for better data distribution, but in this an 

accelerometer happened to be placed on a node. With only two accelerometers, the average result 

can be heavily influenced. Further increased amounts of accelerometers at unique locations can 

better average the natural frequencies of the system. 

Results were ideal but limited due to limitations in equipment and constraints caused by the 

size of the 3D printed structures. Since the printer used had a maximum of 220x220x250 printing 

zone, it was difficult to fit a structure any larger than what was already designed. Because the 

structure was smaller, there is greater difficulty in data acquisition with the limited equipment. 

Limitations in software also made it difficult to test varying parameters to greater detail. Using the 

student license limits the number of elements and nodes allowed for simulations, thus the density 

could only reach 30%.  Despite this, the data collection was overall coherent aside from the missing 

mode reactions. The change in natural frequencies is also smaller than expected, thus it would be 

beneficial to reduce the hertz increment for a detailed change in natural frequencies. Ideally, a 

larger structure should be tested with more accelerometers to create a better average. Increasing 

the range of the varying parameters could also lead to further conclusions on the effects on 

vibrational characteristics. 
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Table 5.7 – Comparison of FEM and experimental 10% infill beam natural frequencies. 

  Natural Frequencies (Hz) 

  10% infill 20% infill 30% infill 

Mode 1 Experimental 59 60 61 

FEM 77.40 73.48 70.55 

Mode 2 Experimental 383 395 409 

FEM 348.84 332.86 323.36 

Mode 3 Experimental 474 488 481 

FEM 469.96 451.79 435.8 

Mode 4 Experimental 1102 1153 1122 

FEM 640.37 624.42 609.31 

Mode 5 Experimental - - 1727 

FEM 1259.6 1233.3 1197.9 

Mode 6 Experimental 1971 2072 2170 

FEM 1851.8 1787.4 1747.9 

 

When comparing the FEM results to the experimental results, we find that the trends appear 

opposite to each other. The FEM results show a decrease in natural frequency with increasing 

density whereas the experimental results show that the frequency increases instead. These results 

can both be argued to be correct as typically an increase in mass would lead to a lower natural 

frequency, which is why the FEM results make sense as the mass and frequency have an inverse 

relationship. However, other factors such as stiffness and shape also influence the natural 

frequency which gives insight into the reason for the difference between the results. Thus, it can 

be concluded that the 3D printed structure’s stiffness and microstructure have a greater influence 

on the natural frequency than just the increased mass as simulated in the FEM analysis. 
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6. Conclusion 

Summarizing this paper, vibrational analysis was done on varying parameters of 3D printing 

specific to FDM. These parameters included infill density, angle of print, and face orientation. 

FEM analysis was done on the various beam designs as a foundation of data. Models were created 

using SolidWorks 2025 and FEM analysis was done through a combination of Ansys Workbench 

and Mechanical. Results of the FEM analysis were accurate as proven by the mesh analysis in 

Table 3.2 and Figure 3.2. FEM results are based purely on the structure of the varying parameters, 

which in this case only truly affect the infill pattern and density. 

It was found that the infill pattern, particularly for Ultimaker Cura, is set with respect to the 

printing zone rather than the model. Thus, the overall infill pattern and mass was affected by 

varying parameters. For varying orientations, the infill pattern would stay in place. This made the 

infill pattern print in varying orientations following the respective orientation. FEM results also 

showed that increased infill densities led to a decrease in natural frequency and displacement. It is 

hypothesized that the increase in mass had significant effects on the natural frequency within the 

simulation. Varying angles generally showed a small increase in natural frequencies as the angles 

grew from 0 to 45 degrees.  

Following the FEM analysis, modal impact analysis was done on printed beams of the 

modeled structures. A driving point survey was done to find the best point of impact for modal 

analysis. A total of two accelerometers were available for testing and an impact hammer, both 

previously specified. A custom coded application from LabVIEW was used for data acquisition. 

It was found that increasing the infill density generally led to an increase in natural frequencies 

and a decrease in damping apart from mode 3. Increasing the infill density further or adjusting the 

increment of density would reveal better trends regarding this data. Varying angle prints show that 

there is a general increase in natural frequency at increasing angles for modes 1 to 3 and decreasing 

natural frequencies for increasing angles for modes 4 and 6. Modes 1,3, and 6 show a decreasing 

damping coefficient at higher angles. On the other hand, mode 2 increases in damping with greater 

angles. Orientation parameters reveal that the side orientation has a greater natural frequency for 

modes 1 to 3, while having the lowest for modes 4 and 6. The side orientation and default flat 

orientation show similar natural frequencies until mode 6, where the vertical print has a noticeably 

higher natural frequency. For damping, the side orientation has the highest damping for modes 1 

and 2 and the lowest for modes 3 and 4. The side and vertical orientations once again have similar 

damping coefficients for the first four modes. Mode 6 shows that the default flat orientation has 

the highest damping by a significant amount. 

Overall, results show that a stiffer system generally comes from a higher infill density and a 

slightly angled print. The results of the infill density for experimental results compared to the FEM 

results give insight into the effectiveness of the stiffness and microstructure on the natural 

frequency. Possible tests on the material used can also be done to ensure that the material 

characteristics properly match in the FEM analysis. Increasing angles past 15 degrees show 

decreasing effects of the increased natural frequency but still increase the natural frequency when 

compared to the default print 10% infill print. Orientation results are best designed for specific 

needs depending on the objective of the structure and shape. 

Changes can be made to improve the results of the tests. Because of the limited resources and 

time constraints, depth of data is limited. This leaves room for further research with greater 

increments of variation. Improvements in the design of the project could be using a larger printer 

to create larger structures. Using a full license for Ansys could allow for FEM analysis of higher 
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infill densities, although there was no limit to the experimental infill density. A variety of hammers 

could allow for a wider range of options to create clearer data. Increased numbers of accelerometer 

placed at different locations would create a better average for the FRF responses. Furthermore, the 

natural frequency was recorded with data increments of 1. Decreasing the increment size to a 

smaller value could give more detailed results for comparisons as the change in natural frequencies 

is smaller than initially expected. These improvements would correct some of the issues found 

data collection and results. Despite the limited resources, data collection was smooth, and 

coherence was accurate for the range of data collected. The project was able to fulfill its purpose 

and research in the future can be built upon this data for further conclusions. 



44 

References 

[1] Rakesh K., Manoj K., Jasgurpreet S. C., “The Role of Additive Manufacturing for 

Biomedical Applications: A Critical Review.” Journal of Manufacturing Processes, vol. 64, 

pp. 828–850, Feb. 2021, doi:10.1016/j.jmapro.2021.02.022.  

[2] “3D Printing in Aircraft.” 3DGence, 9 Mar. 2023, www.3dgence.com/america/3dnews/3d-

printing-aircraft/. Accessed 16 June 2025.  

[3] Chapman, Arun. “The Complete History of 3D Printing.” UltiMaker, 19 May 2023, 

ultimaker.com/learn/the-complete-history-of-3d-printing/. Accessed 16 June 2025.  

[4] “FDM vs. SLA vs. SLS: 3D Printing Technology Comparison.” Formlabs, 

formlabs.com/blog/fdm-vs-sla-vs-sls-how-to-choose-the-right-3d-printing-technology/. 

Accessed 16 June 2025.  

[5] Crump, S. S., Apparatus and Method for Creating Three-Dimensional Objects. 9 June 1992.  

[6] Unionfab. “3D Printing Cost and Speed: Trace the Evolution and Calculate with Unionfab.” 

Unionfab, 5 July 2023, www.unionfab.com/blog/2023/07/3d-printing-cost-and-speed. 

Accessed 16 June 2025.  

[7] 3D Printing Trend Report 2023, Apr. 2023, 4075618.fs1.hubspotusercontent-

na1.net/hubfs/4075618/Gated%20content%20-%20PL%20Network%20-%202024/PL_3DP

_Trend_Report_2023_EN.pdf. Accessed 16 June 2025.  

[8]  Suprapto W., Irawan Y. S., and Auliasya P., “Analysis of 3D-Printing Layer Height Pattern 

Effect to ADC12’s Mechanical Properties Investment Casting Results.” Journal of Physics: 

Conference Series, vol. 2739, no. 1, p. 012028, Apr. 2024, doi:10.1088/1742-

6596/2739/1/012028.  

[9]  Dieter, George Ellwood, and D. J. Bacon. Mechanical Metallurgy: Si Metric Edition. 

McGraw-Hill, 1988.  

[10] Prosperi G., Paredes J., Aldazabel J., “Integration of Correction Factors for 3D Printing 

Errors in FEM Simulations for the Precise Mechanical Analysis of Single-Layer Auxetic 

Scaffolds Using a Wavy Pattern for Tissue Engineering.” Bioprinting, vol. 48, Mar. 2025, 

doi:10.1016/j.bprint.2025.e00401.  

[11] “Infill 3D Printing: Patterns, Density and Issues – Raise3D: Reliable, Industrial Grade 3D 

Printer.” Raise3D, 18 Dec. 2024, www.raise3d.com/blog/infill-3d-

printing/#:~:text=Infill%20overlap%20is%20a%20critical,loads%20without%20cracking%2

0or%20separating. Accessed 16 June 2025.  

[12] Soufivand A. A., Abolfathi N., Hashemi S. A., Lee S. J., “Prediction of Mechanical 

Behavior of 3D Bioprinted Tissue-Engineered Scaffolds Using Finite Element Method 

(FEM) Analysis.” Additive Manufacturing, vol. 33, p. 101181, Mar. 2020, 

doi:10.1016/j.addma.2020.101181.  

[13] Ma Y., Potappel J., Schutyser M. A. I., Boom R. M., Zhang L., “Quantitative Analysis of 

3D Food Printing Layer Extrusion Accuracy: Contextualizing Automated Image Analysis 

with Human Evaluations.” Current Research in Food Science, vol. 6, p. 100511, Apr. 2023, 

doi:10.1016/j.crfs.2023.100511.  

[14] “Stringing or Oozing.” Simplify3D Software, 18 Dec. 2023, 

www.simplify3d.com/resources/print-quality-troubleshooting/stringing-or-oozing/. 

Accessed 16 June 2025.  

[15] “Stringing and Oozing.” Help Center, help.stlflix.com/en/articles/7177142-stringing-and-

oozing. Accessed 16 June 2025.  



45 

[16] Noonari S. A., Rajout A. H., Shaikh H., Ali J., Khuhro A. A., Solangi F. A., “The Analysis 

of 3D Printing Thermoplastic Materials by Using FDM Technique.” Sukkur IBA Journal of 

Emerging Technologies, vol. 8, no.1, June. 2025. 

[17] “Common 3D Printing Materials.” Advanced Life Technologies LLC, 

www.3dalt.com/common-

materials#:~:text=In%20general%20PLA%20and%20ABS,ease%20of%20use%20and%20d

urability. Accessed 16 June 2025.  

[18] 3D Printer Warping and Why It Happens | Markforged, markforged.com/resources/blog/3d-

printed-part-warping. Accessed 16 June 2025.  

[19] Ramian, J., Ramian, J., & Dziob, D. (2021). Thermal deformations of thermoplast during 

3D printing: Warping in the case of ABS. Materials, 14(22), 7070. 

doi:https://doi.org/10.3390/ma14227070 

[20] Maszybrocka J., Dworak M., Nowakowska G., Osak P., Łosiewicz B., “The Influence of the 

Gradient Infill of PLA Samples Produced with the FDM Technique on Their Mechanical 

Properties.” Materials, vol. 15, no. 4, p. 1304, 10 Feb. 2022, doi:10.3390/ma15041304.  

[21] Pla vs Tough Pla, support.bcn3d.com/knowledge/pla-vs-tough-pla-bcn3d. Accessed 19 June 

2025.  

[22] Kim S., Andreu A., Kim I., Kim J., Lee J., Yoon Y., “Continuously Varied Infill Pattern 

(ConVIP): Improvement of Mechanical Properties and Printing Speed of Fused Filament 

Fabrication (FFF) 3D Printing.” Journal of Materials Research and Technology, vol. 18, pp. 

1055–1069, 8 Mar. 2022, doi:10.1016/j.jmrt.2022.02.133.  

[23] “About.” FullControl GCode Designer, fullcontrolgcode.com/about. Accessed 16 June 

2025.  

[24] Gleadall, A., “FullControl GCode Designer: Open-Source Software for Unconstrained 

Design in Additive Manufacturing.” Additive Manufacturing, vol. 46, 17 Mar. 2021, 

doi:10.31224/osf.io/3nmau.  

[25] Avdeev A. R., Shvets A. A., Torubarov I. S., “Investigation of Kinematics of 3D Printer 

Print Head Moving Systems.” Lecture Notes in Mechanical Engineering, pp. 461–471, 1 

Dec. 2019, doi:10.1007/978-3-030-22041-9_50.  

[26] Hadisujoto, Budi, and Robby Wijaya. “Development and Accuracy Test of a Fused 

Deposition Modeling (FDM) 3D Printing Using H-Bot Mechanism.” Indonesian Journal of 

Computing, Engineering and Design (IJoCED), vol. 3, no. 1, pp. 46–53, 17 Mar. 2021, 

doi:10.35806/ijoced.v3i1.148.  

[27] Hooper, S., “CoreXY Mechanism,” Nov. 2020, doi:10.13140/RG.2.2.33227.72488. 

[28] Hooper, S., “Corexy Kinematics.” 3D Distributed, 18 July 2022, 3ddistributed.com/corexy-

3d-printer/corexy-kinematics/. Accessed 16 June 2025.  

[29] Idà E., Nanetti F., Mottola G., “An Alternative Parallel Mechanism for Horizontal 

Positioning of a Nozzle in an FDM 3D Printer.” Machines, vol. 10, no. 7, p. 542, 4 July 

2022, doi:10.3390/machines10070542.  

[30] Jeong Y., Lee W., Lee K., “Accuracy Evaluation of Dental Models Manufactured by 

CAD/CAM Milling Method and 3D Printing Method.” The Journal of Advanced 

Prosthodontics, vol. 10, no. 3, p. 245, 12 June 2018, doi:10.4047/jap.2018.10.3.245.  

[31] “Zenith D 3-D Printer (CAD/CAM).” eBay, www.ebay.com/itm/256361975420. Accessed 

17 June 2025.  



46 

[32] “Arum 5x-200.” Dental Dynamics Australia, www.dentaldynamics.com.au/products/arum-

5-axis-dry-milling-5x-200?srsltid=AfmBOoqMt9Ayr4q0L2QhKB1St48Tc24PrQeCf2I4i-

gZAVrwjmEZlfFq. Accessed 17 June 2025.  

[33] Przekop R. E., Pakuła D., Frydrych M., Jałbrzykowski M., “The Influence of Gravity on 3D 

Printing with the FFF/FDM Technique - Reverse FDM/FFF 3D Printing.” Acta Mechanica 

Slovaca, vol. 25, no. 3, pp. 16–19, 29 Sept. 2021, doi:10.21496/ams.2021.035.  

[34] Tunca E., and Kafali H., “Compression and three-point bending analyzes of aerospace 

sandwich composites produced with polymeric core materials with Ansys.” European 

Journal of Science and Technology, 6 Dec. 2021, https://doi.org/10.31590/ejosat.1012658.  

[35] Emmert T., “UFF File Reading and Writing.” MathWorks, retrieved 23 Oct. 2025, 

https://www.mathworks.com/matlabcentral/fileexchange/70464-uff-file-reading-and-writing 

[36] “How to calculate damping from a FRF?” Siemens, 4 Aug. 2020, 

https://community.sw.siemens.com/s/article/how-to-calculate-damping-from-a-frf. Accessed 

23 Oct. 2025 

 

 

 


