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ABSTRACT 

 Additive Manufacturing (AM) technology has emerged as a promising alternative for many 

industries, including aerospace, space, automobile, medical and biomedical. This is due to AM’s 

advantages over traditional manufacturing processes in terms of material savings, and the ability 

to produce customized microstructures and complex geometries. The result has been the 

manufacture of structures with optimum strength to weight ratios, especially when design for AM 

is optimized via finite element analysis. However, there are some challenges that impede AM. One 

challenge is the limited accuracy typically associated with all AM processes. Considerable 

investigations connect three-dimensional (3D) printing parameters, part scaling, and solid model 

discretization with AM printing accuracy. However, there appears to be a lack of knowledge 

regarding the effect of vibrations on the 3D printing accuracy. Additive manufacturing machines 

could be prone to vibration from adjacent machines in the workshop even when vibration isolation 

systems are deployed. Moreover, there are instances where intentional application of vibration 

during 3D printing has been found helpful to develop material structure. Therefore, it is of 

importance to investigate the effect of vibrations on 3D printing accuracy. In this study, controlled 

levels of vibrations were applied during the vat photopolymerization printing process, and a high-

precision coordinate measuring machine (CMM) was used to correlate induced vibrations with 

dimensional and geometric accuracy of the printed parts.  
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CHAPTER 1  

INTRODUCTION 

Additive Manufacturing (AM) technology has emerged as a promising alternative for many 

industries, including aerospace, space, automobile, medical and biomedical. This is due to AM’s 

advantages over traditional manufacturing processes in terms of material savings, the ability to 

produce customized microstructures and complex geometries. The result has been the manufacture 

of structures with optimum strength to weight ratios, especially when design for AM is optimized 

via finite element analysis. 

Because of the layer-by-layer build strategy, AM has more flexibility than traditional 

subtractive processes to produce very complex geometries, and it can produce customized 

microstructures for certain applications [1]. Additive manufacturing also helps in producing parts 

with optimum volume to weight ratios, which is critical in aerospace and space applications. This 

is because AM enables fabrication of free forms, which may be analyzed using finite element 

analysis (FEA) to minimize material needed to accommodate expected stresses. It is difficult and 

costly to make these optimized free forms in traditional manufacturing [1]. 

Additive manufacturing is also promising for repair processes, not only for manufacturing 

as the name implies. The work of Gasser et al. showed such applications as seals repair, using laser 

metal deposition. It also discussed some highly funded projects in Europe for repairing aero 

engines using AM technologies. For instance, Gasser et al. discussed the FANTASIA repair 

project, which was launched in 2016 with a budget of 6.5 million Euros. The project had an 

objective to decrease both the repair cost and time of these engines by about 40 % [2]. 

Rapid prototyping is another important advantage of AM for performance-related testing 

since AM helps print prototypes of the real components with true or scaled dimensions. The use 
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of AM for rapid prototyping started in 1990s using the stereolithography apparatus (SLA). Then, 

other AM technologies like fused deposition modeling (FDM), ink jet printing (IJP), and selective 

laser sintering (SLS) were introduced to the market for rapid prototyping [3]. 

From the above, it is obvious that AM is emerging as a viable manufacturing method, and 

this has encouraged development efforts within the recent years. However, there are some 

challenges that impede AM.  One challenge is the limited accuracy typically associated with all 

AM processes, including polymer, metallic, composite and ceramic AM processes. Many 

researchers conducted studies to investigate the accuracy of AM processes. These studies have 

been complemented with many other efforts to minimize the drawback of limited accuracy 

typically associated with AM. There are several causes of dimensional and geometric deviations 

in AM parts. The first cause comes as a result of approximating the CAD file. The CAD file cannot 

be used by AM machines’ software to produce the part, but it is instead approximated by a 

triangular mesh by converting it to a stereolithographic (STL) file format [4]. The second cause is 

called the “stair-case” effect, which arises as a result of slicing the STL file into layers [4]. The 

third cause is the residual stresses stored in the AM parts, especially metallic parts after they cool 

down, which leads to warping and distortion of the AM part [5]. The fourth cause is the shrinkage 

that takes place after solidification of each melted or cured layer. There are many other reasons. 

This study investigates the effect of an external vibration source near the AM machine on 

the quality of AM parts in terms of dimensional and geometric accuracy. In real applications the 

machines are arranged next to each other in the machine shop; running other machines near the 

AM machine causes vibrations that might propagate through the floor to the AM machine. This is 

particularly important for applications, usually military in nature, where the AM equipment must 

work on board of terrestrial, marine and aerospace vehicles. Vibrations are potential disturbances 
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even when using vibration isolation systems, as these systems typically reduce up to 60% of the 

vibration amplitude. Therefore, it is of importance to investigate the potential effect of vibration 

on the dimensional and geometric accuracy of AM parts. 

Another realistic case where vibration may be present during 3D printing, and potentially 

detrimental, is in the international space station (ISS). Three-dimensional printing in space is 

attractive to scientists since it provides an opportunity to make parts in the orbital environment 

under circumstances that are not available and not possible on earth. Spacecraft floating in space 

have low-level acceleration conditions that make microgravity science experiments to be possible 

not only for additive manufacturing, but also in various disciplines such as materials science, 

physics, fluid mechanics, and life sciences [6]. Microgravity conditions are beneficial. However, 

Whorton has questioned the validity of the assumption of microgravity conditions in the ISS since 

the station’s laboratories are not completely vibration-free. Despite that the ISS provides near-zero 

acceleration, the environment in the ISS is expected to deviate significantly from the requirements 

of acceleration-sensitive experiments. That is because of the various sources of vibro-acoustic 

disturbances on the ISS [6]. Efforts are being made to reduce the propagated disturbances, but the 

acceleration levels and thus the vibration levels do not meet the requirements. The work presented 

herein and the methodologies applied to study the effects of vibrations on dimensional and 

geometric accuracy could be modified to suit exploration of the effect of vibrations of the 

microgravity assumption. 

Additionally, vibration is intentionally applied in some 3D printing applications seeking 

some favorable effects. For example, some extremely viscous materials (more than 1000 Pa·s) 

used in electronics and biomedical applications are not possible to be 3D printed using existing 

methods. A study conducted by Gunduz et al. showed that applying high-amplitudes of ultrasonic 
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vibrations within a nozzle helped in reducing the wall friction and the flow stresses. That facilitated 

3D printing of an aluminum-polymer composite, a commercial polymer clay, and a stiffened 

fondant with extremely high levels of viscosities up to 14000 Pa·s [7]. Another study and registered 

patent by Koch and Kuklinski aimed at mixing metallic particles with the resin being printed via 

SLA and then applying acoustic field during the printing process. The study showed that the 

applied acoustic field prevented the metallic particles from agglomerating and helped in printing 

reinforced parts [8]. However, these studies have not investigated if these intentionally applied 

vibrations could influence the dimensional or geometric accuracy of the printed parts. The study 

presented herein aims at filling this gap of knowledge. 
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CHAPTER 2  

LITERATURE REVIEW 

2.1 Additive Manufacturing Processes 

In Additive Manufacturing (AM) or what was first named Rapid Prototyping (RP) or 3D 

printing [9], the part is built layer by layer in the machine after slicing the converted 3D model of 

the part from Computer-Aided Design (CAD) file to Stereolithography (STL) file [10]. These 

layers are very thin and are predefined in the AM machine’s software. Each layer is usually laid 

down above the previous layer and selectively melted or cured by means of laser beam, electron 

beam, or Ultraviolet light. Alternatively, the start material is sometimes melted then deposited. 

The start material is polymeric powder or resin, metallic powder, ceramic powder, or even wires 

or filaments. However, these factors change from machine to machine. In this section, the most 

widely-spread types of AM machines are briefly explained. 

2.1.1 Electron Beam Melting (EBM) 

In EBM machines, the powder is fed in each layer by gravity and distributed over the build 

platform. A high-energy electron beam is accelerated in a heated filament and focused with a focus 

coiling to melt a specific spot at a time along its motion path in each layer. The position of this 

spot is controlled by deflection coils. The layers are laid down in the XY plane and each layer 

progresses vertically in the Z direction (build direction). The accelerated electrons speed is close 

to the light speed, and the process has to take place in vacuum to prevent interaction of electrons 

with atoms of air [11]. EBM is one of the most suitable machines for metallic parts prototyping 

and a revolutionary method to optimize metallic parts properties by targeting their microstructure 

and grain growth. That is because the part is built by melting and solidifying layer by layer in a 

carefully selected build direction [12]. 
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2.1.2 Selective Laser Melting (SLM) 

In SLM machines, the powder is fed from a container and then distributed by a roller in 

each layer. A high-energy laser beam is used for melting the powder. After building each layer, 

the build platform moves down one-layer thickness before spreading the next layer. The process 

takes place in argon or nitrogen atmosphere in order to minimize oxidation of the part being 

printed. The position of the laser spot is controlled by galvanometers [11]. 

SLM is a subcategory of Selective Laser Sintering (SLS) which possesses of four 

subcategories based on the binding mechanism of the metallic powder’s particles. These four 

mechanisms are Solid State Sintering (SSS), chemically-induced binding, liquid-phase sintering 

(partial melting), and liquid-phase sintering (full melting) [13]. 

In Solid State Sintering (SSS), the laser beam raises the temperature of the metallic powder 

above half the melting temperature but below the melting temperature value. That causes several 

chemical and physical reactions to take place. The most important reaction that occurs is called 

diffusion [14]. During the diffusion, bonds – called necks, start to form between the particles of 

the powder in each layer being built. 

Chemically induced binding was discovered while heating SiC particles using SLS 

methodology. It was found that when heating SiC particles, partial decomposition takes place 

forming free Si and C particles. The Oxygen then reacts with the free Si particles forming SiO2 

that acts as a binder between the remaining SiC particles. The formed parts consist of a mixture of 

SiC, C, and SiO2 and a post processing of infiltrating Si particles is needed [13]. 
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2.1.3 Metal Deposition (MD) 

In MD process, powder or wire is fed and melted while being deposited by a nozzle. Laser 

beam or electron beam is used as a heating source in MD processes. The deposition head is usually 

a combination of nozzle, heat source, and inert gas. MD processes have some disadvantages such 

as porosity and residual stresses due to the high cooling rate which leads to cracking during or 

after making the part [11]. Residual stresses are also a problem in SLM processes due to their high 

cooling rate. These residual stresses switch from tensile to compressive at the layer interface which 

could lead to separation of layers in extreme cases [5]. 

2.1.4 Fused Deposition Modeling (FDM) 

In FDM process, a wire or filament of thermoplastic polymer is fed then pulled out to a 

heated liquefier where it melts and gets extruded through a narrow nozzle in the deposition head 

setup. This melted polymer is then deposited on the build platform in a lengthy process sequence 

in order to build the part [15]. FDM technology can also be used for building metallic parts; 

however, that has some advantages and disadvantages. On one hand, some of the advantages are 

eliminating the laser or the electron beams used in other AM processes for metals like SLM and 

EBM, and the ability to print parts composed of both thermoplastics and metals [15]. But on the 

other hand, possible oxidation may occur in the printed part and the maximum temperature 

provided by this process is not enough to melt some metals [15]. 

2.1.5 Ink Jet Printing (IJP) 

Ink jet printers have a capillary from which the fluid is ejected as a result of a sudden 

volume change. This volume change happens as a result of voltage change applied to a 

piezoelectric actuator. The volume change produces a positive pressure wave in the fluid causing 
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a droplet to be ejected from the nozzle when the kinetic energy is greater than the required surface 

energy to form a droplet. That kinetic energy also specifies the velocity of the formed droplet [16]. 

However, in order for the formed droplet to overcome the drag force of the ambient air and thus 

the exerted deceleration, its velocity needs to be several meters per second. The print-head of inkjet 

printers is called drop-on-demand (DOD) print-head [16]. Inkjet printing is best suited for tissue 

engineering, nanotechnology, and organic electronics applications due to its high precision in 

depositing down to Pico liter volumes [16].  

2.1.6 Stereolithography Apparatus (SLA) 

SLA is one of the most accurate AM machines. It comes with a vat filled with polymeric 

resin in which the build platform gets immersed. A light beam, usually laser beam, is then focused 

and moved along the build platform to cure and solidify the resin layer by layer via what is called 

“photo-polymerization process” [17]. The build platform moves down by one-layer thickness 

every time a layer has been built then the next layer is cured and solidified above the previous 

layer [18]. It is also possible to build the part “bottom up” in other types of SLA in which the vat 

has a transparent bottom and the laser beam is projected at the resin from below the vat. The build 

platform is then moved up by one-layer thickness in order to build the next layer below the 

previous one. This type has an advantage over the previous type since the height of the part is not 

constrained by the height of the vat. SLA can be used to produce prototypes for testing and 

development or actual parts for final use. SLA has a relatively higher speed than other AM 

machines. Parts printed via SLA can be produced within hours or up to more than a day based on 

the part’s complexity [18]. 



 

9 
 

2.2 The Generic Steps of Producing AM Part 

Several steps need to be carried out in order to transform the part design from Computer-

Aided Design (CAD) file to a model of the part or a real part for final use. These steps may slightly 

vary for various AM processes and based on the produced part. Rough and quick print is enough 

for parts prepared as illustration models, but careful printing parameters and post processing like 

sand blasting and painting might be needed for parts printed for final use [9]. 

2.2.1 Step 1: The CAD file 

The first step of printing any part is to have a CAD file that fully represents all part’s details. 

This CAD file can be created using any CAD software or by scanning the physical part using a 

laser scanner [9]. 

2.2.2 Step 2: Converting the CAD file to STL file 

Before loading the part design to the AM machine, the CAD file has to be converted to 

STL file that is accepted by most of AM machines [9]. This STL file approximates the CAD file 

to a triangular mesh. That step of approximation causes a loss in dimensional accuracy [4]. The 

STL file represents the skin of the part and enables the slicing process of the part to be printed. 

The more triangles used to represent the part in the triangular mesh, the more accurate 

representation of the part will be. However, using more triangles will make the conversion process 

slower and the size of STL file larger [19]. 

2.2.3 Step 3: Loading the STL file to the AM machine 

The STL file is then transferred to the AM machine’s computer and different manipulations 

like scaling, positioning, and reorientation could be needed before starting the printing process [9]. 
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2.2.4 Step 4: Machine setup 

In this step, some printing parameters need to be set up. Examples of these parameters are 

the layer thickness, the printing material, adding support structure, and exposure time [9]. The 

levels at which each parameter is set up can affect the dimensional accuracy and the quality of the 

printed part [20]. It was also found that printing parameters like the layer thickness have effect on 

the mechanical properties of the printed part [21]. 

2.2.5 Step 5: The printing process 

Once all the previous steps have been carried out, the machine can start the printing process 

and automatically resume it without human intervention or supervision as long as no material 

replenishment is required during the printing process, no power interruption may occur, or any 

similar conditions that may cause the printing process to stop [9]. 

2.2.6 Step 6: Removing the printed part 

After the printing process has been completed, the printed part needs to be removed from 

the build platform [9]. The removal process may differ from AM machine to another. Careful 

removal of the part off the build platform is necessary in order to avoid damaging the part.  

2.2.7 Step 7: Post processing 

Post processing like cleaning and finishing procedures might be necessary in some cases 

especially for powder bed fusion 3D-printed parts where several flaws and poor quality are big 

challenges of this type of 3D printing. Some of the most happening flaws in powder bed fusion are 

poor surface finish, porosity, and thermal warping [22]. Post processing is also required if the part 

was printed with support structure that is required only to support the part during the printing 
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process but must be removed afterwards. The part may be weak right after it has been printed and 

further curing may be required [9]. 

2.3 Dimensional Accuracy of AM 

Many researchers conducted studies to investigate the dimensional accuracy of AM 

processes. These studies align with many other efforts to minimize the drawback of limited 

dimensional accuracy typically associated with AM. There are several causes of dimensional 

deviations in AM parts. The first cause comes as a result of approximating the CAD file. The CAD 

file cannot be used by AM machines’ software to produce the part, but it is instead approximated 

by a triangular mesh by converting it to STL file [4]. The second cause is called “stair-case” effect 

which arises as a result of slicing the STL file into layers [4]. The third cause is the residual stresses 

stored in the AM parts, especially metallic parts after they cool down, which leads to warping and 

distortion of the AM part [5]. The fourth cause is the shrinkage that takes place after solidification 

of each melted layer in addition to other reasons. 

Mukherjee et al. studied the residual stresses stored in AM Ti-6Al-4V and Inconel 718 

parts and how to minimize these stresses in order to reduce distortion and improve dimensional 

accuracy and mechanical properties [5]. The effect of the layer thickness on the residual stresses 

was investigated in this research. The transient temperature field was calculated and then was used 

for calculating the stress and the strain. It was found that Ti-6Al-4V parts suffered higher residual 

stresses, but Inconel 718 parts were found more prone to delamination than Ti-6Al-4V because of 

the higher residual stresses to yield strength ratio. Reducing the layer thickness and increasing the 

exposure time increased the peak temperature and decreased the residual stresses by up to 30% 

while doubling the heat input reduced the residual stresses by 20% [5]. 
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Some researchers have investigated the different AM machines’ printing parameters and 

the optimal setting of these parameters in order to enhance the dimensional accuracy. The study of 

Weheba et al. aimed at finding the optimal settings of the printing parameters of SLA 250-50 that 

yield the optimal dimensional accuracy, flatness, and surface roughness. The authors used 

optimization techniques using Box-Behnken design to determine the optimal settings of fill cure 

depth, hatch overcure, and Z-level wait time. Dimensional accuracy was evaluated by measuring 

the deviation of diameter from its nominal value and flatness using a coordinate measuring 

machine (CMM) in addition to using a non-contact surface profilometer for measuring the surface 

roughness. Center level of fill cure depth and hatch overcure turned out to reduce flatness 

deviation. It was also found that at low fill cure depth, low hatch overcure tends to reduce surface 

roughness. [20].  

Baturynska et al. also investigated the optimal laser power, bed temperature, scan spacing, 

and hatch length in their study that was carried out on polymer powder bed fusion process to 

predict shrinkage. They used analysis of variance (ANOVA) in their study and they found 

significant effect of all parameters on the dimensional accuracy with highest effect of the scan 

spacing [23]. 

Some studies were carried out to evaluate and compare between AM machines rather than 

investigating for improvement chance. Example of that is the study of Brajlih et al. that evaluated 

the speed and accuracy of the most used AM in Slovenia at that time. The machines were 

EDEN330, SLA 3500, EOSINT P385, and Prodigy Plus. The study was conducted in order to help 

the companies in their selection among those machines. EOSINT P385 was found to have the 

highest manufacturing speed. It was also found that all four machines have relatively the same 

dimensional accuracy. However, the SLA machine was the oldest machine among the four studied 
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machines and a newer SLA machine is expected to have less wear and thus better dimensional 

accuracy [24]. 

Other researchers like Baturynska tried to define a statistical correlation between part’s 

design and the resulted dimensional accuracy. Baturynska’s study aimed at finding a statistical 

prediction of the dimensions of AM parts for the sake of trying to improve the dimensional 

accuracy in case of successful definition of statistical correlation (Pearson Correlation) of the part's 

CAD parameters to the resulted dimensions. If linear correlation is then plotted, the shrinkage 

effect can be compensated and the final dimension can be predicted. The study was carried out on 

EOS P395 polymer laser sintering machine. The data were collected from two identical runs in 

which all parameters were kept unchanged and the dimensions of the constructed parts were 

measured using a caliper and micrometer. It was found that the STL model properties have effect 

on some of the dimensions and a correlation was set up to be used as a recommendation reference 

or as a guide [25]. 

However, some other researchers like Moroni et al. even conducted proactive studies to 

predict the dimensional deviation of AM parts before construction. If dimensional deviations are 

successfully predicted, that can help in improving or altering the part design to compensate for 

theses deviations. Their study aimed at predicting the dimensional and geometric deviation of 

cylindrical part from its nominal dimensions in the designed CAD model. Thus, the part can be re-

adjusted as well as the build parameters in the design stage before making the part. The study 

aimed at predicting the deviation depending on analyzing the STL file itself and simulating the 

construction process [4]. The methodology was based on identification of points-trajectory of the 

cylindrical feature, perturbation of the identified points-trajectory by incorporating volumetric 

error, and estimating the deviation by simulation. The results showed reasonable estimation of the 
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deviation from the CAD file before producing the part, which helps in improving the design to 

minimize the deviation before spending time and money [4]. 

The study presented herein investigates a potential effect of vibration on the dimensional 

and geometric accuracy of prints printed via vat photopolymerization. This question has not been 

addressed before in literature. Since in real life the machines are arranged next to each other in the 

machine shop and running machines close to the AM machine would cause vibration that will 

propagate through the floor to the AM machine, it is important to investigate the effect of that 

vibration on the dimensional accuracy of the printed part. An argument can arise here is that 

vibration-isolation systems can be installed in order to attenuate the propagated vibration to 

vibration-sensitive experiments. But a question that must be answered first is: how effective are 

these vibration-isolation systems? There are two types of vibration-isolation systems: passive type 

and active type [26]. The passive type of vibration-isolation system mainly consists of spring and 

damper; however, this type cannot attenuate a wide range of frequencies [26]. On the other hand, 

active vibration-isolation system does not have that limitation of the passive type, but it consists 

of sensors of high performance such as servo-type accelerometers and requires pneumatic 

actuators with high-speed valve. These components of the active type make it of high cost and 

limits its use in the industry [26]. The work of Rasid et al. focused on the design and control of 

active-vibration isolation system. A table with high mass was used in the design and the results 

showed reduction of 50% of the applied vibration [26]. Due to the damping limitation of vibration-

isolation systems and due to their high cost and complexity, it is of high importance to answer the 

question of this study in order to know if the dimensional accuracy of AM parts might be affected 

by vibration propagated to the machine and in order to correlate the amplitude of the vibration to 

the magnitude of the dimensional and geometric deviations. Once the question of this study is 
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addressed, further studies can be carried out to minimize the severity of the deviation that may 

occur as a result of having the AM machine prone to vibration. 

Another realistic case where vibration is present during 3D printing is in the International 

Space Station (ISS). 3D printing in space has started since 2014 when the first part in history has 

been produced in space with cooperation between The National Aeronautics and Space 

Administration (NASA) and the company of Made in Space (MIS). After that successful trial, MIS 

has installed a permanent manufacturing facility in the International Space Station [27]. The first 

3D printer was sent to the International Space Station in 2014 and a more advanced one was sent 

later in 2016 [27]. 

3D printing in space is attractive to scientists since it provides an opportunity to make parts 

in the orbital environment under circumstances that are not available and not possible on earth. 

Spacecraft floating in earth orbit has a low-level acceleration conditions that make microgravity 

science experiments to be possible not only for additive manufacturing, but also in various 

disciplines like material science, physics, fluid mechanics, and life science [6]. Microgravity (µg) 

was found to be of positive effect on 3D-printed parts like fiber optic cables. That is because 

making fiber optic cables on earth is costly because of the higher impurities under the influence of 

gravity. These impurities significantly increase the loss of transmitted signal through these fiber 

optic cables [27]. Purer fiber optic cables can be made in space and the impurities that form on 

earth can be eliminated. That enhances the transmission of data and makes these purer fiber optic 

cables up to 100 times better than the traditional ones enabling the data to travel for longer 

distances with less need for repeaters and allowing more bandwidth to be transmitted at once [27]. 

As microgravity conditions are beneficial, Whorton discussed in his work the validity level 

of the assumption of microgravity conditions since the International Space Station laboratories are 
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not completely vibration-free. Despite that the ISS provides near-zero acceleration, the 

environment in the ISS is expected to significantly deviate from the requirements of acceleration-

sensitive experiments and that is because of the different and various sources of vibro-acoustic 

disturbances on the ISS [6]. Efforts are being made to reduce the propagated disturbances, but the 

acceleration levels and thus the vibration levels do not meet the requirements. Microgravity 

vibration isolation systems are needed to attenuate transmitted vibrations from crew, engines, 

cooling fans, and other internal and external disturbances [6]. 

The acceleration levels of spacecraft in low earth orbit are of order of 1 µg because of the 

atmospheric drag, gravity gradients, and the rotation of the spacecraft [28]. Because of the size of 

the ISS, high resonant vibration modes of high density cannot be avoided, and it is estimated to 

have more than 200 dynamic vibration modes of frequency below 15 Hz and 5000 modes of 

frequency below 50 Hz [28]. No attention was given to the vibration levels on ISS until late time 

when finite element analysis showed that these vibration levels are significant, do not meet the 

vibration specifications of the ISS, and that vibration isolation systems are needed. Computer 

simulation of vibration isolation systems showed reduction of up to 60% only of the estimated 

vibration levels on spacecraft [29]. 

Additionally, vibrations are intentionally applied in some 3D printing processes due to 

some favorable effects. For example, some extremely viscous materials (more than 1000 Pa.s) 

used in electronics and biomedical applications are not possible to be 3D printed using existing 

methods. A study conducted by Gunduz et al. showed that applying high-amplitudes of ultrasonic 

vibrations within a nozzle helped in reducing the wall friction and the flow stresses which 

facilitated 3D printing of an aluminum-polymer composite, a commercial polymer clay, and a 

stiffened fondant with extremely high levels of viscosities up to 14000 Pa.s [7]. Another study and 
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registered patent by Koch and Kuklinski aimed at mixing metallic particles with the resin being 

printed via SLA and then applying acoustic field during the printing process. the study showed 

that the applied acoustic field prevented the metallic particles from agglomerating and helped in 

printing reinforced parts [8]. However, these studies have not investigated if these intentionally 

applied vibrations could influence the dimensional accuracy of the printed parts. So this study 

aimed at filling this gap.  
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CHAPTER 3  

EXPERIMENTAL 

3.1  Experimental Design 

3.1.1 Background 

Experiments are conducted in order to explore and estimate the effect of a group of 

variables on the outcome of a certain process. For example, in a metal cutting process, the cutting 

speed, the feed rate, the depth of cut, etc. are variables that can influence the cutting force as an 

outcome of the cutting process [30]. The variables that affect the output of the process are called 

control factors, and the outputs of the process are called response factors. 

One of the most used approaches by researchers is One-Variable-At-a-Time (OVAT). This 

approach requires varying one variable only at a time while keeping other variables constant. 

However, this approach relies on luck, guesswork, and experience to explore the variable of the 

greatest effect on the outcome of the process. Moreover, it requires long time, effort, and big 

quantities of resources to attain limited knowledge. The obtained data in OVAT experimentations 

are often unreliable, ineffective, and may lead to false conclusions [30]. 

Instead, statistical thinking and statistical methodologies are the best alternative for 

planning, performing, and analyzing experiments. Statistical thinking can help the researcher to 

properly collect the data in an efficient and economical way. The statistical methods implied in the 

Design of Experiments (DOE) are powerful tools that lead to a proper control and analysis of 

multiple variables, differentiate the effect of each variable from other variables, and yield reliable 

and valid conclusions [30]. The drawn conclusions in DOE, if the experiments are properly 

planned, are supported by a statistical level of confidence that leaves a small probability for 

experimental error (usually less than 5%). Since DOE implies statistical and mathematical 
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procedures to draw the conclusions, these conclusions are objective instead of subjective, 

unbiased, and create consensus between all involved parties in the study. The importance of DOE 

becomes more compelling for experiments with high number of variables than experiments with 

low number of variables.  

Design of Experiments rules and methodologies were developed by Ronald Fisher in the 

early 1920s. These methodologies have been adopted in this study. In DOE, one or more 

hypotheses are stated as a goal or motivation of the study. Three hypotheses were stated for this 

study to investigate the effect of two factors on the dimensional and geometric accuracy of 3D-

printed parts via vat photopolymerization process. The first hypothesis states that the magnitude 

of a propagated vibration to the vat photopolymerization machine has a statistically significant 

effect on the dimensional and geometric accuracy of the printed parts. The second hypothesis states 

that the wall thickness of the part has a statistically significant effect on the dimensional and 

geometric accuracy of the printed parts. The third hypothesis states that the two factors (vibration 

magnitude and wall thickness) will have a significant interaction that affects the dimensional and 

geometric accuracy. Any of the three hypotheses could have been also stated in the negative form. 

A series of tests are then carried out in order to reject or fail to reject the hypotheses. 

Randomization, replication, and blocking are three main principles in DOE to insure the 

efficacy of the experimentation process. These three principles are key factors to reduce 

experimental bias. Failure to keep experimental bias as low as possible could mask the influence 

of important factors and thus losing the ability to understand the relation between the input and the 

output of the process being studied [30]. Randomization is important to reduce or eliminate the 

effect of random and unknown sources of noise that could influence the output of the process. 

Replication is done by repeating some or all tests under the same conditions in order to have good 
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estimate of the effects of the control factors on the response factors. Blocking is important to block 

and eliminate known variations among different tests. Some examples of variations that require 

blocking are using different batches of materials, conducting the tests by more than one researcher, 

using more than one machine, etc. [30]. 

Design of experiments provides many powerful tools that best suit different types of 

applications and various sizes of variables of interest. Confounding or aliasing for example is best 

suited for big number of variables since it allows combining the effect of two or more variable in 

one confounded or aliased variable. This technique enables combining some factors that are known 

or expected to be of low importance and thus enables reduction in the number of tests required 

which saves time and resources [30]. 

Interaction between factors is another big concern that must not be overlooked. Many 

engineering problems have the interaction between two or more factors as a major root cause rather 

than the individual effect of each factor. Interaction occurs when the effect of a certain control 

factor depends on the level of another control factor [30]. For example, the fatigue limit or the 

endurance limit of a metal depends on both the number of load cycles and the carried stress by the 

metal. It is wrong to state the endurance limit without mentioning both values of load cycles and 

stress since the effect of each factor depends on the value of the other. If the effect of the interaction 

of two or more factors turned out to be statistically significant in a study, the effect of each involved 

factor in the interaction cannot be studied without referring to the values of the other involved 

factors. It is worth mentioning that control factors are always independent even if interaction takes 

place. In the example of the fatigue limit, the value of the stress is not influenced by the number 

of cycles and vice versa, but their effect on the response factor is dependent on the value of each 

other. So these two factors are independent but their interaction has a significant effect on the 
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fatigue limit. The situation is different for the boiling point of the water and the pressure applied 

on it. The temperature and the pressure herein are not independent since the value of one of them 

depends on the value of the other. In this case, the temperature is a response factor for the pressure 

and vice versa. 

There are many designs implied in DOE. However, the application, the number of control 

factors, the available time and resources, etc. will make some designs more suitable than other 

designs for the study in hand. The initially selected design in this study was 2k factorial design 

with center points. The term “factorial” indicates that the design investigates possible interactions 

between the control factors. The number “2” indicates that each control factor is originally to be 

tested at two levels: the high level which is represented by “+” sign and the low level which is 

represented by “-” sign. The letter “k” is the number of the control factors. Thus, the number of 

the required tests, or runs as in DOE terminology, for the experiment is equal to 2k plus the number 

of center points added, if any, times the number of replicates. 2k factorial design assumes linearity 

between the low and high levels of each control factor. If there is no evidence of linearity within 

the selected range, center points that have mid-value between the high and the low levels and 

represented by “0” must be added to test for curvature. In this study, four center points were added. 

The high and the low levels were not replicated, so the design is considered to have number of 

replicates (n = 1). The initial number of the required runs is equal to 8 using equation 2-1 [31]: 

N = (2k + nc) × n      3.1 

where N is the total number of runs, nc is the number of the center points, and n is the number of 

replicates. However, after the first round of experiments had been carried out, the curvature term 

turned out to be significant most of the time and thus the tested range could not be assumed linear. 

Due to the significance of the curvature term, the 2k factorial design had to be augmented with 
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more experiments. Therefore, the final implemented augmented 2k factorial design followed the 

response surface method (RSM) design [30]. 

3.1.2 Statistical Conclusion in DOE 

Design of experiments uses what is called Analysis of Variance (ANOVA) for drawing 

objective, reliable and unbiased conclusions. In order to execute the required calculations of 

ANOVA, the design must have enough degrees of freedom. One source of the required degrees of 

freedom for ANOVA is replicating all runs. However, designs with one replicate can have enough 

degrees of freedom if center points were added and the curvature term turned out to be 

insignificant. If the curvature term turned out to be insignificant, then the assumption of linearity 

is considered valid within the tested range and the center points can be used as degrees of freedom 

for ANOVA. On the other hand, if the curvature term turned out to be significant, linearity 

assumption cannot be valid within the tested range and the original design must be augmented with 

additional runs in order to allow for degrees of freedom and in order to draw correct conclusions. 

If additional runs were augmented with the original 2k factorial design, the new augmented design 

would be called response surface design. 

Analysis of variance (ANOVA) is a statistical technique used to estimate the effect of 

different simultaneous factors and to determine what effects are significant [32]. Let us consider 

an experiment of two control factors, A and B. What ANOVA does is to break down the total 

variability in the experiment into its different sources of variation as in equation 3.2 [33]. The 

variability is represented by the sample variance, s2. 

𝑠𝑠𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇2 =  𝑠𝑠𝐴𝐴2 +  𝑠𝑠𝐵𝐵2 +  𝑠𝑠𝐴𝐴𝐵𝐵2 +  𝑠𝑠𝐸𝐸𝐸𝐸𝐸𝐸𝑇𝑇𝐸𝐸2      3.2 
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As stated in equation 3.2, the total variance is equal to the variances that arise as a result 

of changing the level of factor A, changing the level of factor B, A and B interaction, and the 

variance due to experimental error. Equation 3.2 can be rewritten in terms of the Sum of Squares 

(SS) as in equation 3.3 [31]: 

SSTotal = SSA + SSB + SSAB + SSError     3.3 

the total sum of squares (SSTotal) is simply the calculated sample variance of the whole measured 

data in the experiment multiplied by the degrees of freedom. The sample variance is calculated 

using equation 3.4 [34]: 

𝑠𝑠2 =  ∑ (𝑦𝑦𝑖𝑖− 𝑦𝑦�)2𝑁𝑁
𝑖𝑖=1

𝑁𝑁−1
      3.4 

where s2 is the sample variance, yi is each individual value of the data sat, 𝑦𝑦� is the sample average 

of the whole data set, and N is the number of data. The term N – 1 is called the degrees of freedom. 

So, the total sum of squares is calculated using equation 3.5: 

SSTotal = s2 × (N – 1)      3.5 

the sums of squares of factors A and B are calculated using equations 3.6 and 3.7 [31]: 

𝑆𝑆𝑆𝑆𝐴𝐴 = 1
𝑏𝑏𝑏𝑏
∑ 𝑦𝑦𝑖𝑖..2𝑇𝑇
1 − 𝑦𝑦...

2

𝑇𝑇𝑏𝑏𝑏𝑏
      3.6 

𝑆𝑆𝑆𝑆𝐵𝐵 = 1
𝑇𝑇𝑏𝑏
∑ 𝑦𝑦.𝑗𝑗.

2𝑏𝑏
1 − 𝑦𝑦...

2

𝑇𝑇𝑏𝑏𝑏𝑏
     3.7 

where a and b are the numbers of the levels of factors A and B, respectively, n is the number of 

replicates, y… is the grand total of the whole data, yi.. and y.j. are the totals of the acquired data at 

the ith level and jth level of factors A and B, respectively. The other sums of squares can be 

calculated using equations 3.8 and 3.9 [31]: 

𝑆𝑆𝑆𝑆𝐴𝐴𝐵𝐵 = �1
𝑏𝑏
∑ ∑ 𝑦𝑦𝑖𝑖𝑗𝑗.

2 − 𝑦𝑦...
2

𝑇𝑇𝑏𝑏𝑏𝑏
𝑏𝑏
1

𝑇𝑇
1 � − 𝑆𝑆𝑆𝑆𝐴𝐴 − 𝑆𝑆𝑆𝑆𝐵𝐵    3.8 

𝑆𝑆𝑆𝑆𝐸𝐸𝐸𝐸𝐸𝐸𝑇𝑇𝐸𝐸 = 𝑆𝑆𝑆𝑆𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 − 𝑆𝑆𝑆𝑆𝐴𝐴 − 𝑆𝑆𝑆𝑆𝐵𝐵 − 𝑆𝑆𝑆𝑆𝐴𝐴𝐵𝐵    3.9 
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where yij. is the total of the acquired data at the combination of the ith and the jth levels of factors 

A and B, respectively. As illustrated in equation 3.9, the sum of squares of the experimental error 

(SSError) is simply the difference between the total sum of squares (SSTotal) and the other sums of 

squares. That is, the sum of squares of the error is the variation that is left over from unknown 

sources and that is why it is called the residual. 

The following example illustrates how to execute the previous formulas. An experiment 

was conducted to study the effect of the material type (factor A) and temperature (factor B) on the 

life of a battery (response factor). Each control factor was tested at three levels in a factorial 

experiment of four replicates [31]. The collected data are illustrated in Table 1: 

TABLE 1 

DATA OF BATTERY LIFE EXPERIMENT 

Material 

Type (A) 

Temperature °F (B) 

15 70 125 ATotals (yi..) 

1 130   155 

74   180 

34   40 

80   75 

20   70 

82   58 
y1.. = 998  

2 150  188 

159 126 

136  122 

106  115 

25   70 

58   45 
y2.. = 1300  

3 138  110 

168  160 

174  120 

150  139 

96  104 

82   60 
y3.. = 1501  

BTotals (y.j.) y.1. = 1738  y.2. = 1291  y.3. = 770  
Grand Total 

y… = 3799 

y1.. = 130 + 155 + 74 +180 + . . . + 20 + 70 + 82 + 58 = 998. Similarly, y2.., y3.., y.1., y.2., and y.3. 

are calculated and shown in Table 1. 

y11. = 130 + 155 + 74 + 180 = 539. Similarly, y12., y21., and y22. are calculated and shown in  
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Table 2. Each factor was tested at three levels and replicated four times so a = 3, b = 3, and n = 

4. 

TABLE 2 

 BATTERY LIFE EXPERIMENT (AB TOTALS) 

Material 

Type (A) 

Temperature °F (B) 

15 70 125 

1 y11. = 539 y12. = 229 y13. = 230 

2 y21. = 623 y22. = 479 y23. = 198 

3 y31. = 576 y32. = 583 y33. = 342 

The sums of squares are then calculated using the equations 3.5 through 3.9: 

SSTotal = 77646.97 

SSA = 1
3×4

 (9982 + 13002 + 15012) - 3799
2

3×3×4
 = 10683.72 

SSB = 1
3×4

 (17382 + 12912 + 7702) - 3799
2

3×3×4
 = 39118.72 

SSAB =[ 1
4
 (5392 + 2292 + … + 5762 + 5832 + 3422) - 3799

2

3×3×4
] – 10683.72 – 39118.72 = 9613.78 

SSError = 77646.97 – 10683.72 – 39118.72 – 9613.78 = 18230.75 

Before continuing with the math behind ANOVA, one more review of statistics is 

necessary. If two statistical quantities such as two means, two variances, or two proportions of two 

certain populations are to be compared, a test of hypothesis must be carried out. For example, if 

the means of two different populations are to be compared, it is incorrect to directly compare the 

sample means of two samples drawn from the two populations. The sample can never give full 

information about the population. Instead, the sample can give just estimated information about 
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the population with a certain level of confidence and thus a certain level of uncertainty. Because 

of that, test of hypothesis is the correct way to compare the two means of the two different 

populations with certain level of confidence in order to be able to judge if one mean is significantly 

greater than or less than the other. 

In ANOVA, the test of hypothesis is conducted in order to compare variances. The variance 

of each control factor and each factor interaction is compared to the variance of the experimental 

error. If the variance of a control factor turned out to be significantly larger than the variance of 

the experimental error, then that control factor is considered to have significant effect on the output 

of the process. On the other hand, if the variance of a control factor turned out to be not 

significantly larger than the variance of the experimental error, that factor is considered to have 

insignificant effect on the output of the process. Equation 3.10 is used to calculate a value of a 

statistical function called Fisher–Snedecor distribution, or simply F-distribution, in order to test 

the hypothesis that a population variance, σ12, is less than or equal to another population variance, 

σ22, against the hypothesis that σ12 is greater than σ22 [34]. The first hypothesis is called the null 

hypothesis (Ho), and the second hypothesis is called the alternative hypothesis (H1). 

Ho: 𝜎𝜎1
2

𝜎𝜎22
 ≤ 1  vs.  H1: 𝜎𝜎1

2

𝜎𝜎22
 > 1 

𝐹𝐹𝑇𝑇 =  𝑠𝑠1
2

𝑠𝑠22
 ×  𝜎𝜎2

2

𝜎𝜎12
       3.10 

where Fo is the calculated value of the F function from the sample data, s12 and s22 are the variances 

of sample 1 and 2, respectively, and σ12 and σ22 are the variances of the two populations. The ratio 

σ22/ σ12 is substituted as 1 since this is the hypothesis to be tested. After calculating the value of 

Fo, it is compared to Fα (υ1,υ2) from the tables of F-distribution or from other software like Microsoft 

Excel®. The inputs to calculate the value of Fα (υ1,υ2) using tables or software are α, υ1, and υ2. The 
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parameter α is the probability of rejecting the null hypothesis while it is correct. This is called type 

1 error in statistics and it is usually set to be no more than 5%. The parameters υ1 and υ2 are the 

degrees of freedom of the numerator (s12) and the denominator (s22), respectively. If Fo turned out 

to be greater than Fα (υ1,υ2), Ho is then rejected and the conclusion is made that the two variances 

are not equal; indeed, σ12 is significantly greater than σ22 with a confidence level of (1 – α). If α is 

5%, then the confidence level will be 95%. That is illustrated in Figure 1. 

 

Figure 1. Test of hypothesis of two population's variances. The graph is the F-distribution. 

In ANOVA, each variance can be calculated by dividing each sum of squares by its 

corresponding degrees of freedom. The variance is called mean square (MS) in ANOVA. Table 3 

illustrates the calculations incorporated with ANOVA for a factorial design with two control 

factors [31]. 
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TABLE 3 

 THE STRUCTURE OF ANOVA TABLE 

Source SS Degrees of Freedom MS Fo 

Factor A SSA a - 1 SSA/(a-1) MSA/MSError 

Factor B SSB b - 1 SSB/(b-1) MSB/MSError 

AB Interaction SSAB (a – 1)(b – 1) SSAB/(a-1)(b-1) MSAB/MSError 

Error SSError 
Total degrees of freedom minus 

all other degrees of freedom 
SSError/dofError  

Total SSTotal N - 1   

As seen in Table 3, each mean square is divided by the mean square of the error in order 

to calculate each Fo. That is to test the null hypothesis that the variance of the factor or the 

interaction is smaller than the variance of the error. Each Fo is then to be compared to Fα( υ1,υ2) 

where υ2 is always the degrees of freedom of the error since the error is the denominator in each 

case. υ1 is the degrees of freedom of the factor being analyzed. If Fo turned out to be larger than 

Fα (υ1,υ2), then the null hypothesis is to be rejected and the conclusion will be that the variance of 

the factor is significantly greater than the variance of the error. That is, the factor has a statistically 

significant effect on the outcome of the process. Table 4 shows the ANOVA table of the previous 

example of the battery life experiment.  
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TABLE 4 

 ANOVA TABLE OF BATTERY LIFE EXPERIMENT 

Source SS Degrees of Freedom MS Fo 

Material (A) 10683.72 2 5341.86 7.91 

Temperature (B) 39118.72 2 19559.36 28.97 

AB Interaction 9613.78 4 2403.44 3.56 

Error 18230.75 27 675.21  

Total 77646.97 35   

 

For a confidence level of 95%, “α” will be 5%. The ANOVA table must be analyzed 

following hierarchal order. That is, starting with the two-factor interaction. If the two-factor 

interaction turned out to be significant, there will be no need to continue analyzing the effect of 

factor A by itself and factor B by itself. That is because even if the effect of the factor by itself is 

insignificant, its presence with the other factor makes its effect to be significant in the two-factor 

interaction. If the two-factor interaction turned out to be insignificant, the AB interaction row must 

be withdrawn from the model and combined with the error row. The analysis must continue to 

examine the effect of factor A and factor B using the new values of the error and the reduced model 

with the reduced ANOVA table. 

Using F-distribution tables or Microsoft Excel®, Fα υ1,υ2 = F0.05, 4, 27 = 0.00498 which is less 

than the Fo of the AB interaction (3.56). So, the interaction is statistically significant with 95% 

confidence level assuming no violation of the basic assumptions of ANOVA preposition like the 

normality, the independence of the experimental errors, and a constant variance of the 

experimental error.  
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Design Expert® software was used in this study for the analysis of the data. This software 

verifies all ANOVA assumptions like normality of the experimental error and the constant variance 

of the experimental error, advise for transform functions, tests for curvature, advise if the design 

needs to be augmented with additional tests, executes all the math behind ANOVA, and constructs 

the plots that illustrate the relations between the control factors and the response factors. 

The reader is referred to books about DOE like (Design and Analysis of Experiments, 9th 

Edition) and (Design of Experiments for Engineers and Scientists) to find more information about 

DOE, normality test, ANOVA preposition and assumptions, and other calculations performed by 

Design Expert®. The reader is also referred to books of statistics like (Statistics for Engineering 

and Sciences) to find more information about test of hypothesis and the most probability 

distributions used in engineering like the normal probability distributions, Chi-squared probability 

distribution, student’s distribution (t-distribution), and Fisher–Snedecor distribution (F-

distribution). 

3.2 Experimental Setup 

 An ELEGOO MARS® vat photopolymerization machine (Figure 2 and Figure 3) was used 

for all tests. The machine uses ultraviolet (UV) light to cure the resin layer by layer. The UV light 

is transmitted by a liquid-crystal display (LCD) screen built under the resin’s vat. The vat has a 

transparent bottom through which the UV light passes in order to cure the layer being printed. The 

platform travels up by one-layer thickness, by actuation of a screw jack, after the previous layer is 

cured in order to print the next layer. The part is printed upside down. 

The machine has a special slicing software (ELEGOO ChiTu Box®). The CAD file must 

be saved as STL file and then opened by the machine’s software. The parts and the support 

structures printed for testing were sliced into 548 layers of thickness of 0.03 mm. The exposure 
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time was 8 seconds for each layer except for the bottom layer which had an exposure time of 60 

seconds. The support structure was added to facilitate removing the part from the build platform 

after finishing the printing process. Each printed part was soaked in isopropyl alcohol of 

concentration of 99 % for 5 minutes and then left at room condition for 18 to 20 hours in order to 

allow for further shrinkage to take place. Measurements were then performed to check for 

dimensional and geometric characteristics using a high-precision coordinate measuring machine 

(CMM). 

 

 

 

 

 

 

Figure 2. Experimental Setup. 
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Figure 3. Illustration of the ELEGOO MARS® Vat Photopolymerization Machine [35]. 

The vibration levels were controlled by clamping an Ingersoll Rand® 6AJST4 pneumatic 

motor to the table on which the ELEGOO® machine was installed (Figure 2). A predesigned disk 

with multiple holes (Figure 4) was then installed on the pneumatic motor and a bolt with a nut of 

a total mass of 8 grams were used as an eccentric mass fixed to the rotating disk. The pneumatic 

motor has a constant rotational speed of 3600 rpm. The magnitude of vibration was controlled by 

changing the distance from the center of rotation at which the eccentric mass was installed. That 

causes a change in the centrifugal force exerted on the table by the motor. Two vibration 

configurations were utilized (Figure 2 left and right). In configuration A, the force vibrated in the 

XY-plane. Whereas in configuration B, the force vibrated in the XZ plane. That is, in configuration 

A, a longitudinal vibration mode propagating symmetrically along X and Y was produced; and in 
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configuration B, a mixed transverse (oscillating along Z) and longitudinal (along X) vibration 

mode was produced. 

 

Figure 4. The designed disk that was attached to the pneumatic motor. 

Knowing the mass and the rotational speed, the centrifugal force can be calculated using 

equation 3.11 [36]: 

𝐹𝐹 =  𝑚𝑚𝑣𝑣2

𝐸𝐸
      (3.11) 

where, F is the centrifugal force in Newtons, m is the mass in kilograms, v is the tangential velocity 

in m/s, and r is the radius of the path of the motion of the mass in meters. The tangential velocity 

can be calculated using equation 3.12 [37]. 

𝑣𝑣 =  𝜔𝜔𝜔𝜔     (3.12) 

where 𝝎𝝎 is the rotational speed in rad/s. 

The rotational speed of the pneumatic motor was determined by using a capacitance-based 

displacement probe that returns a voltage output between 0 and 10 volts for a range of distance 
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from 0 to 1 mm between the tip of the capacitance-based displacement probe and a metallic 

surface. A thin metallic shim was attached to the plastic rotary part of the motor and the motor was 

allowed to run. While the motor was running, the capacitance probe gave a reading every time it 

detected the metallic shim. The output cable of the capacitance probe was connected to a data 

acquisition board (DAQ board) and the DAQ board was connected to the computer in order to 

acquire the readings through the LabVIEW® software.  

A MATLAB® code was then constructed and used to plot and analyze the output (Figure 

5). Analyzing Figure 5 yielded that the rotation frequency of the motor was 60 revolution per 

second (60 Hertz) which is equivalent to 3600 rpm or 376.99 rad/s. Three levels of vibrations were 

tested, one of them is zero and the other two are produced by rotating the mass at two different 

radii of rotation (30 mm and 60 mm). The two levels of centrifugal force calculated using equations 

3.11 and 3.12 are shown in Table 5. 

TABLE 5  

LEVELS OF CENTRIFUGAL FORCE AND FREQUENCIES 

Rotational Speed 

(rad/s) 

mass  

(g) 

Radius  

(mm) 

Centrifugal Force 

(N) 

Frequency 

(Hz) 

377 8 30 34 60 

377 8 60 68 60 
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Figure 5. The frequency of rotation of the pneumatic motor. 

Figure 6 illustrates a schematic of the circuit that was built in order to measure and 

determine the rotational speed of the pneumatic motor using the displacement probe. 

 

Figure 6. Illustration of the circuit that was built in order to determine the rotational speed of the 
pneumatic motor. 

ABS-like photopolymer resin was used for all tests. This resin has low shrinkage property 

and high smoothness after photo-curing. The properties of the used resin are shown in Table 6. 
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TABLE 6 

 PROPERTIES OF THE USED RESIN [35] 

Property Value Unit 

Solidification wavelength 405 nm 

Shore durometer hardness 84 - 

Viscosity (25°C) 150 – 200 mPa.s 

Density (liquid) 1.1 g/cm3 

Density (solid) 1.195 g/cm3 

Flexure strength  59 – 70 MPa 

Extension strength 36 - 53 MPa 

A hollow cylinder with a square flange was printed for all tests but with three different 

values of wall thickness for the hollow cylinder (Figure 7). The square flange is necessary to 

facilitate clamping during the inspection process by the coordinate measuring machine (CMM) 

and to define and align the X, Y, and Z axes of the part with those of the. An arrow indicating the 

positive direction of the X axis was printed on all parts, as seen in Figure 7, to maintain consistent 

orientation during CMM measurement and orientation during 3D printing/application of vibration. 

That is, CMM data along this printed X was for printing/vibration along the X-axis in Figure 2. 

The inspection was carried out for both the outer and the inner cylinders. The CMM was a 

Hexagon® coordinate measuring machine, with a resolution of 2.2 micrometers. 
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Figure 7. Drawing of the tested part (dimensions are in millimeters). 

All parts were inspected by Hexagon® coordinate measuring machine (Figure 8). This 

CMM has the Z-axis for the vertical travel and the XY plane parallel to the clamping table. The 

probe can be manually rotated 90° and 180° about the Z-axis and about the horizontal axis (X or 

Y), respectively. The probe head has a length of 30 mm and a spherical tip of a dimeter of 2 mm.  

The CAD file was imported to the software of the CMM (PC-DMIS). The program of the 

inspection (Appendix A) was constructed to align the axes of the machine with the edges of the 

flange (Figure 9) and then to automatically inspect 2 millimeters in the middle of the last 3.45 mm 

of the cylinder which was printed under effect of vibration in some tests. Each of the outer and the 

inner cylinders were inspected by 36 hits divided into 3 rows (Figure 9). 
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Figure 8. HEXAGON® Coordinate Measuring Machine. 
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Figure 9. The alignment of the part with the axes of the CMM and the programmed hits to 
inspect the outer cylinder. 
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According to the certificate of calibration, the CMM has a resolution of 2.2 µm. The 

machine was calibrated prior to use for this work and the calibration certificate is shown in 

Appendix B. The CMM was also verified after calibration and before inspecting the parts by 

measuring the thickness of a 0.1009 inch (2.5629 mm) standard gauge block that has a grade 3 

tolerance (+8 µin, -4 µin) or (+0.2 µm, -0.1 µm) [38]. 

As seen in the inspection report of the standard gauge block (Figure 10), the CMM 

measured 0.10086 inch (2.5618 mm) for the thickness of the gauge block. That is a deviation of -

.00004 inch (-1 µm), which is considered enough accuracy for this work. 

 
Figure 10. Generated report of the measured standard gauge block. 

3.3 Experimental Conditions 

3.3.1  Control Factors 

Controls factors are the variables that affect the outcome of the experiment and can be 

controlled. These are the factors that their effect is of interest [31]. The control factors in this study 

are the amplitude of the vibration represented by the shaking force exerted on the table on which 

the machine was installed and the wall thickness of a hollow cylinder printed by the machine. The 

tested levels are shown in Table 7. 
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TABLE 7 

 CONTROL FACTORS AND THEIR TESTED LEVELS 

Control Factor Levels  

(“-1”, “0”, and “1”, respectively) 

Unit 

Magnitude of Shaking Force 0 / 34 / 68 N 

Wall Thickness 2.00 / 4.81 / 7.62 mm 

 

3.3.2  Response Factors 

 The response factors are the factors affected by changing the control factors. They change 

as a response to the change in the control factors and they should be plotted versus the control 

factors in order to understand the relation between them [31]. The response factors in this study 

reflect the dimensional and geometric accuracy of the printed part at the planned levels of 

vibration. They are determined by calculating the deviation of the printed part from the CAD 

model. The response factors investigated in this study are the perpendicularity of the printed 

cylinder relative to its base, the diameter deviation, the cylindricity, the position of the center of 

the cylinder, and the concentricity of the outer cylinder relative to the inner cylinder. That is for 

both the outer cylinder and the inner cylinder of the part. The investigated response factors are 

illustrated by the geometric dimensioning and tolerancing (GD&T) notations in Figure 7. The 

measurements were performed for the last 30 minutes of printing. That is, for the cylindrical 

portion marked in Figure 7 at the top of the cylinder of length = 3.45 mm. 

3.3.3 Factors Held Constant 

 This type of factors is basically controllable, but there is no interest in studying their effect 

in the performed experiment. However, because of their effect on the outcome of the experiment, 

these factors must be taken into consideration and must be held constant throughout the experiment 
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in order to isolate their effect when analyzing the outcomes of the different tests of the experiment 

[31]. Table 8 shows the factors held constant in this study and the level at which every factor was 

held constant. 

TABLE 8 

 FACTORS TO BE HELD CONSTANT 

Control Factor Levels Unit 

Build direction Along the cylinder’s axis - 

Layer thickness 0.03 mm 

Exposure time 8 second 

Bottom layers count 8 count 

Bottom exposure time 60 second 

Frequency of Vibration 60 Hz 

Duration of vibration 
Last 30 minutes of printing 

(last 115 layers or last 3.45 mm) 
minutes 

Vibration Source 
Pneumatic motor with a rotating 

eccentric mass 
- 

Eccentric Mass 8 g 

Printing machine 
ELEGOO MARS® UV Photo-

curing LCD 3D Printer 
- 

Resin material ELEGOO® ABS-Like Resin - 

Instrument of dimensions measurement 
Hexagon® CMM (2x30 mm 

TESASTAR®-i probe head) 
- 

Laboratory temperature 21 - 23 °C 

Printed part Simple hollow cylinder  
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3.3.4 Nuisance Factors 

 This type of factors exists in every experiment and affects the response factors. The 

nuisance factors are either unknown factors or known factors but cannot be controlled because of 

the difficulty or because of the cost of controlling them [31]. An example of nuisance factor in this 

study is the various and unknown sources of vibration noise in the surroundings. In order to 

mitigate the effect of nuisance factors on the reliability of the conclusion, the experiment tests were 

randomized. 
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CHAPTER 4  

RESULTS 

4.1 Data Analysis of Configuration A 

4.1.1 Tables of Results 

Hexagon® coordinate measuring machine illustrated in Figure 8 was used to inspect all 

printed parts. The measured values of the inspected response factors are shown in Table 9 and 

Table 10 for the parts printed in configuration A (see Figure 2). The tests are listed in Table 9 and 

Table 10 following standard order. The “run” column shows the actual order at which each test 

was carried out following a completely randomized design. 

TABLE 9 

ASSESSMENT OF THE OUTER CYLINDER 
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ΔX 

(mm) 

ΔY 

(mm) 

2 -1 -1 0.0447 0.0526 0.0269 0.0773 -0.0688 

4 +1 -1 0.0312 0.1028 0.0372 0.0565 -0.1104 

5 -1 +1 0.0277 0.0923 0.0798 0.0462 -0.1534 

3 +1 +1 0.0258 0.1495 0.0612 0.0818 -0.1557 

1 0 0 0.0275 0.138 0.0779 0.0551 -0.1555 

6 0 0 0.0245 0.12 0.0874 0.0618 -0.1151 

8 0 0 0.03 0.1096 0.0612 0.0474 -0.0981 

7 0 0 0.0295 0.0445 0.0678 0.0683 -0.0987 

11 0 -1 0.0377 0.0241 0.0419 0.058 -0.0876 

9 -1 0 0.0459 0.0872 0.0976 0.0976 -0.0297 

10 +1 0 0.0319 0.1626 0.0606 0.0171 -0.0884 

12 0 +1 0.0223 0.1411 0.077 0.0467 -0.0612 
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TABLE 10 
 

 ASSESSMENT OF THE INNER CYLINDER AND CONCENTRICITY OF THE OUTER 
AND THE INNER CYLINDERS 
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2 -1 -1 0.0639 0.0848 -0.1204 0.0772 -0.0655 0.0066 

4 +1 -1 0.0585 0.1584 -0.1247 0.0595 -0.1029 0.0162 

5 -1 +1 0.0363 0.1434 -0.1177 0.0345 -0.2022 0.0085 

3 +1 +1 0.0364 0.2315 -0.141 0.1131 -0.2286 0.0077 

1 0 0 0.0506 0.2619 -0.1189 0.0841 -0.2632 0.0252 

6 0 0 0.058 0.1339 -0.0983 0.064 -0.1005 0.0295 

8 0 0 0.0483 0.1217 -0.0951 0.0531 -0.0871 0.0247 

7 0 0 0.0545 0.074 -0.0941 0.0995 -0.0997 0.0116 

11 0 -1 0.0619 0.0271 -0.0984 0.0807 -0.0653 0.0207 

9 -1 0 0.0662 0.0446 -0.1627 0.0592 -0.1015 0.0477 

10 +1 0 0.0724 0.1716 -0.1058 0.0566 0.0898 0.0273 

12 0 +1 0.0435 0.1953 -0.1234 -0.0421 0.1163 0.0159 

 

Studying the data reported in the above tables makes it very difficult to figure out a trend 

or a correlation just by eye. Plotting the above data is the easiest way to study a possible correlation 

between the control factors (inputs) and the response factors (outputs). That is typical in traditional 

techniques like One-Variable-At-a-Time (OVAT). However, drawing conclusions only by 

examining the plots is a subjective way of drawing conclusions. Here where design of experiments 

(DOE) and analysis of variance (ANOVA) come into play as effective methodologies to draw 

objective and reliable conclusions supported by statistical levels of significance and statistical 

levels of confidence. Thus, examining the ANOVA tables is imperative before looking at the plots 
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as these plots might be deceptive. That is, showing differences in the values of the response factors 

while, indeed, these differences are not statistically significant compared to the variance of the 

experimental error in the reported data set.  

Before trusting the ANOVA, it is also imperative to examine the normality of the 

experimental errors (also called the residuals), the independence of the residuals of all response 

factors and controls factors, and the independence of the residuals of the run number. That is 

important in order to verify that the ANOVA basic assumptions are satisfied. If the normality 

assumption is not satisfied, the researcher must transform the data using a suitable mathematical 

function before conducting the ANOVA. The used software in this study (Design Expert®) alerts 

the researcher if transformation is needed and advises the suitable mathematical function for 

transformation (log, square root, power, etc.). If the variance of the error is not independent (i.e. it 

shows a trend as a control or response factor changes), the trend will suggest what is causing the 

problem. Possible causes may be that the researcher left out one or more important factors and 

failed to hold them constant, a quadratic term must be added to the model, or transformation is 

needed. If the plot of the residuals versus the run number showed a trend like, for instance, 

increasing or decreasing instead of randomness, that suggests problems such as researcher’s bias, 

accumulating bias in the instrument used for measurements, increasing or decreasing temperature 

with time, tool wear, etc. If the residuals are not independent of the run number, the study needs 

to be repeated in most cases. 

In this study, the basic ANOVA assumptions have been verified and the independence of 

the residuals has been diagnosed. The numerous plots of these diagnostics are not presented here 

to avoid overwhelming the reader with superfluous details of DOE. The reader is advised to refer 

to books in statistics like (Statistics for Engineering and Sciences, sixth edition) and books in DOE 
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like (Design and Analysis of Experiments, ninth Edition) or to cover the appropriate classes for 

further knowledge in those diagnostics. 

4.1.2 Analysis of Variance (ANOVA) 

For non-DOE experts, an easy way to examine the ANOVA table is by looking at the p-

value of each factor. A p-value less than 0.05 (or 5%) indicates a significant effect of that factor. 

That is, there is only less than 5% risk of rejecting the null hypothesis (Ho: σfactor ≤ σerror, i.e the 

effect of the factor is insignificant) while it is correct. For instance, the p-value of the force 

amplitude in Table 11 indicates that there is only 1.06% risk of rejecting the null hypothesis and 

concluding that the effect of the force amplitude is significant while, in fact, it is not significant. 

As stated before in the test of hypothesis explained in chapter 3, the hierarchal order must be 

maintained in ANOVA. That is, if AB (two-factor interaction) or A2 (quadratic term of factor A) 

turned out to be significant while factor A by itself turned out to be insignificant, factor A still 

must be kept in the ANOVA table (as seen in Table 12). 

TABLE 11 

 ANOVA TABLE OF THE CYLINDRICITY OF THE OUTER CYLINDER 

Source Sum of Squares df Mean Square F-value p-value 
 

Block 0.0001 1 0.0001 
   

Model 0.0005 3 0.0002 13.49 0.0027 significant 

A-Force Amplitude 0.0001 1 0.0001 11.94 0.0106 
 

B-Wall Thickness 0.0002 1 0.0002 19.73 0.0030 
 

A² 0.0001 1 0.0001 8.80 0.0209 
 

Residual 0.0001 7 0.0000 
   

Lack of Fit 0.0001 4 0.0000 2.64 0.2255 not significant 

Pure Error 0.0000 3 6.229 × 10-6 
   

Cor Total 0.0006 11 
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TABLE 12 

 ANOVA TABLE OF THE CYLINDRICITY OF THE INNER CYLINDER 

Source Sum of Squares df Mean Square F-value p-value 
 

Block 0.0003 1 0.0003 
   

Model 0.0011 4 0.0003 15.82 0.0024 significant 

A-Force Amplitude 1.350×10-07 1 1.350×10-07 0.0079 0.9321 
 

B-Wall Thickness 0.0008 1 0.0008 45.22 0.0005 
 

A² 0.0001 1 0.0001 6.12 0.0482 
 

B² 0.0003 1 0.0003 16.67 0.0065 
 

Residual 0.0001 6 0.0000 
   

Lack of Fit 0.0000 3 0.0000 0.8642 0.5463 not significant 

Pure Error 0.0001 3 0.0000 
   

Cor Total 0.0015 11 
    

 

The rest of the ANOVA tables for configuration A are illustrated in tables 13 through 21. 

TABLE 13  

ANOVA TABLE OF THE PERPENDICULARITY OF THE OUTER CYLINDER 

Source Sum of Squares df Mean Square F-value p-value 
 

Block 0.0000 1 0.0000 
   

Model 0.0125 2 0.0062 5.68 0.0292 significant 

A-Force Amplitude 0.0056 1 0.0056 5.07 0.0544 
 

B-Wall Thickness 0.0069 1 0.0069 6.28 0.0366 
 

Residual 0.0088 8 0.0011 
   

Lack of Fit 0.0038 5 0.0008 0.4581 0.7917 not significant 

Pure Error 0.0050 3 0.0017 
   

Cor Total 0.0213 11 
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TABLE 14 

 ANOVA TABLE OF THE PERPENDICULARITY OF THE INNER CYLINDER 

Source Sum of Squares df Mean Square F-value p-value 
 

Block 0.0046 1 0.0046 
   

Model 0.0289 2 0.0144 4.88 0.0412 significant 

A-Force Amplitude 0.0139 1 0.0139 4.69 0.0622 
 

B-Wall Thickness 0.0150 1 0.0150 5.06 0.0546 
 

Residual 0.0237 8 0.0030 
   

Lack of Fit 0.0044 5 0.0009 0.1350 0.9725 not significant 

Pure Error 0.0193 3 0.0064 
   

Cor Total 0.0572 11 
    

 

TABLE 15 

 ANOVA TABLE OF THE DIAMETER DEVIATION OF THE OUTER CYLINDER 

Source Sum of Squares df Mean Square F-value p-value 
 

Block 0.0001 1 0.0001 
   

Model 0.0035 2 0.0017 10.54 0.0057 significant 

B-Wall Thickness 0.0021 1 0.0021 12.72 0.0073 
 

B² 0.0014 1 0.0014 8.37 0.0201 
 

Residual 0.0013 8 0.0002 
   

Lack of Fit 0.0009 5 0.0002 1.39 0.4179 not significant 

Pure Error 0.0004 3 0.0001 
   

Cor Total 0.0049 11 
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TABLE 16 

ANOVA TABLE OF THE DIAMETER DEVIATION OF THE INNER CYLINDER 

Source Sum of Squares df Mean Square F-value p-value 
 

Block 0.0002 1 0.0002 
   

Model 0.0005 2 0.0002 0.4701 0.6412 not significant 

B-Wall Thickness 0.0002 1 0.0002 0.5048 0.4976 
 

B² 0.0002 1 0.0002 0.4354 0.5279 
 

Residual 0.0039 8 0.0005 
   

Lack of Fit 0.0035 5 0.0007 5.18 0.1032 not significant 

Pure Error 0.0004 3 0.0001 
   

Cor Total 0.0046 11 
    

 

TABLE 17 
 

ANOVA TABLE OF THE POSITION DEVIATION ALONG THE X AXIS OF THE OUTER 
CYLINDER 

 
Source Sum of Squares df Mean Square F-value p-value 

 

Block 0.0001 1 0.0001 
   

Model 0.0008 2 0.0004 0.8157 0.4760 not significant 

A-Force Amplitude 0.0007 1 0.0007 1.53 0.2515 
 

B-Wall Thickness 0.0000 1 0.0000 0.1035 0.7559 
 

Residual 0.0038 8 0.0005 
   

Lack of Fit 0.0035 5 0.0007 8.77 0.0519 not significant 

Pure Error 0.0002 3 0.0001 
   

Cor Total 0.0047 11 
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TABLE 18 
 

ANOVA TABLE OF THE POSITION DEVIATION ALONG THE X AXIS OF THE INNER 
CYLINDER 

 
Source Sum of Squares df Mean Square F-value p-value 

 

Block 0.0032 1 0.0032 
   

Model 0.0027 2 0.0013 0.9673 0.4205 not significant 

A-Force Amplitude 0.0006 1 0.0006 0.4130 0.5384 
 

B-Wall Thickness 0.0021 1 0.0021 1.52 0.2524 
 

Residual 0.0110 8 0.0014 
   

Lack of Fit 0.0097 5 0.0019 4.53 0.1218 not significant 

Pure Error 0.0013 3 0.0004 
   

Cor Total 0.0168 11 
    

 

TABLE 19 
 

ANOVA TABLE OF THE POSITION DEVIATION ALONG THE Y AXIS OF THE OUTER 
CYLINDER 

 
Source Sum of Squares df Mean Square F-value p-value 

 

Block 0.0074 1 0.0074 
   

Model 0.0035 2 0.0018 2.33 0.1598 not significant 

A-Force Amplitude 0.0018 1 0.0018 2.31 0.1673 
 

B-Wall Thickness 0.0018 1 0.0018 2.35 0.1641 
 

Residual 0.0061 8 0.0008 
   

Lack of Fit 0.0039 5 0.0008 1.08 0.5085 not significant 

Pure Error 0.0022 3 0.0007 
   

Cor Total 0.0170 11 
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TABLE 20 
 

ANOVA TABLE OF THE POSITION DEVIATION ALONG THE Y AXIS OF THE INNER 
CYLINDER 

 
Source Sum of Squares df Mean Square F-value p-value 

 

Block 0.0629 1 0.0629 
   

Model 0.0038 2 0.0019 0.2119 0.8134 not significant 

A-Force Amplitude 0.0027 1 0.0027 0.3024 0.5974 
 

B-Wall Thickness 0.0011 1 0.0011 0.1215 0.7365 
 

Residual 0.0717 8 0.0090 
   

Lack of Fit 0.0505 5 0.0101 1.43 0.4074 not significant 

Pure Error 0.0211 3 0.0070 
   

Cor Total 0.1383 11 
    

 

TABLE 21 

ANOVA TABLE OF THE CONCENTRICITY DEVIATION 

Source Sum of Squares df Mean Square F-value p-value 
 

Block 0.0004 1 0.0004 
   

Model 0.0007 2 0.0004 6.10 0.0246 significant 

B-Wall Thickness 0.0000 1 0.0000 0.3762 0.5567 
 

B² 0.0007 1 0.0007 11.83 0.0088 
 

Residual 0.0005 8 0.0001 
   

Lack of Fit 0.0003 5 0.0001 0.9378 0.5583 not significant 

Pure Error 0.0002 3 0.0001 
   

Cor Total 0.0015 11 
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4.2  Data Analysis of Configuration B 

The same analysis is repeated for configuration B (Figure 2). The measured values of the 

response factors are shown in Table 22 and Table 23. 

4.2.1 Tables of Results 

TABLE 22 

ASSESSMENT OF THE OUTER CYLINDER 
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(mm) 

ΔY 

(mm) 

2 -1 -1 0.0751 0.0884 0.0477 0.1055 -0.0415 

8 +1 -1 0.0789 0.2693 0.0387 0.3438 -0.0583 

5 -1 +1 0.0303 0.0581 0.0923 0.0539 -0.0895 

7 +1 +1 0.0362 0.0866 0.0691 0.0533 -0.1148 

3 0 0 0.0342 0.0915 0.0869 0.0489 -0.0613 

4 0 0 0.0237 0.0983 0.071 0.0457 -0.1218 

6 0 0 0.0291 0.0866 0.0639 0.0608 0.0991 

1 0 0 0.0369 0.1021 0.0641 0.0345 -0.0928 

12 0 -1 0.0523 0.2204 0.0575 0.0556 0.1215 

9 -1 0 0.0294 0.0732 0.0689 0.0587 -0.0774 

10 +1 0 0.0265 0.129 0.0561 0.2188 -0.0783 

11 0 +1 0.0239 0.148 0.0653 0.0099 -0.0887 
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TABLE 23 
 

ASSESSMENT OF THE INNER CYLINDER AND CONCENTRICITY OF THE OUTER 
AND THE INNER CYLINDERS 

 

R
un

 

Fo
rc

e 
A

m
pl

itu
de

 

W
al

l T
hi

ck
ne

ss
 

C
yl

in
dr

ic
ity

 

D
ev

ia
tio

n 
(m

m
) 

Pe
rp

en
di

cu
la

ri
ty

 

D
ev

ia
tio

n 
(m

m
) 

D
ia

m
et

er
 

D
ev

ia
tio

n 
(m

m
) 

ΔX 

(mm) 
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2 -1 -1 0.0262 0.0378 -0.1331 0.0833 -0.0584 0.0462 

8 +1 -1 0.0943 0.4647 -0.1139 0.3538 -0.0577 0.02 

5 -1 +1 0.0384 0.0802 -0.1446 0.046 -0.1659 0.0068 

7 +1 +1 0.0405 0.1974 -0.1569 0.0608 -0.1046 0.0254 

3 0 0 0.0452 0.0611 -0.1072 0.0504 -0.0465 0.0298 

4 0 0 0.0573 0.0564 -0.1033 0.0452 -0.1193 0.0051 

6 0 0 0.0494 0.2315 -0.0943 0.052 0.1445 0.0269 

1 0 0 0.0527 0.1597 -0.1013 0.1267 0.0423 0.0088 

12 0 -1 0.0637 0.2575 -0.0686 0.0308 0.1784 0.047 

9 -1 0 0.0577 0.0789 -0.0783 0.0633 -0.0682 0.0205 

10 +1 0 0.0607 0.2065 -0.0819 0.2228 -0.0735 0.0125 

11 0 +1 0.042 0.211 -0.1149 0.009 0.1205 0.0204 
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4.2.2 Analysis of Variance (ANOVA) 

Analysis of variance tables for all investigated response factors are illustrated in Table 24 

through Table 34 for configuration B.  

TABLE 24 

ANOVA TABLE OF THE CYLINDRICITY OF THE OUTER CYLINDER 

Source Sum of Squares df Mean Square F-value p-value 
 

Block 0.0003 1 0.0003 
   

Model 0.0035 4 0.0009 26.16 0.0006 significant 

A-Force Amplitude 7.707 × 10-6 1 7.707 × 10-6 0.2294 0.6490 
 

B-Wall Thickness 0.0022 1 0.0022 66.63 0.0002 
 

A² 0.0001 1 0.0001 3.89 0.0961 
 

B² 0.0008 1 0.0008 23.34 0.0029 
 

Residual 0.0002 6 0.0000 
   

Lack of Fit 0.0001 3 0.0000 0.9776 0.5072 not significant 

Pure Error 0.0001 3 0.0000 
   

Cor Total 0.0040 11 
    

 

TABLE 25 

ANOVA TABLE OF THE CYLINDRICITY OF THE INNER CYLINDER 

Source Sum of Squares df Mean Square F-value p-value 
 

Block 0.0001 1 0.0001 
   

Model 0.0026 3 0.0009 13.26 0.0028 significant 

A-Force Amplitude 0.0009 1 0.0009 13.41 0.0080 
 

B-Wall Thickness 0.0007 1 0.0007 10.03 0.0158 
 

AB 0.0011 1 0.0011 16.35 0.0049 
 

Residual 0.0005 7 0.0001 
   

Lack of Fit 0.0004 4 0.0001 3.69 0.1558 not significant 

Pure Error 0.0001 3 0.0000 
   

Cor Total 0.0032 11 
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TABLE 26 

ANOVA TABLE OF THE PERPENDICULARITY OF THE OUTER CYLINDER 

Source Sum of Squares df Mean Square F-value p-value 
 

Block 0.0028 1 0.0028 
   

Model 0.0407 6 0.0068 51.12 0.0010 significant 

A-Force Amplitude 0.0016 1 0.0016 11.72 0.0267 
 

B-Wall Thickness 0.0136 1 0.0136 102.23 0.0005 
 

AB 0.0058 1 0.0058 43.73 0.0027 
 

A² 0.0018 1 0.0018 13.64 0.0210 
 

B² 0.0087 1 0.0087 65.33 0.0013 
 

AB² 0.0008 1 0.0008 6.00 0.0704 
 

Residual 0.0005 4 0.0001 
   

Lack of Fit 0.0004 1 0.0004 8.10 0.0653 not significant 

Pure Error 0.0001 3 0.0000 
   

Cor Total 0.0441 11 
    

 

TABLE 27 

ANOVA TABLE OF THE PERPENDICULARITY OF THE INNER CYLINDER 

Source Sum of Squares df Mean Square F-value p-value 
 

Block 0.0020 1 0.0020 
   

Model 0.0752 1 0.0752 8.10 0.0192 significant 

A-Force Amplitude 0.0752 1 0.0752 8.10 0.0192 
 

Residual 0.0836 9 0.0093 
   

Lack of Fit 0.0622 6 0.0104 1.46 0.4068 not significant 

Pure Error 0.0213 3 0.0071 
   

Cor Total 0.1608 11 
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TABLE 28 

ANOVA TABLE OF THE DIAMETER DEVIATION OF THE OUTER CYLINDER 

Source Sum of Squares df Mean Square F-value p-value 
 

Block 0.0001 1 0.0001 
   

Model 0.0011 1 0.0011 8.44 0.0174 significant 

B-Wall Thickness 0.0011 1 0.0011 8.44 0.0174 
 

Residual 0.0012 9 0.0001 
   

Lack of Fit 0.0009 6 0.0001 1.24 0.4652 not significant 

Pure Error 0.0003 3 0.0001 
   

Cor Total 0.0024 11 
    

 

TABLE 29 

ANOVA TABLE OF THE DIAMETER DEVIATION OF THE INNER CYLINDER 

Source Sum of Squares df Mean Square F-value p-value 
 

Block 0.0030 1 0.0030 
   

Model 0.0040 2 0.0020 18.57 0.0010 significant 

B-Wall Thickness 0.0017 1 0.0017 15.80 0.0041 
 

B² 0.0023 1 0.0023 21.35 0.0017 
 

Residual 0.0009 8 0.0001 
   

Lack of Fit 0.0008 5 0.0002 5.27 0.1009 not significant 

Pure Error 0.0001 3 0.0000 
   

Cor Total 0.0078 11 
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TABLE 30 
 

ANOVA TABLE OF THE POSITION DEVIATION ALONG THE X AXIS OF THE OUTER 
CYLINDER 

 
Source Sum of Squares df Mean Square F-value p-value 

 

Block 0.0002 1 0.0002 
   

Model 0.0988 5 0.0198 93.64 < 0.0001 significant 

A-Force Amplitude 0.0264 1 0.0264 124.93 0.0001 
 

B-Wall Thickness 0.0010 1 0.0010 4.95 0.0767 
 

AB 0.0143 1 0.0143 67.59 0.0004 
 

A² 0.0279 1 0.0279 132.15 < 0.0001 
 

A²B 0.0052 1 0.0052 24.81 0.0042 
 

Residual 0.0011 5 0.0002 
   

Lack of Fit 0.0007 2 0.0004 3.01 0.1918 not significant 

Pure Error 0.0004 3 0.0001 
   

Cor Total 0.1001 11 
    

 

TABLE 31 
 

ANOVA TABLE OF THE POSITION DEVIATION ALONG THE X AXIS OF THE INNER 
CYLINDER 

 
Source Sum of Squares df Mean Square F-value p-value 

 

Block 0.0002 1 0.0002 
   

Model 0.0988 5 0.0198 93.64 < 0.0001 significant 

A-Force Amplitude 0.0264 1 0.0264 124.93 0.0001 
 

B-Wall Thickness 0.0010 1 0.0010 4.95 0.0767 
 

AB 0.0143 1 0.0143 67.59 0.0004 
 

A² 0.0279 1 0.0279 132.15 < 0.0001 
 

A²B 0.0052 1 0.0052 24.81 0.0042 
 

Residual 0.0011 5 0.0002 
   

Lack of Fit 0.0007 2 0.0004 3.01 0.1918 not significant 

Pure Error 0.0004 3 0.0001 
   

Cor Total 0.1001 11 
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TABLE 32 
 

ANOVA TABLE OF THE POSITION DEVIATION ALONG THE Y AXIS OF THE OUTER 
CYLINDER 

 
Source Sum of Squares df Mean Square F-value p-value 

 

Block 5.00 1 5.00 
   

Model 14.84 2 7.42 1.64 0.2527 not significant 

A-Force Amplitude 0.4833 1 0.4833 0.1069 0.7521 
 

B-Wall Thickness 14.36 1 14.36 3.18 0.1126 
 

Residual 36.17 8 4.52 
   

Lack of Fit 14.51 5 2.90 0.4020 0.8249 not significant 

Pure Error 21.66 3 7.22 
   

Cor Total 56.01 11 
    

 

TABLE 33 
 

ANOVA TABLE OF THE POSITION DEVIATION ALONG THE Y AXIS OF THE INNER 
CYLINDER 

 
Source Sum of Squares df Mean Square F-value p-value 

 

Block 0.0193 1 0.0193 
   

Model 0.0080 2 0.0040 0.2934 0.7535 not significant 

A-Force Amplitude 0.0005 1 0.0005 0.0391 0.8483 
 

B-Wall Thickness 0.0075 1 0.0075 0.5476 0.4804 
 

Residual 0.1097 8 0.0137 
   

Lack of Fit 0.0708 5 0.0142 1.09 0.5040 not significant 

Pure Error 0.0390 3 0.0130 
   

Cor Total 0.1370 11 
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TABLE 34 

ANOVA TABLE OF THE CONCENTRICITY DEVIATION 

Source Sum of Squares df Mean Square F-value p-value 
 

Block 0.0000 1 0.0000 
   

Model 0.0007 2 0.0003 1.86 0.2164 not significant 

A-Force Amplitude 0.0000 1 0.0000 0.2318 0.6431 
 

B-Wall Thickness 0.0006 1 0.0006 3.50 0.0984 
 

Residual 0.0014 8 0.0002 
   

Lack of Fit 0.0009 5 0.0002 1.19 0.4724 not significant 

Pure Error 0.0005 3 0.0002 
   

Cor Total 0.0021 11 
    

 

The same connections illustrated in Figure 6 were used to characterize the oscillation of 

the machine in the X, Y, and Z axes for both high and low force amplitudes and for both 

configuration A and configuration B (Figure 2). Figure 11 illustrates how the circuit was installed 

in order to characterize the oscillation of the vat. The MATLAB® code shown in Appendix C was 

then used to analyze the gathered data. The measured oscillations are illustrated in Figure 12 

through Figure 17. 
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Figure 11. Connections used for characterizing the oscillation of the vat. 

 
Figure 12. Configuration A. Machine oscillation along the X-axis. Left: high force amplitude. 

Right: low force amplitude. 
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Figure 13. Configuration A. Machine oscillation along the Y-axis. Left: high force amplitude. 

Right: low force amplitude. 

 
Figure 14. Configuration A. Machine oscillation along the Z-axis. Left: high force amplitude. 

Right: low force amplitude. 
 

 



 

63 
 

 

Figure 15. Configuration B. Machine oscillation along the X-axis. Left: high force amplitude. 
Right: low force amplitude. 

 
Figure 16. Configuration B. Machine oscillation along the Y-axis. Left: high force amplitude. 

Right: low force amplitude. 
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Figure 17. Configuration B. Machine oscillation along the Z-axis. Left: high force amplitude. 
Right: low force amplitude. 
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CHAPTER 5  

DISCUSSION 

Surface plots showing the relationship of the response factors as functions of the force 

amplitude (control factor A) and the wall thickness (control factor B) are shown in Figure 18 to 

Figure 29. Figure 18 to Figure 23 are for configuration A, where the force vibrates in the XY-plane 

(Figure 2). Figure 24 to Figure 29 are for configuration B, where the force vibrates in the XZ-plane 

(Figure 2). In each figure, the left surface plot corresponds to measurements taken on the outer 

cylinder of the 3D-printed part and the right surface plot to measurements taken on the inner 

cylinder. The p-values from the analysis of variance (ANOVA) associated with control factor A, 

control factor B, and the interaction between these control factors are shown in the figure insets. 

The confidence level at which it can be concluded that the factor (A, B, or the interaction between 

A and B) significantly affected the response factor is 1 minus the corresponding p-value. If the 

confidence level exceeds 95 %, or the p-value is less than 5 %, then it is concluded that the control 

factor or factor interaction has a statistically significant effect on the response factor. If the factor 

did not affect the response significantly and was not included in significant two-factor interaction, 

the corresponding p-value is withdrawn from the ANOVA model. When this occurred, the p-value 

is shown as not applicable (N/A) in the figures. 

For configuration A (force vibrating in the XY-plane, Figure 2): 

An inspection of Figure 18 shows that the cylindricity of the outer cylinder was affected 

by the force amplitude and the wall thickness, but these control factors did not interact. The 

cylindricity of the inner cylinder was only affected by the wall thickness. The tendency was for 

larger force amplitude and larger wall thickness to result in either improved cylindricity, or no 

change at all. A possible explanation of the improvement in cylindricity could be that shaking the 
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specimen symmetrically in the XY-plane (i.e. in the plane of the cylinder’s cross section) in 

configuration A (Figure 2) helped in reducing the tessellation of the printed cylinder. The 

tessellation is a set of triangles (also called facets) used to represent any geometry in the STL file 

which leads to having many short straight lines for any curve (see Figure 30). An inspection of 

Figure 19 left and right shows that the perpendicularity of the outer and the inner cylinders was 

affected by the force amplitude and the wall thickness, but these control factors did not interact. 

The effect was slight as all the p-values were near or above 5 %. That is, the vibration and the wall 

thickness had a positive or null effect on cylindricity and a nearly null effect on perpendicularity. 

An inspection of Figure 20 left and right shows that the deviation in outer diameter was 

affected only by the wall thickness, and that the deviation in inner diameter was not affected by 

any of the factors. The deviation in outer diameter increased with increase in wall thickness. That 

is, an increase in wall thickness caused the diameter of the outer cylinder to increase. 

An inspection of Figure 21 and Figure 22 left and right shows that none of the factors 

significantly affected the deviation from nominal position of the center of the outer and inner 

cylinders. That is, neither along direction X nor along direction Y (see Figure 2 for direction 

definitions). 

An inspection of Figure 23 shows that the concentricity was not affected by the force 

amplitude. Factor B (wall thickness) did not have a significant effect on the concentricity. 

However, B2 had a significant effect on the concentricity (see Table 21) so the p-value of B is left 

in the model. 

For configuration B (force vibrating in the XZ-plane, Figure 2): 

An inspection of Figure 24 left and right shows that the cylindricity of the outer cylinder 

was only affected by the wall thickness; and that the cylindricity of the inner cylinder was affected 
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by the force amplitude and the wall thickness, and these control factors interacted. An inspection 

of Figure 25 left and right shows that the perpendicularity of outer cylinder was affected by the 

force amplitude and the wall thickness, and these control factors interacted. The perpendicularity 

of the inner cylinder was only affected by the force amplitude. In most cases where the control 

factor affected the response, or where the two control factors interacted, the larger the force 

amplitude and the smaller the wall thickness, the greater the cylindricity and/or the 

perpendicularity. That is, greater deviations from perfect cylindrical form and perfect 

perpendicular orientation between the printed cylinder and its base were promoted by larger force 

amplitudes and smaller wall thicknesses. 

An inspection of Figure 26 left and right shows that the deviation in diameter was affected 

only by the wall thickness. The deviation in outer and inner diameter increased with increase in 

wall thickness. That is, an increase in wall thickness caused the diameter of the outer cylinder to 

increase but that of the inner cylinder to decrease. 

An inspection of Figure 27 left and right shows that the deviation from nominal position 

of the center of the outer and inner cylinders, measured along X, was affected by the force 

amplitude and the interaction of force amplitude and wall thickness. As the wall thickness 

decreased, the effect of the force amplitude on this position error was more pronounced. 

An inspection of Figure 28 left and right shows that none of the factors had a significant 

effect on the deviation from nominal position of the center of the outer and inner cylinders, 

measured along Y. 

An inspection of Figure 29 left and right shows that none of the factors had a significant 

effect on the concentricity. 
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Figure 18. Configuration A. 3D plots of the cylindricity. Left: outer cylinder. Right: inner 
cylinder. 

 

 

Figure 19. Configuration A. 3D plots of the perpendicularity. Left: outer cylinder. Right: inner 
cylinder. 
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Figure 20. Configuration A. 3D plots of the diameter deviation. Left: outer cylinder. Right: inner 
cylinder. 

 

 

Figure 21. Configuration A. 3D plots of the position error along the X axis. Left: outer cylinder. 
Right: inner cylinder. 
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Figure 22. Configuration A. 3D plots of the position error along the Y axis. Left: outer cylinder. 
Right: inner cylinder. 

 

 

Figure 23. Configuration A. 3D plot of the concentricity of the outer cylinder relative the inner 
cylinder 
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Figure 24. Configuration B. 3D plots of the cylindricity. Left: outer cylinder. Right: inner 
cylinder. 

 

 

Figure 25. Configuration B. 3D plots of the perpendicularity. Left: outer cylinder. Right: inner 
cylinder. 
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Figure 26. Configuration B. 3D plots of the diameter deviation. Left: outer cylinder. Right: inner 

cylinder. 

 

 

Figure 27. Configuration B. 3D plots of the position error along the X axis. Left: outer cylinder. 
Right: inner cylinder. 
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Figure 28. Configuration B. 3D plots of the position error along the Y axis. Left: outer cylinder. 
Right: inner cylinder. 

 

 

Figure 29. Configuration B. 3D plot of the concentricity of the outer cylinder relative the inner 
cylinder. 
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Figure 30. The tessellation of the cylinder after converting the CAD file to STL file. 

From the results presented above, geometric characteristics of form and orientation, such 

as cylindricity and perpendicularity, are potentially affected by vibrations of any mode, and that a 

given vibration amplitude is likely to cause more changes in these geometric characteristics as the 

feature’s thickness decreases. The vibration appears to either improve these geometric 

characteristics, or leave it unaffected, if it is composed of longitudinal waves propagating 

symmetrically along directions X and Y, as in configuration A (Figure 2 left). The vibration 

appears to deteriorate the geometric characteristics if it is composed of a mixed transverse 

(oscillating along Z) and longitudinal (along X) vibration modes, as in configuration B (Figure 2 

right). Although not directly observable from the data presented herein, it is expected that other 

size characteristics such as height of the 3D-printed part and cross-sectional shape (area moment 

of inertia) will affect the geometric characteristics in a way similar to wall thickness.  

Also from the results, the positions of the center of both the outer and the inner cylinders, 

but only when measured along X (Figure 2), were significantly affected by both the force 
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amplitude and the wall thickness. However, the effects were significant only for configuration B, 

wherein the vibration is along directions Z and X. The largest deviation in the position of the 

cylinder’s center, measured along X, occurred at large force amplitude and small wall thickness. 

The lack of effect of force amplitude and wall thickness on the position of these cylinders when 

configuration A was used is probably due to the symmetric propagation of vibration perpendicular 

to the build axis (Z-axis in Figure 2). 

From the above, it can be concluded that the part is more robust against vibrations as its 

thickness increase. That is, for vibration modes that deteriorate the geometric characteristics of the 

3D printed part, there appears to exist a minimum wall thickness for which vibrations would not 

be a problem. For this 3D printing, vibration elimination would not be required. 

The deviation in the diameter of the outer and the inner cylinders appeared to be 

independent of force amplitude. These diameters were affected, however, by the wall thickness. 

The deviation in diameter tended to increase with increase in wall thickness. A larger wall 

thickness caused the diameter of the outer cylinder to increase but that of the inner cylinder to 

decrease. The apparent independence between diameter and vibration is reassuring since it 

suggests that size control during 3D printing would not require vibration elimination. The observed 

effect that the diameter deviation increased with increase in wall thickness is probably due to 

limitations of the 3D printer utilized here. 
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The plots of the oscillation of the 3D printer clearly show the difference of the amplitude 

of the oscillation between the high amplitude and the low amplitude of the shaking force. However, 

the above figures reflect the oscillation of the vat. The behavior of the setup is expected to be more 

complex since each of the build platform, the resin, and the part being built are expected to have 

distinctive responses to the applied shaking force. As more layers are built, the mass of the part 

increases, and the oscillations of the part and the build platform are expected to change. Also, as 

the build platform moves up and down along the Z axis after each layer is built, the response of 

the oscillation of the build platform is expected to be different at each single position. 

Having said the above, it is obvious that Figure 12 through Figure 17 do not reflect the 

whole picture of the oscillation that was taking place. However, Figure 12 through Figure 17 give 

an insight of the oscillation of the 3D printer. The resources of this study were limited. Further 

funds and resources are required for further investigations of such an exploratory study that the 

literature was lacking at the time it was carried out. The presented results in this study show an 

importance of the investigated topic especially that 3D printing is executed already in spaceships 

and sea ships for military applications where vibrations are present. 
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CHAPTER 6  

CONCLUSION 

It is concluded from the results presented in this study that vibrations propagated to the 

AM machine may have a positive or a negative impact on the dimensional and geometric accuracy 

of the printed parts, depending mainly on vibration mode. Symmetrically propagating vibrations 

in the build plane tended to improve cylindricity and to leave perpendicularity and position 

unchanged. For vibrations propagating along one direction along the build plane and parallel to 

the build axis, the cylindricity of a model cylindrical part and the perpendicularity of this 

cylindrical part relative to its base had a tendency to display larger deviations from perfect 

cylindricity and perpendicularity as the applied force amplitude increased and the feature’s wall 

thickness decreased. For these non-symmetrical vibrations, the deviation in the position of the 

cylinder’s center also tended to increase as the applied force amplitude increased and the wall 

thicknesses decreased. However, this was observed only for measurements taken along the 

direction of the applied vibration along the build plane. 

The deviation in the diameter was not significantly affected by the applied force amplitude, 

but it was significantly affected by the wall thickness. The deviation in the diameter increased as 

the wall thickness increased. The deviation always manifested as a greater spread in material 

radially outwards for outer features and radially inwards for inner features. That is, it resulted in 

an increase in the outer diameter and a decrease in the inner diameter. 
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CHAPTER 7  

FUTURE WORK 

Further fund is required in order to deploy further investigations and to bring this study to 

a higher and broader level by studying wider ranges of frequencies, modes, and amplitudes of 

vibrations. Investment in special sensors and vibration-tracking systems is also required for a better 

understanding and characterization of the vibration of the AM machine. Additionally, other 3D 

printing techniques and geometries need to be analyzed in terms of the effects of vibrations on 

their accuracy. 
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