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ABSTRACT 

 

 

Mohan, Bala Murali Krishna Build Orientation for Additive Manufactured Parts with 

Overhang Structures: An Experimental Study. Master of Science in Engineering Management 

(MSE), December 2023, 40 pp., 10 tables, 28 figures, 19 references, titles. 

 

Additive manufacturing is becoming increasingly popular in industries such as 

manufacturing due to its ability to use raw materials more efficiently and require less machining 

than traditional methods(Calignano et al., 2017). However, constructing overhanging structures 

in additive manufacturing can be challenging, potentially affecting the overall geometric quality 

of the printed components. The objective of this study was to identify the most effective printing 

orientation for overhanging designs in Fused Deposition Modeling (FDM) using two different 

support structures. To achieve this, the researchers used a laser scanner to collect point cloud 

data and conducted a comparative study to determine the optimal orientation for the overhanging 

structures. The analysis revealed that the 45-degree overhang structure with grid support 

produced a good print result compared to other build orientations. Additionally, a comparison of 

FDM printed parts and L-PBF printed parts showed some similar noticeable defects.
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CHAPTER I    

INTRODUCTION 

Additive manufacturing has gained significant popularity, and Fused Deposition 

Modeling (FDM) has become increasingly prevalent across various industries. It may be because 

of the flexibility of the manufacturing process and the ease of making the prototypes for the 

studies (Bourell et al., 2017). Printing complex designs has been easy using some parameters, 

like support structure and changing build orientation, but it also has some downsides. 

Sometimes, removing support structures may lead to poor surface quality. Getting accurate 

printed parts is challenging sometimes to achieve good print. Controlling the parameters can help 

achieve that, which is flexible due to the slicing software. Several studies have been done, and 

prints have been tested to control the parameters. Printing parameters change according to design 

and the complexity of the printing (Khan et al., 2021). Two kinds of accuracy inspections are 

performed on the printed portions of the 3D models: touch and non-contact techniques. Scanners 

are a quick and effective way to check the quality of completed printed parts (Almira et al., 

2021.). There are different types of scanning metrology techniques available on the market. 

Laser scanners are one of the types that collect millions of reference points of surface data in real 

time. Point cloud data has the potential to be employed for a wide range of measures, which the 

utilization of specialized software can facilitate. The acquisition of point cloud data is essential 

to evaluating the precision of the manufactured components. Furthermore, point cloud data can
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be employed for reverse engineering or generating digital world data, as exemplified by Geng 

and Bidanda (2021), who have proposed a metrological toolset based on three-dimensional point 

cloud data. 

 

Additive Manufacturing 

Additive manufacturing (AM) has garnered significant attention as a popular 

manufacturing technology. This technique uses a layer-by-layer material deposition process to 

build components. Parts are fabricated using 3D model data, minimizing the requirement for 

costly tools or molds. This manufacturing process is well-suited for producing high-complexity 

components in low-volume quantities (Calignano et al., 2017). 

 
Figure 1: Additive print. 

 

Various additive manufacturing processes are employed in the realm of manufacturing. 

The processes that fall under this category are vat photo-polymerization, sheet lamination, 

material extrusion, direct energy deposition, Laser-Powder Bed Fusion (L-PBF), and material 

jetting. The selection of materials for the additive manufacturing (AM) process depends on the 

specific technology employed. Polymers are often employed as a primary material for printing 



3 

 

due to their lightweight characteristics and ease of processing. Metals, either powder or wire, are 

frequently employed as materials in many applications. It must, however, be handled with 

extreme caution (Alfattni, 2022). 

The AM process involves a step-by-step procedure from the CAD design to the final 

product. Firstly, the CAD design is converted into an STL file, which is then transformed into G-

Code via slicer software. Next, machine setup takes place, which involves preparing the machine 

and inputting the G-Code. Once this is complete, the printing process commences, and post-

processing of the printed part is the final step. The AM process has several advantages, including 

reduced lead time and suitability for producing complex components on demand. These benefits 

contribute to the reduction of storage requirements and material usage. Several drawbacks can be 

identified in the utilization of additive manufacturing techniques. Firstly, the surface finish 

quality achieved through these methods appears to be worse when compared to traditional 

manufacturing approaches.  

Additionally, there are constraints on the limited selection of materials; the printing time 

required for additive manufacturing is typically more significant than that of conventional 

methods. Lastly, the initial setup expenses for equipment used in additive manufacturing are 

generally higher (Thomas, 2016). In this study, the fused deposition modeling process was used. 

Fused Deposition Modeling (FDM) 

FDM is an additive manufacturing technique that prints parts through a layer-by-layer 

deposition process. Molten polymer layer distribution was invented by Scott Crump in 1989 and 

is one of the more accessible techniques compared to other additive manufacturing techniques 

(Kuznetsov et al., 2018). There are a wide variety of materials available for FDM on the market. 

Some common materials are PLA, PETG, ABS, TPU, PC, ASA, and HIPS. The FDM printing 
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process is carried out in multiple phases, beginning with the design of STL files, 3D printers, G-

code generation, and printing parameters, which are modified using slicing software for the 

different printing processes and materials. The nozzle is connected to the head of a 3D printer, 

and its temperature can be controlled via G-code or manually. The temperature may vary 

depending on the filament material, so it must be determined based on the material. The filament 

is connected to the nozzle using feeders.  

 
Figure 2: FDM process overview. 

 

The filament will dissolve and pass through the nozzle due to the temperature and flow 

rate, and the feeder can control it. In order to print, the head moves in the XY plane, whereas the 

deposition base (bed) moves in the Z (vertical) orientation of the FDM schematic diagram 

(Harshitha & Rao, 2019). Various factors can affect the quality of prints, such as the thickness of 

layers, percentage of infill, and infill pattern. Additionally, the design of the component, 

specifically the presence of overhanging structures, can affect the outcome by resulting in poor 

geometry. Although support structures can assist overhanging structures, they may also result in 

a poor surface finish. This study utilized the FDM process to print the overhang with a support 
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structure on the base area. Different build orientations and different support patterns were used in 

the study. A laser scanner collected the printed parts' surface point cloud data. From the collected 

point cloud data, the deviation measurement of the printed part with the design model will be 

generated using the dedicated software. Then, those data will be analyzed using the statistical 

models. 

Background investigation 

The process parameters of additive printing significantly impact the geometry of the 

manufactured parts (Popescu et al., 2018). A study conducted by Dezaki et al. (2021) 

investigated the effects of infill pattern and infill density on the surface quality and mechanical 

properties of CAD-generated models and FDM-printed objects. The study found that CAD-

generated models had slightly improved surface quality with circular and grid patterns. Maurya 

et al. (2022) compare the effects of differences in infill density and infill pattern on printing time 

and dimensional accuracy. The results show that 20% infill density and a hexagonal filler pattern 

are the most effective configurations while increasing infill density leads to printing delays. Buj-

Corral et al. (2019) utilized a geometric model that computes the arithmetical mean height 

roughness parameter (Ra) for various print orientations between 5° and 85° using the mean value 

theorem for integrals. Results indicate that print orientation angles play a crucial role in surface 

roughness in the FDM-printed part (Jiang et al., 2018). 

Fifty-seven papers on support optimization, which elaborated on the critical role of 

support structures in the additive manufacturing process, were examined in the review. It 

highlights the role of support structures in balancing the printing component and aiding in 

thermal dissipation. Di Angelo et al. (2020) proposed a method to find reliable build orientation 

for additive manufacturing applications, considering both surface quality and manufacturing cost 
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as factors. Additionally, the proposed method considers the effect of support structures on the 

additive manufacturing process. Nevertheless, the impact of the support method on the surface 

quality is not considered. In the study conducted by Delfs et al. (2016), simulation was employed 

to optimize the orientation of parts and other manufacturing parameters to enhance surface 

quality and minimize expenses associated with post-processing. Several variables considered for 

the simulation include layer thickness, build angle, and particle size. Matos et al. (2020) predict 

the optimal build orientation using an algorithm similar to that of electromagnetism, which Birbil 

and Fang created. The algorithm presented in this study aims to optimize multiple aspects that 

impact the quality of the manufactured product. These elements include volumetric error, support 

area, staircase effect, build time, surface roughness, and surface quality. Results indicate that the 

optimization of many objectives has negative consequences. The optimization of a single aim 

impacts the remaining objectives. According to Öteyaka et al. (2022), the infill pattern and infill 

ratio affect the strength of the printed part. This conclusion was reached by performing bending 

and hammer tests. Another study has shown that the build orientation, raster direction angle, and 

layer thickness significantly impact the accuracy of printed parts. The study used two types of 

PLA: one was white and heavy, while the other was lightweight and black (Hanon et al., 2021).  
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Research Goal 

Based on the literature review, the research aims to explore whether keeping other 

parameters constant and only changing the build orientation and support patterns has a 

significant effect on overhanging additive prints. The research question of this study is presented 

as follows: 

1. How the geometric accuracy of FDM printed parts with overhang structures be affected 

by building orientation and support patterns?  

2. Can the knowledge extracted from FDM prints regarding geometric discrepancies or 

defects be transferred to other AM processes (L-PBF)?  
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CHAPTER II 

METHODOLOGY 

Fabrication of overhanging structures in the FDM Machine 

Utilizing Creality Ender 5 S1 3D printers, the manufacturing of overhanging structures 

was accomplished. MakerBot Polylactic Acid (PLA) 1.75-mm-diameter filament was selected as 

the optimal material for achieving the desired outcomes. This filament is widely employed in 

FDM, making it one of the most popular materials for this application. Please refer to Table 1 to 

understand the filament's characteristics comprehensively. In this investigation, Creality Slicer 

4.8.2 was utilized to manage printing parameters effectively. Only the printing orientation and 

support pattern were altered, while all other parameters remained unchanged. Figure 4 shows the 

overhanging design used for this study. 

 
 Figure 3: Creality Ender 5 S1 3D printers. 
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Table 1: PLA Properties 

Properties  Value 

Printing temperature 190–230°C 

Printing speed  60–100 mm/s 

Bed temperature 25–60°C 

 

The parameters used were 40% infill, 0.1 profile, 0.1mm layer height, 1.2 wall thickness, 

cubic infill pattern, 200°C printing temperature, 75mm/s printing speed, and brim build plate 

adhesion. These parameters were carefully maintained throughout the process. 

 

Figure 4: CAD Design. 

 

Printing Strategy 

 In these studies, a factor screening process was employed to determine which factors 

were suitable for experimental printing. This process involved testing different build 

orientations, including 30, 40, 45, 50, and 60 degrees, as well as four distinct support patterns: 

grid, concentric, cross, and gyroid. The purpose of the screening was to eliminate any factors that 

would negatively impact printability.  
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Figure 5: Types of support. 

 

A total of 30 parts were printed, some with satisfactory results while others were 

suboptimal. Based on the outcome of the factors screening, grid, and cross-support patterns were 

selected for experimental printing. The results of the factor screening showed that the grid and 

cross-support patterns produced satisfactory prints in all build orientations compared to other 

support patterns. 
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Experimental printing 

These experimental parts are printed randomly. The printing sequence is generated using 

the RAND() function in Excel. The same type of PLA was utilized for the pilot study and 

experimental parts. The following images illustrate various printed components characterized by 

diverse grid and cross-support patterns. Specifically, Figures 6 and 8 depict six parts of parts 1 

and 2, respectively, featuring a grid support system. On the other hand, Figures 7 and 9 showcase 

six parts of part 1 and part 2 with cross support. Part 1 mentions that the first part is printed at 

that angle, and a support pattern follows for Part 2. 

 
Figure 6: Part-1 Grid-support pattern. 



12 

 

 

 
Figure 7: Part-1 Cross-support pattern. 

 

 
Figure 8: Part-2 Grid-support pattern. 
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Figure 9: Part-2 Cross-support pattern. 

 

Point Cloud Collection 

 In order to gather data, we utilized a Hexagon laser scanner to obtain point clouds of 

twenty printed components. The scanning procedure was done on each component, leading to the 

generation of a point cloud file utilizing the PC-DMIS 2023.2 software. The scanner arm has 

been securely positioned on the optical table, designed to minimize vibrations. The scanning 

component was positioned in the custom-printed section and firmly attached to the optical table 

using bolts. The scanner arm and laptop were connected according to the manual. Then, the 
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scanner arm was calibrated by following the procedure in the manual PC-DMIS for Arms 102 – 

Scanning v2023.1. 

 
Figure 10: HEXAGON absolute arm. 

 

Scanning Steps: 

The scanning process involved, according to the guidelines outlined in the manual, 

ensuring the appropriate configuration: Active profile as Default, Exposure as Auto, and Pre-

Defined Scanning Profile as COP - Standard Resolution. 

 
Figure 11: Process To Collect Point Clouds 
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 In order to incorporate a random element into the scanning process, the RAND () function was 

employed. Following the completion of all required setups, the scanning process started with the 

following steps: 

1. The measurement was set to millimeters, and the file was created with the name 

of the scan piece.  

2. To generate an exclusion plane, begin by thoroughly scanning the custom-printed 

fixture. Upon activation of the exclusion plane, the point-cloud data situated 

below a designated plane offset will be automatically eliminated. The table or 

fixture is excluded from the scan file. The exclusion scanning offset setting was 

configured to be 20 millimeters.  

3. The initiation and performance of the scanning process for the printed part were 

carried out with extreme caution. During the scanning process, we were able to 

inspect the scanning region visually by paying attention to the laptop display. 

Upon the completion of the scan, all regions of the printed part were thoroughly 

covered with points.  

4. Approximately 5 million points were gathered, and all of the data was saved. 

 

The same procedure was followed for all twenty printed parts. After collecting the point 

clouds for each printed part, the noise created in every file was meticulously cleaned using 

PCDMIS software. 
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Point Cloud Filter and Align 

Once the scanning procedure was finished, each file was opened individually. All 

unwanted points were then selected and removed using the Point Cloud Filtering algorithm. 

Once the extraneous data was removed, further procedures were carried out to align the point 

cloud with the computer-aided design (CAD) model using the Iterative Closest Point algorithm 

(ICP) with a pre-set threshold. 

1. The process of importing a CAD IGES file and subsequently selecting the CAD, 

followed by applying the surface vector option to fix the vectors, has significant 

importance. The presence of incorrect vectors can have a major effect on 

alignment; hence, rectifying them is the highest priority. 

2. The Auto function was used to align the point cloud and CAD after the surface 

vector was fixed using the CAD alignment option. 

3. Once the alignment process was concluded, the Point Cloud/CAD Alignment tool 

displayed the outcomes resulting from average deviation, maximum deviation, 

and standard deviation. These three steps were performed on all twenty 

components, and the results have been recorded for further investigation. 

Surface Colormap 

A surface colormap is used to compare the computer-aided design (CAD) model and the 

printed component by utilizing various colors. The various color visualizations show the areas of 

variation, displaying the highest and lowest levels of deviation alongside well-defined sections. 

Additionally, it offers a distribution curve and the corresponding distribution percentages for the 

given component. Colormaps were developed for each of the twenty components. 
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Figure 12: Colormap
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CHAPTER III 

 

RESULTS AND DISCUSSION 

Below, the colormap's findings are examined. Twenty colormaps were subjected to 

detailed examination; the color green denotes a point close to the nominal design, whereas the 

color red represents a large positive deviation, and the color blue represents a large negative 

deviation, and a distribution curve is constructed to show the deviation distribution among all the 

points in the survey point cloud. 

 
Figure 13: Distribution Curve



19 

 

Surface Colormap 

30-degree Build Orientation  

 
Figure 14: 30-degree grid-support pattern colormap 

 

 If we examine the outcomes of the 30-degree Grid P1 and the 30-degree Grid P2, In the 

interval scale of +0.5mm to +0.375mm, P1 has 0.026% compared to P2's 0.026% at the upper 

tail of the distribution curve, and with a deviation interval of -0.375mm to -0.5mm in the scale, 

P1 has 1.01% compared to P2's 0.425%. At the maximum deviation curve (0 to -0.125mm), P1 

has an area of 64.568%, while P2 has an area of 71.76%. The percentage of P1 and P2 

occurrences near zero is 79.271% and 75.563%, respectively, within the interval scale of 

+0.125mm to -0.125mm. 

For 30-degree Cross P1 and the 30-degree Cross P2 in the interval scale of +0.5mm to 

+0.375mm, P1 has 0.11% compared to P2's 0.054% at the upper tail of the distribution curve, 

and in the interval scale of -0.375mm to -0.5mm, P1 has 0.757% compared to P2's 0.362%. At 

the maximum deviation curve (0 to -0.125mm), P1 has an area of 59.332%, while P2 has an area 
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of 66.616%. The percentage of P1 and P2 occurrences near zero is 79.776% and 75.563%, 

respectively, within the interval of +0.125mm to -0.125mm. 

 
Figure 15: 30-degree cross-support pattern colormap. 

 

40-degree Build Orientation  

In the 40-degree grid support parts, 83.373% and 78.461% were printed in intervals of 

+0.125mm to -0.125mm for 40-degree P1 and 40-degree P2, respectively. In the interval of 

+0.5mm to +0.375mm, P1 has 0.058% compared to P2's 0.03% at the distribution curve upper 

tail, and in the interval of -0.375mm to -0.5mm on the scale, P1 has 0.33% compared to P2's 

0.355%. At the maximum deviation area (0 to -0.125mm), P1 has an area of 67.987%, while P2 

has an area of 65.483%.  

For 40-degree Cross P1 and the 40-degree Cross P2 interval of +0.5mm to +0.375mm, P1 

has 0.024% compared to P2's 0.052% at the distribution curve upper tail, and in the interval scale 

of -0.375mm to -0.5mm, P1 has 0.527% compared to P2's 0.362%. The percentage of P1 and P2 
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occurrences near zero is 73.73% and 74.862%, respectively, within the interval scale of 

+0.125mm to -0.125mm. 

 

 
Figure 16: 40-degree grid-support pattern colormap. 

 

 

 
Figure 17: 40-degree cross-support pattern colormap. 

 

45-degree Build Orientation  

While 45-degree Grid P1 and 45-degree Grid P2 have an interval of +0.5mm to 

+0.375mm in scale, P1 has 0.037% compared to P2's 0.045% at the upper tail of the distribution 

curve, and in the interval of -0.375mm to -0.5mm, P1 has 0.375% compared to P2's 0.197%. The 
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percentage of P1 and P2 occurrences near zero is 91.931% and 93.122%, respectively, within the 

interval of +0.125mm to -0.125mm. 

45-degree Cross P1 and 45-degree Cross P2 in the interval of +0.5mm to +0.375mm, P1 

has 0.039% compared to P2's 0.346% at the upper tail, and in the interval of -0.375mm to -0.5 

mm, P1 has 0.199% compared to P2's 2.169%. The percentage of P1 and P2 occurrences near 

zero is 84.002% and 66.924%, respectively, within the interval of +0.125mm to -0.125mm. 

 
Figure 18: 45-degree grid support pattern colormap. 

 

 

 
Figure 19: 45-degree cross-support pattern colormap. 
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50-degree Build Orientation  

For the 50-degree Grid P1 and the 50-degree Grid P2, in the interval of +0.5mm to 

+0.375mm, P1 has 0.034% compared to P2's 0.03% at the upper tail, and in the interval of -

0.375mm to -0.5mm, P1 was 0.427% compared to P2's 0.401%. The percentage of P1 and P2 

occurrences near zero is 79.736% and 72.25%, respectively, within the interval of +0.125mm to -

0.125mm. 

50-degree Cross P1 and 50-degree Cross P2 in the interval of +0.5mm to +0.375mm, P1 

has 0.026% compared to P2's 0.028% at the upper tail, and in the interval of -0.375mm to -

0.5mm, P1 has 0.367% compared to P2's 0.188%. The percentage of P1 and P2 occurrences near 

zero is 79.793% and 75.463%, respectively, within the interval of +0.125mm to -0.125mm. 

 
Figure 20: 50-degree grid support pattern colormap. 
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Figure 21: 50-degree cross-support pattern colormap. 

 

 

60-degree Build Orientation  

The final orientation of 60-degree grid support parts, 84.498% and 80.042%, was printed 

in the interval of +0.125mm to -0.125mm for 60-degree P1 and 60-degree P2. In the interval of 

+0.5mm to +0.375mm, P1 has 0.033% compared to P2's 0.026% at the upper tail, and in the 

interval of -0.375mm to -0.5mm, P1 has 0.21% compared to P2's 0.226%.  

For 60-degree Cross P1 and the 60-degree Cross P2 in an interval of +0.5mm to 

+0.375mm, P1 has 0.093% compared to P2's 0.026% at the upper tail, and in the interval of -

0.375mm to -0.5mm, P1 has 0.21% compared to P2's 0.345%. The percentage of P1 and P2 

occurrences near zero is 73.498% and 85.297%, respectively, within the interval of +0.125mm to 

-0.125mm. 
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Figure 22: 60-degree grid support pattern colormap. 

   

 
Figure 23: 60-degree cross-support pattern colormap. 

 

 The colormaps reveal the presence of common defects in the lower-end section of 

the part. The shape of the design in this section is curved and pointed, which is a result of the 

limited resolution available from FDM printing. 
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Robust Accuracy Metric 

When it comes to evaluating printing accuracy, instead of assessing the overall 

performance of all the points, a reliable and effective approach is to use a predefined tolerance 

specification as a robust metric. This allows for a more precise and detailed comparison of the 

printing accuracy. From the colormap data, we determined the percentage of good printing area 

for each part. It falls between the areas of +0.125mm and -0.125mm. Using that data, when we 

perform the plot band graph, it will give a good result regarding orientation and support pattern. 

For performing this graph, the data was grouped into two sets of data: grid and cross-support.  

Table 2: Values b/w +0.125mm to -0.125mm 

Tolerance range +0.125mm to -0.125 mm 

Build Orientation 

(Degree) 

30 40 45 50 60 

Grid Part 1 79.271% 83.373% 91.931% 79.736% 84.498% 

Grid Part 2 75.563% 78.461% 93.122% 72.25% 80.042% 

Cross Part 1 79.776% 73.73% 84.002% 79.793% 73.498% 

Cross Part 2 75.563% 74.862% 66.924% 75.463% 85.297% 
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Figure 24:  Tolerance Range Graph. 

 

As for the grid support, the most accurate print seems to be around 45 degrees with low 

variability, which is a local optimal within the range from 30 to 60.  Regarding cross support, the 

build orientation on the boundary seems to provide the most precise print, although it still has 

considerable variability. In build orientation of 60 degrees for grid and cross support, the graph 

shows an upward trend, but printing overhanging parts above 60 degrees becomes more difficult 

due to their overhanging structure. 
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ANOVA 

A general two-way factorial ANOVA is used to evaluate the main and interaction effects 

of two independent variables in our study, namely build orientation and support pattern. These 

two factors have five and two levels, respectively. The ANOVA analysis is conducted using 

Minitab. The analysis is carried out using the following accuracy metrics:  

1. Mean deviation 

2. Standard deviation 

3. Maximum deviation 

4. Minimum deviation 

5. Tolerance Range (Percentage value covers an interval of +0.125 to -0.125) 

 When computing the CAD design and point cloud, we obtain the accuracy metrics data: 

mean deviation, standard deviation, maximum deviation, and minimum deviation. The values are 

shown below: 

Table 3: Accuracy Metrics Values 

Mean  Mean 

Angle Support P1 P2  Angle Support P1 P2 

30 Grid 0.095 0.107  30 Cross 0.104 0.098 

40 Grid 0.096 0.099  40 Cross 0.107 0.107 

45 Grid 0.074 0.075  45 Cross 0.09 0.13 

50 Grid 0.097 0.101  50 Cross 0.095 0.105 

60 Grid 0.092 0.093  60 Cross 0.116 0.092 

         

         

         
Std Dev  Std Dev 

Angle Support P1 P2  Angle Support P1 P2 

30 Grid 0.117 0.138  30 Cross 0.143 0.131 

40 Grid 0.13 0.127  40 Cross 0.136 0.136 

45 Grid 0.103 0.114  45 Cross 0.121 0.188 

50 Grid 0.129 0.127  50 Cross 0.122 0.134 

60 Grid 0.12 0.118  60 Cross 0.152 0.131 
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Maximum  Maximum 

Angle Support P1 P2  Angle Support P1 P2 

30 Grid 0.971 0.923  30 Cross 0.985 0.939 

40 Grid 0.945 0.976  40 Cross 0.874 0.711 

45 Grid 0.996 0.97  45 Cross 0.865 0.984 

50 Grid 0.993 0.978  50 Cross 0.936 0.988 

60 Grid 0.979 0.997  60 Cross 0.971 0.983 

 

 

Minimum  Minimum 

Angle Support P1 P2  Angle Support P1 P2 

30 Grid -0.873 -0.956  30 Cross -0.78 -0.982 

40 Grid -0.808 -0.848  40 Cross -0.918 -0.92 

45 Grid -0.974 -0.761  45 Cross -0.898 -0.993 

50 Grid -0.904 -0.931  50 Cross -0.948 -0.898 

60 Grid -0.59 -0.914  60 Cross -0.916 -1 

 

Once the values were obtained, the general factorial design was performed using this 

information to find the optimal build orientation. In the general factorial design, two factors were 

performed using Minitab® 21.4.2. 

1. General Factorial Regression: Mean versus Build Orientation, Support Pattern.  

2. General Factorial Regression: Standard deviation versus Build Orientation, 

Support Pattern.  

3. General Factorial Regression: Maximum deviation versus Build Orientation, 

Support Pattern.  

4. General Factorial Regression: Minimum deviation versus Build Orientation, 

Support Pattern.  

5. General Factorial Regression: Tolerance range versus Build Orientation, Support 

Pattern. The results are shown below. 
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Statistical Analysis 

General Factorial Regression: Mean versus Build Orientation, Support Pattern 

Table 4: Accuracy Metric Mean 

Source DF Adj SS Adj MS     F-Value     P-Value 

Model 9 0.001725 0.000192 1.54 0.254 

  Linear 5 0.000903 0.000181 1.45 0.287 

    Build Orientation 4 0.000241 0.00006 0.49 0.746 

    Support Pattern 1 0.000661 0.000661 5.33 0.044 

  2-Way Interactions 4 0.000823 0.000206 1.66 0.236 

    Build Orientation*Support 

Pattern 4 0.000823 0.000206 1.66 0.236 

Error 10 0.001241 0.000124     

Total 19 0.002967       

 

 The influence of Build Orientation, Support Pattern, and their interaction on the mean has 

revealed that the build orientation does not have a significant effect on the mean, whereas the 

support pattern has a statistically significant effect at the 0.05 level of significance. 

General Factorial Regression: Standard Deviation versus Build Orientation, Support 

Pattern 

Table 5: Accuracy Metric Standard Deviation 

  

Source DF  Adj SS Adj MS F-Value P-Value 

Model 9  0.00282 0.000313 1.08 0.449 

  Linear 5  0.001513 0.000303 1.04 0.444 

    Build Orientation 4  0.000051 0.000013 0.04 0.996 

    Support Pattern 1  0.001462 0.001462 5.04 0.049 

  2-Way Interactions 4  0.001307 0.000327 1.13 0.397 

    Build Orientation*Support 

Pattern 4 

 

0.001307 0.000327 1.13 0.397 

Error 10  0.002899 0.00029     

Total 19  0.005719       

 

Based on the analysis of Build Orientation, Support Pattern, and their interaction, it has 

been found that the standard deviation is not affected significantly by the build orientation. 
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However, the support pattern has been observed to have a statistically significant effect with a P-

value of 0.049 at the 0.05 level of significance. 

General Factorial Regression: Maximum Deviation versus Build Orientation, Support 

Pattern 

Table 6: Accuracy Metric Maximum Deviation 

Source DF Adj SS Adj MS F-Value P-Value 

Model 9 0.06071 0.006745 2.69 0.07 

  Linear 5 0.04027 0.008053 3.21 0.055 

    Build Orientation 4 0.02816 0.007041 2.81 0.085 

    Support Pattern 1 0.0121 0.012103 4.82 0.053 

  2-Way Interactions 4 0.02044 0.00511 2.04 0.165 

    Build Orientation*Support Pattern 4 0.02044 0.00511 2.04 0.165 

Error 10 0.02509 0.002509     

Total 19 0.0858       
 

  

  

 The influence of the build orientation and support pattern on maximum deviation was 

analyzed, revealing P values of 0.085 and 0.053 at the 0.05 level of significance. 

General Factorial Regression: Minimum versus Build Orientation, Support Pattern 

Table 7: Accuracy Metric Minimum Deviation 

Source DF Adj SS Adj MS F-Value P-Value 

Model 9 0.06892 0.007658 0.7 0.699 

  Linear 5 0.03505 0.007011 0.64 0.675 

    Build Orientation 4 0.01097 0.002743 0.25 0.903 

    Support Pattern 1 0.02408 0.024082 2.2 0.169 

  2-Way Interactions 4 0.03387 0.008468 0.77 0.567 

    Build Orientation*Support Pattern 4 0.03387 0.008468 0.77 0.567 

Error 10 0.10948 0.010948     

Total 19 0.1784       

 

 Analyzing the build orientation and support pattern interaction on minimum deviation, 

we obtained P values of 0.903 and 0.169 at the 0.05 level of significance.  
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Tolerance range Versus Build Orientation, Support Pattern 

Table 8: Accuracy Metric Tolerance Range  

Source DF       Adj SS      Adj MS  F-Value  P-Value 

Model 9 492.1 54.68 1.87 0.171 

  Linear 5 267.8 53.57 1.83 0.194 

    Build Orientation 4 146.1 36.53 1.25 0.351 

    Support Structure 1 121.7 121.72 4.17 0.068 

  2-Way Interactions 4 224.3 56.07 1.92 0.184 

    Build Orientation*Support 

Structure 4 224.3 56.07 1.92 0.184 

Error 10 291.9 29.19     

Total 19 784       

 

 The influence of build orientation, support pattern, and their interaction on the tolerance 

range has revealed that the build orientation and support pattern have a P value of 0.351 and 

0.068 at the 0.05 level of significance, respectively.  

More investigation is needed, so a one-way ANOVA was performed separately for the 

tolerance range of the grid, and cross-supports using Minitab were used to evaluate statistically 

significant variations in the average values of support patterns across different levels of the build 

orientation. 

One-way ANOVA for Grid support  

 

Table 9: One-way ANOVA for Grid Support 

Source DF Adj SS Adj MS F-Value P-Value 

Build 

Orientation 
4 337.97 84.49 7.34 0.025 

Error 5 57.6 11.52     

Total 9 395.57       
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 One-way ANOVA for Grid support tolerance value as a response and the P-value 0.025 

shows that the build orientation is statistically significant at a significant level 0.05. Fisher 

pairwise shows that the impact of the 45-degree build orientation is statistically different from 

other build orientations.    

One-way ANOVA for cross-support  

Table 10: One-way ANOVA for Cross Support  

Source DF Adj SS Adj MS F-Value P-Value 

Build 

Orientation 
4 157.6 39.4 1.81 0.265 

Error 5 109.1 21.83     

Total 9 266.7       

 
 

 

At a significant level of 0.05, the build orientation P value for the cross-support tolerance range 

is 0.265 based on one-way ANOVA. Comparing the results of a one-way ANOVA for Grid-

support and cross-support. Grid support gives a significant result compared to cross-support. 45-

degree build orientation gives a good print with a grid support P value of 0.025. 

A paired T-test was performed to check whether grid and cross-support structures have 

statistically significant different impacts on the percentile value. T-value of 1.96 suggests some 

difference between groups. 

Comparison of FDM-printed parts and Laser Powder Bed Fusion (L-PBF) prints. 

The primary objective of this comparative analysis is to compare two different additive 

manufacturing techniques, Fused Deposition Modeling (FDM) printing, and Laser Powder Bed 

Fusion (L-PBF) printing, regarding their ability to produce identical designs. The objective of the 
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comparison is to evaluate the building orientation of the prints without considering the materials 

used. The study aims to identify any similar defects in the printed parts. 

When comparing L-PBF parts and FDM parts, some defects in the parts are similar, and 

the vernier caliper was used to measure the defects. Below, the defects of different build 

orientations of FDM and L-PBF were examined. 

30-degree FDM part vs. L-PBF part 

The defect in the upper region of the 30-degree FDM P1 is similar to that observed in the 

upper region of the 30-degree L-PBF P1. The defect measured from the measuring origin for the 

FDM part is 16.5mm, while the defect measured from the measuring origin for the L-PBF is 

17.2mm, as measured with a vernier caliper. 

 
Figure 25: 30-degree L-PBF part 1 vs FDM Part. 

During the comparison, an additional 30-degree parts were produced using L-PBF and 

FDM. Defects were observed in L-PBF Part 2 and the FDM print, occurring from the 

measurement origin at distances of 21.4 mm and 18.2 mm, respectively. 
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Figure 26: 30-degree FDM part vs. L-PBF part (2). 

 

40-degree FDM part vs L-PBF part 

 
Figure 27: 40-degree L-PBF vs FDM 

 

Compared to the L-PBF and FDM components, the bridge section at 40-degrees displays 

some drooping. This occurrence occurs due to the overhanging structure and significantly 

influences the quality of the printed components' surfaces. 
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50-degree FDM part vs. L-PBF part  

A mid-section crack has been noticed in the 50-degree L-PBF parts. Similarly, the FDM 

part also has a defect in the mid-section. On measuring, it was found that the L-PBF defects 

occur from the measurement origin, 45.04mm; in the FDM, it is 44.2 mm. 

  
Figure 28: 50-degree FDM part vs. L-PBF part    
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CHAPTER IV 

CONCLUSION AND FUTURE WORK 

The results for design printed in the FDM process in this study show that in the robust 

accuracy metric, 45-degree with grid support gives a significant result. The ANOVA results 

show that at the statistical significance level of 0.05, support patterns have a significant impact 

on the accuracy metrics of mean and standard deviation, with P-values of 0.044 and 0.049. One-

way ANOVA for grid support revealed a significant P value of 0.025 for build orientation. 

Furthermore, a paired T-test with a T-value of 1.69 indicates that there is a difference between 

grid and cross-support systems. From this result, the 45-degree build orientation and grid support 

pattern show good print results, which was aligned with the expert result who printed the full 

part. The comparison between L-PBF and FDM prints has revealed that the defect patterns in 

both techniques are comparable.  

The ANOVA analysis has shown that in some of the accuracy metrics, the build 

orientation is not statistically significant at the statistical significance level of 0.05. Although 

visual inspections have identified some defects in the FDM, they are not reflected in the 

colormap deviation results that follow global geometric metrics. Therefore, to gain even more 

detailed information about the parts in future work, it is important to develop local geometric 

metrics that can identify local deviation patterns. Furthermore, a local registration algorithm 

must be implemented to detect these patterns effectively.  
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