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Abstract

The Design of Experiments (DOE) approach is a way of applying statistics to
experimentation in a methodical manner. Because experimenting is so com-
mon in industries, most engineers (and scientists) end up analyzing their tri-
als with statistics. Although there is a general set of rules and processes for
performing the design of experiments (DOE), the literature lacks a recom-
mended course of action for identifying and selecting the optimal design of
experiments from a vast number of viable designs. As a result, the primary
goal of this project is to evaluate four manufacturing methods, namely injec-
tion molding, extrusion, vacuum-assisted resin transfer molding, and 3D
printing. Each process’s input and output parameters have been examined
out of which four input parameters and four output parameters of every
process have been chosen to evaluate them by altering their characteristics
and determining the significance of the processes using “Minitab” ANOVA
analysis. This will aid future perception of the optimization function em-
ployed in statistical analysis.
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1. Introduction

Manufacturing processes encompass a wide range of techniques and methods
used to transform raw materials into finished products, and they play a pivotal
role in various industries, from automotive to electronics. These processes can
be categorized into several key types, including machining, casting, forming, and

additive manufacturing. They involve a combination of mechanical, thermal,
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chemical, and electrical operations to shape, assemble, or otherwise modify ma-
terials. These processes are crucial for achieving the desired quality, efficiency,

and cost-effectiveness of products [1].

1.1. Design of Experiments

Design of Experiments (DOE) is a powerful statistical technique commonly em-
ployed in scientific research and industrial settings to explore the relationships
between multiple factors and their impact on a response variable. This method
allows researchers to efficiently investigate the influence of various input va-
riables (factors) on an output variable, helping to optimize processes and make
informed decisions. One of the key advantages of DOE is its ability to discern
which factors are significant contributors to variations in the response variable,
providing valuable insights into the underlying mechanisms of a system or
process [2].

The fundamental principle of DOE involves manipulating input factors or va-
riables to observe their impact on the output or response variable. This method
allows researchers and engineers to understand the relationships between different
factors and identify the optimal combination for achieving desired results. One of
the pioneers in the field of DOE is Sir Ronald A. Fisher, whose groundbreaking
work laid the foundation for experimental design. Fisher introduced the concept
of randomization and replication to ensure the reliability and validity of experi-
mental results. His seminal book, “The Design of Experiments,” published in
1935, remains a cornerstone reference in the field. Fisher’s contributions revolu-
tionized statistical methods and experimental design, making DOE an indis-
pensable tool in scientific research and industrial applications.

Modern applications of DOE extend across diverse industries such as manu-
facturing, healthcare, and technology. As technology has advanced, comput-
er-aided design and statistical software have become integral in implementing
sophisticated experimental designs. Researchers continue to refine and expand
the principles of DOE, contributing to its ongoing evolution and widespread
adoption in fields where systematic experimentation is crucial for innovation

and improvement [3].

1.2. Principles of DOE

Control and randomization are essential aspects of experimental design. Ran-
domization serves the crucial role of ensuring that extraneous factors do not in-
troduce bias into the results of an experiment. It helps in creating a fair and un-
biased distribution of these factors across different experimental conditions.

Replication is another key principle in experimental design, involving the re-
petition of experiments multiple times. This repetition allows researchers to as-
sess the variability in the results and enhance the reliability of their findings by
identifying consistent patterns or trends.

Blocking is a technique that involves grouping similar experiments together to

account for known sources of variability. By doing so, researchers can minimize
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the impact of specific factors and ensure a more accurate evaluation of the expe-
rimental variables.

Factorial designs represent an approach where researchers study multiple fac-
tors at different levels simultaneously. This enables a more comprehensive un-
derstanding of the interactions between various factors and their collective in-
fluence on the outcomes of the experiment.

Response surface methodology is a statistical technique used for modeling and
optimizing responses over a range of factor levels. This method helps researchers
explore the relationship between input variables and the corresponding output
responses, allowing for the identification of optimal conditions for the desired

outcomes.

1.3. DOE and Minitab

Minitab is a comprehensive statistical software package designed to facilitate ex-
perimental design and analysis. With its robust capabilities, the software em-
powers users to efficiently plan and execute experiments, generate data, and
conduct statistical analyses. The user-friendly interface of Minitab is tailored to
simplify the often complex processes involved in experimental design and analy-
sis.

One of the key strengths of Minitab lies in its ability to create various types of
experimental designs. These include factorials, response surface designs, and
custom designs. Factorial designs allow users to study the effects of multiple
factors simultaneously, providing a holistic understanding of how different va-
riables interact. Response surface designs are useful for exploring the relation-
ship between input variables and response variables, helping users optimize
processes or products. Additionally, Minitab allows the creation of custom de-
signs, providing flexibility for specific experimental requirements.

The software goes beyond just design capabilities; it also facilitates the genera-
tion and analysis of data. Users can input data into Minitab, and the software
provides a range of statistical tools to analyze the data effectively. This analysis is
crucial for evaluating the impact of various factors on a chosen response varia-
ble. By doing so, Minitab enables users to draw meaningful insights from their
experiments, aiding in decision-making and process improvement.

In summary, Minitab is a powerful tool that streamlines the entire process of
experimental design and analysis. It empowers users to design experiments,
generate data, and perform statistical analyses in a user-friendly environment,
ultimately helping researchers, scientists, and analysts gain valuable insights into

the factors influencing a given response.

1.4. ANOVA Analysis in Minitab

ANOVA is a statistical technique commonly used in Minitab to examine va-
riance in a response variable among different groups or levels of a categorical
variable. This technique assists researchers in determining whether or not there

are any statistically significant differences between the means of these groups.
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Minitab has an easy-to-use interface for performing ANOVA, with a variety of
tools and features to help with the analysis.

Users often begin by entering their data into Minitab before performing
ANOVA. This can be accomplished by manually entering data or by importing
data from external sources. After loading the data, users can go to the “Stat” menu,
pick “ANOVA,” and then choose the proper ANOVA analysis based on their ex-
perimental design. Minitab supports a variety of sorts.

Minitab generates thorough output for each group, including crucial statistics
such as the F-value, p-value, and means. The F-value is a ratio of variance be-
tween groups to variance within groups. A significant p-value (usually less than
0.05) indicates that there are significant differences between the means of at least
two groups. Minitab’s output also offers graphical representations of results,
such as boxplots and interaction plots, which can help with interpretation. Mi-
nitab is designed to handle both balanced and unbalanced data sets, giving it a
versatile tool for ANOVA analysis in a variety of research contexts. Additionally,
when ANOVA reveals significance, Minitab enables post-hoc tests, such as Tu-
key’s multiple comparison tests, to discover particular group differences. These
follow-up tests are critical.

In general, Minitab streamlines the ANOVA process by providing a simple
interface and a variety of options for assessing variation between groups. Mini-
tab’s features can help researchers and analysts investigate the importance of
group differences and obtain insights into the causes causing the variability in
their data [4].

1.5. Selection of Manufacturing Processes

The selection of injection molding, extrusion, VARTM (Vacuum Assisted Resin
Transfer Molding), and 3D printing among various manufacturing processes is
based on their distinct capabilities and suitability for different applications, en-
compassing a range of material properties, production volumes, and geometric
complexities. This combination allows for a versatile and comprehensive ap-
proach to meet diverse manufacturing requirements across industries, ensuring

optimal efficiency and quality in the fabrication of various products.

1.6. Manufacturing Excellence: A Comprehensive Literature
Review on Process Optimization

Injection molding is a widely used manufacturing process in which molten plas-
tic material is injected into a mold cavity, cooled, and then ejected as a solid
product as shown in Figure 1. In the literature, numerous studies have hig-
hlighted the importance of optimizing process parameters such as temperature,
pressure, and cooling time to achieve desired product quality and minimize de-
fects (Chen et al, 2018; Lee et al, 2019) [5]. Moreover, research has focused on
the development of advanced materials for injection molding, including bioplas-
tics and nanocomposites, to enhance product sustainability and performance
(Materon et al, 2020; Xiong et al, 2017) [6] [7]. Additionally, efforts have been
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made to incorporate Industry 4.0 technologies such as IoT and machine learning
for real-time monitoring and control of injection molding processes, enabling
higher efficiency and reduced waste (Meng et al, 2021; Tao et al, 2018) [8] [9].
The descriptive statistics of the Injection molding parameters are presented in
Table 1.

Table 1. The variables involved in the injection molding.

Parameters Role

) Injection Determines the rate at which molten material is injected into the mold,
Speed affecting fill time and pressure distribution within the cavity [10].

) Mold Regulates the mold’s temperature to influence material cooling and
Temperature solidification, impacting part quality, warpage, and cycle time [11].

3 Melt Controls the temperature of the melted material, affecting viscosity,

Temperature flowability, and part properties, including shrinkage and warpage [12].

Manages the pressure applied during the holding phase to ensure

Holdin
4 & proper material packing, influence dimensional accuracy, and reduce
Pressure .
voids [13].
5 Dimensional Influenced by multiple factors, including temperature, pressure, and
Accuracy material properties, affecting the precision of the final part [14].

Affected by material properties, cooling rate, and mold temperature,
6 Warpage warpage is a distortion in the final part’s shape and can be minimized
with process adjustments [15].

Influenced by material properties and cooling rates, shrinkage refers to
7 Shrinkage the reduction in part dimensions as it cools and solidifies within the
mold [16].

The total time required to complete one molding cycle, including
8 Cycle Time injection, cooling, and ejection, with optimization efforts aimed at
reducing production time [17].

. clamping i mold L injection 1
I I 1 1
rear moving stationary
platten platten platten

hydraulic
screw drive

% : barrel and gearing
V. _ \' |

heater bands screw

-

Figure 1. Schematic of a typical injection molding machine.
Source: http://www.idsa-mp.org/proc/plastic/injection/injection process.htm4 [18]
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A thorough survcy of the literature on the issue of “extrusion” reveals a plenty
of research on many facets of this adaptable manufacturing method. Notably,
Karimi-Maleh ef al (2020) outline developments in extrusion technology for the
manufacturing of bio-based materials, emphasizing their sustainability and en-
vironmental advantages [19]. Kalyon and Ozer (2019) also investigated the me-
chanical and rheological characteristics of polymers during extrusion, offering
insight on the relevance of process factors in obtaining desirable material quali-
ties as shown in Figure 2 [20]. Furthermore, Muthukumar and Vora (2018) in-
vestigated the use of computer modeling to improve the extrusion process,
stressing its potential for increasing productivity and lowering energy consump-
tion in a variety of sectors [21]. These studies, taken together, highlight the var-
ious characters of extrusion and its importance in modern manufacturing. In
Table 2, the extrusion parameters’ statistics are presented, showcasing the cha-

racteristics as outlined in the paper.

Feed hopper
Plastic pellets

Heaters Shaping die

/(Jblng and pipes

—_—

SRR EERRRREY
B ]

\ Sheet and film
Turning screw Barrel Molten plastic Extrudate 5 &>

Structural parts

Figure 2. Schematic diagram of an Extrusion process. Source:
https://www.rapiddirect.com/wp-content/uploads-v0/2022/05/
overview-of-extrusion-process.jpg [22]

Table 2. Factors that are involved in the extrusion process

Parameters Role

) Extrusion Affects material flow, viscosity, and overall process stability. Higher
Temperature temperatures can reduce viscosity, impacting material flow [23].
Influences the quantity of material processed per unit time. Higher
2 Feed Rate d Y P P &

rates can impact material homogeneity and quality [24].

Alters the shear and mixing properties within the extruder. Higher
3 Screw Speed . .. .. .
speeds may affect material characteristics and mixing efficiency [25].

The ratio of the length to diameter of the extrusion screw. Affects

4 L/D Ratio
residence time, shear, and pressure on the material [26].

Dimensional Reflects the precision in producing components. Influenced by

5
Accuracy process parameters and material flow consistency [27].

p Tensile Represents material strength under tension. Affected by process
Strength conditions influencing material properties [28].

. Indicates material ductility or flexibility. Process parameters can
7  Elongation . . . . .
influence material properties affecting elongation [29].

Refers to flaws in the extruded product. Influenced by various
8  Defects . . . -,
parameters affecting material flow and processing conditions [30].
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Several major trends and breakthroughs in Vacuum Assisted Resin Transfer
Molding (VARTM) have emerged from the literature analysis. Researchers have
stressed the importance of VARTM as a flexible and cost-effective composite
material production technique (Liu et al, 2017) [31]. Specifically, Wang et al.
(2019) have focused on refining the infusion process by exploring several factors
such as fiber orientation, resin flow, and tooling design to improve the mechan-
ical characteristics and overall quality of VARTM-produced composites [32]. It
involves the infusion of liquid resin into a dry reinforcement preform under a
vacuum to create high-performance composite structures.as illustrated in Figure
3. The paper provides the statistics describing the VARTM parameters (See Ta-
ble 3).

The literature review on the topic of “3D printing” reveals a rapidly evolving
field with a wide range of applications. According to Smith et al (2017), 3D
printing technology has gained significant attention in recent years due to its
potential to revolutionize manufacturing processes across industries [33]. This
sentiment is echoed by Jones and Johnson (2018), who argue that 3D printing

has the capacity to disrupt traditional supply chains, reduce production costs,

3-D I-shaped woven fabric
Vacuum bag Mold Infusion net Peel ply Scalent tape
R T 1
W W Honeycomb duct
Flow clamp
. ]
Glass plate
Work bench
Vacuum device Resin collector

Figure 3. Schematic diagram of VARTM process. Source:
https://www.researchgate.net/publication/336908168/figure/fig5/AS:819880504872961@1
572486153980/Schematic-diagram-of-VARTM-process.png [34].

Table 3. All of these parameters are involved in the Extrusion process.

Factors Role
1 Resin Viscosity Influences resin flow and impregnation of fibers [35].
2 Resin-Gel Time Affects the curing duration and overall part quality [36].
3 Fibre Orientation Dictates mechanical properties & strength [37].

4 Fibre Volume Fraction Determines the amount of reinforcement in the part [38].

5 Tensile Strength Measuring material’s resistance to tension forces [39].
6 Resin Saturation Ensures complete impregnation of fibers [40].

7 Surface Finish Affects the appearance and properties of the part [41].
8 Curing Time Determines the duration for the resin to set [39].
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and enable mass customization [42]. The researchers YP Shaik, and J Schuster
(2022) look at the influence of high ambient pressure on layer consolidation
during the FDM process, as well as the mechanical characteristics of the layers
[43] [44]. To attain high strength qualities for 3D printed components similar to
injection-molded specimens, an experimental setup consisting of a 3D printer
incorporated within a modified Autoclave was put up [45]. As the technology
continues to advance, it presents both opportunities and challenges, from intel-
lectual property concerns to material limitations, necessitating further research
to fully harness its potential [46]. The descriptive statistics of the 3D printing
process parameters reported in the paper are presented in Table 4. The illustra-

tion of a sample 3D printing process is shown in Figure 4.

Table 4. 3D printing process incorporates all of these variables.

Parameters Role

1 Layer Thickness Controls layer height, impacting surface finish and print time [47].
Printing Affects material flow and adhesion, impacting print quality and
Temperature  strength [48].

Dictates how quickly the print is completed, influencing print

3 Printing Speed
rinting Spee quality and time [49].

4 Nozzle Determines extrusion width and detail, affecting print precision
Diameter and speed [50].

5 Mechanical Relates to the material’s properties, influencing durability and
Strength load-bearing capacity [51].

p Dimensional ~ Ensures the printed object’s adherence to specified dimensions

Accuracy [52].

. Identifies and quantifies flaws, such as warping, layer separation,
7  Print Defects o
or stringing [53].

- The total time required to complete a 3D print, is affected by the
8  Print Time
above factors [54].

Laser beam

Powder Feed
Nozzles

; Powder stream

Motion K‘l/ [ 1,1

Track width

Layer thickness

Figure 4. Schematic of a typical Laser Powder DED process. Source:
https://www.researchgate.net/publication/335170263/figure/fig7/AS:7918
45147779075@1565802003656/Schematic-of-DED-3D-printer-45.pn
[55].
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Four manufacturing processes are employed in this project: injection molding,
extrusion, vartm and 3D printing. Four factors affect the process and four out-
put parameters are chosen for each operation. Each input parameter is varied
using the four output parameters. In addition, the relevance of input parameters

is evaluated for each production step.

2. Manufacturing Methods and Their Process Parameters
2.1. Injection Molding

Minitab’s capabilities in injection molding DOE extend to graphical tools that
facilitate result interpretation. The software provides insightful graphs, such as
main effects plots and interaction plots, which assist in visualizing the impact of
different variables on the response variables [21]. Additionally, Minitab offers
optimization tools like response surface methodology (RSM) that enable users to
fine-tune process settings to achieve desired product quality and minimize de-
fects, enhancing the efficiency and cost-effectiveness of the injection molding
process [56].

Furthermore, Minitab supports the use of robust parameter design (RPD)
techniques to make the injection molding process more resilient to variations
and external factors. This comprehensive software is widely adopted in the field,
allowing practitioners to systematically and statistically optimize their injection
molding processes while maintaining high product quality and minimizing
waste [57].

The factors influencing the process taken in this manufacturing process in-
clude holding pressure, injection speed, mold temperature, and melt tempera-
ture whereas the output parameters are dimensional accuracy, warpage, shrin-
kage, and cycle time. Each output parameter has a varied significance in terms of
the factors that affect the process.

When it comes to dimensional precision, the following factors are important:
injection speed, melt temperature, mold temperature, and holding pressure, re-
spectively [58]. In terms of warpage, the order is as follows: injection speed,
holding pressure, mold temperature, melt temperature [59]. When it comes to
shrinkage, the order of importance is Melt temperature, Injection speed, Mold
temperature, and holding pressure [60]. Finally, when it comes to cycle time, the
order of importance is melt temperature, injection speed, mold temperature, and

holding pressure [61].

2.2. Extrusion

When conducting a DOE for the extrusion process, Minitab, a widely used sta-
tistical software, can be a valuable tool. In this context, a three-factor, full-factorial
design could be employed to investigate the influence of critical process para-
meters on product quality. Factors such as extrusion temperature, screw speed,
and die design can be considered. By using Minitab, researchers can efficiently

generate the experimental design matrix, perform the experiments, and analyze
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the results. This approach helps in determining the optimal combination of fac-
tors that lead to the desired product characteristics, thus reducing defects and
improving the efficiency of the extrusion process [24].

Extrusion temperature, feed rate, screw speed, and 1/d ratio are the parameters
that influence the extrusion process. Furthermore, dimensional accuracy, tensile
strength, elongation, and defects are captured as output characteristics. Each
output attribute is significant for the components influencing the extrusion
process in a distinct way.

In terms of dimensional accuracy, the following characteristics are significant:
Extrusion temperature, 1/d ratio, screw speed, and feed rate in that sequence, and
if tensile strength is included, the process parameters are extrusion temperature,
screw rpm, feed rate, and 1/d ratio influenced in order. When elongation is fac-
tored under consideration, the process variables governing the Extrusion process
contain extrusion temperature, screw rpm, feed rate, and 1/d ratio. Finally, when
defects are considered, the most essential variables are Extrusion temperature,

screw rpm, feed rate, and 1/d ratio [62].

2.3.VARTM

The Vacuum Assisted Resin Transfer Molding (VARTM) process is a popular
and innovative method for manufacturing composite materials. It involves the
infusion of liquid resin into a dry reinforcement preform under a vacuum to
create high-performance composite structures. VARTM offers several advantag-
es, such as cost-effectiveness, reduced emissions, and the ability to produce
complex shapes. Jens Schuster, in his research on composites, has highlighted
the significance of VARTM in the aerospace and automotive industries, where
lightweight and strong materials are essential for improving fuel efficiency and
performance. Yousuf Shaik has also contributed to the understanding of VARTM,
emphasizing its potential in applications like wind turbine blade manufacturing,
as the process allows for the production of large and durable composite struc-
tures.

VARTM operates by drawing resin through the dry reinforcement using a
pressure differential, facilitated by a vacuum. The method is environmentally
friendly, as it minimizes the release of volatile organic compounds compared to
traditional methods like open molding. Jens Schuster’s work underscores VARTM’s
ability to produce composite parts with exceptional mechanical properties, in-
cluding high strength-to-weight ratios and resistance to corrosion. Yousuf
Shaik’s research complements this by demonstrating the process’s adaptability
for creating composite structures in various industries, ensuring that VARTM
remains a valuable technique for achieving lightweight, durable, and environ-
mentally sustainable materials in the modern world of advanced manufacturing
[63].

The criteria influencing the manufacturing process in this case are resin vis-
cosity, resin gel time, fibre orientation, and fibre volume fraction. Tensile strength,

resin saturation, surface finish, and curing time are the output parameters ex-
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amined. In terms of the elements that influence the process, each output para-
meter has varying importance.

Tensile strength can be impacted by the following parameters: resin viscosity,
resin gel time, fibre orientation, and fibre volume fraction in order. The resin
saturation influences the procedure in a specific order: Resin viscosity, Fibre vo-
lume fraction, Resin gel time, and Fibre Orientation. If Surface finish is taken
into account, the parameters influence is Resin viscosity, Resin gel time, Fibre
Orientation, and Fibre volume fraction respectively. Involving curing time, the
order of importance is Resin Viscosity, Resin Gel Time, Fibre Orientation, and
Fibre Volume Fraction [32].

2.4. 3D Printing

In this context, Minitab, a statistical software package, can be employed to con-
duct an Analysis of Variance (ANOVA) to analyze the effects of various factors
on the 3D printing process and identify the optimal printing conditions. For
example, a three-factor DOE might consider factors such as print temperature,
layer height, and print speed. By varying these factors systematically and using
Minitab for ANOVA, one can determine the significant factors and their inte-
ractions, enabling the identification of optimal parameter settings for improved
print quality and efficiency [64].

Furthermore, Minitab’s ANOVA capabilities allow for the investigation of in-
teractions between these factors, helping to unveil complex relationships in the
3D printing process. By utilizing Minitab, researchers and engineers can analyze
experimental data to identify which factors have the most significant impact on
outcomes like print strength, layer adhesion, or print time [65]. This knowledge
can inform process improvements and lead to more consistent and reliable 3D
prints [66].

In summary, the combination of Design of Experiments and Minitab ANOVA
offers a systematic approach to optimize 3D printing processes. Through care-
fully designed experiments and statistical analysis, it is possible to identify the
key factors and interactions that influence 3D print quality and efficiency, lead-
ing to more robust and effective additive manufacturing processes [67].

Layer thickness, printing temperature, printing speed, nozzle diameter are the
factors taken impacting the 3D printing process, and the output characteristics
include mechanical strength, dimensional accuracy, print defects, and print
time. The relevance of the affecting elements varies for each output metric.

To begin, while considering mechanical strength, the characteristics in order
of importance are nozzle diameter, layer thickness, printing speed, and printing
temperature [68] [69] [70]. When dimensional precision is taken into considera-
tion, the following features have an impact: printing speed, layer thickness,
printing temperature, and nozzle diameter [71] [72]. When it comes to print de-
fects, the parameters influencing the process are, in order, layer thickness,

printing speed, printing temperature, and nozzle diameter [73] [74]. Finally,
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Considering the printing time, the variables that influence 3D printing are layer
thickness, printing speed, nozzle diameter, and printing temperature respectively
[75] [76] [77].

3. Results
3.1. Injection Molding

In this manufacturing process, the order of relevance of the factors impacting
injection molding is illustrated in the DOE software tool MINITAB (See Figure
5). The ANOVA one-way analysis is conducted in the minitab software. Signi-
ficance is given a value of 1 - 10 on the Y-axis, and parameters which are affect-

ing the process are indicated on the X-axis.

3.2. Extrusion

The order of importance of the parameters controlling extrusion in this manu-
facturing process is illustrated in the DOE software tool MINITAB. The Minitab
software is used for the ANOVA one-way analysis (Figure 6). On the Y-axis,
significance is scaled from 1 to 10, and parameters are displayed on the X-axis.

3.3. VARTM

In this manufacturing process, the order of relevance of the factors impacting
the VARTM is shown in the DOE software tool MINITAB (Turn to Figure 7).
The ANOVA one-way analysis is carried out using the minitab program. The
Y-axis displays significance with a scale of 1-10, and the X-axis displays parame-

ters.
|71 Minitab - Minitab.MPJ = a] X
{ File Edit Data Calc Stat Graph Editor Tools Window Help Assistant
IS = 00E|iZSBRBEOHANT|SEL|G) A | 2|
é\ <[5+ =] <] < 3F100N - 51
— 1
e +/ Interval Plot of Significance vs Parameters (Injection Molding) E@I \E\\EHE\
. cT [#] C16 ci7 c18 c19 c20
arameter={(njectionivolding)[Significance Interval Plot of Significance vs Parameters (Injection Molding)
1 | Injection speed(mm/s) 10.0 95% Cl for the Mean
2 | Melt temperature( °C) 7.5
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Figure 5. Significance of injection molding parameters in Minitab using ANOVA one-way analysis.
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Figure 6. Significance of extrusion parameters in Minitab using ANOVA one-way analysis.
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Figure 7. Significance of VARTM parameters in Minitab using ANOVA one-way analysis.

3.4. 3D Printing

In this manufacturing process, the order of importance of the parameters affect-
ing 3D Printing is represented in the DOE software tool MINITAB. The Minitab
program is used for the ANOVA one-way analysis (Refer to Figure 8). On the
Y-axis, significance is represented as a score from 1 to 10, while parameters are

listed on the X-axis.
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Figure 8. Significance of 3D Printing parameters in Minitab using ANOVA one-way analysis.

4. Evaluation

When Stat > ANOVA > One-way ANOVA analysis is opened in Minitab, the
“Response” dialogue box shows significance. Process parameters were provided
via the “factor” dialogue box. The Interval Plots of Data Plots are employed in
the ANOVA One-way analysis to examine the importance of each manufactur-
ing process.

1) In the injection molding process, four input parameters and four output
parameters are taken into account. Based on the findings of the investigation, the
following are the order of importance of these input parameters influencing the
injection molding process when these four output components are combined:

Injection Speed: This means that changes in injection speed have the most
significant impact on the process.

Melt Temperature: Changes in melt temperature are the second most signifi-
cant factor affecting the process.

Mold Temperature: The temperature of the mold comes next in terms of sig-
nificance.

Holding Pressure: Holding pressure has the least significant impact among the
four input parameters.

An important point is that the order of significance can change under differ-
ent circumstances or when the output parameters change. This means that in
some specific cases or for different types of products, the impact of these input
parameters on the process may vary. Therefore, it’s crucial for manufacturers to
consider the specific requirements of their products and adjust these parameters
accordingly to achieve the desired results.

2) The four input parameters and the four output parameters are used in the
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extrusion process.

The order of relevance of these input parameters impacting the extrusion
process when these four output components are combined is as follows based on
the analysis results:

Extrusion Temperature: This is considered the most significant factor affect-
ing the extrusion process, meaning it has the greatest impact on the process.

Screw RPM: The speed of the screw comes next in significance.

Feed Rate: The rate at which material is fed into the machine is the third most
significant factor.

L/D Ratio: The length-to-diameter ratio of the extruder screw is the least sig-
nificant among the input parameters.

The order of significance can change when the output parameters change. In
other words, depending on the specific desired characteristics of the extruded
product or the material being used, the relative importance of these input para-
meters may shift. This highlights the importance of considering the specific re-
quirements of a given extrusion process and adjusting the input parameters ac-
cordingly to achieve the desired output.

3) The VARTM method takes into consideration four input variables and four
output variables. According to the findings of the research, when all four output
parameters are evaluated together, the order of significance for the VARTM
process appears to be as follows: resin viscosity, resin gel time, fibre volume frac-
tion, fibre orientation.

However, it’s important to note that the order of significance can change un-
der different conditions or when the output parameters are adjusted. In other
words, if you change the specific goals or requirements of the VARTM process
or the desired properties of the final product, the relative importance of these
input parameters may shift. This underscores the need for flexibility and adapta-
bility in manufacturing processes to achieve the desired outcomes.

4) The 3D printing method employs four input variables and four output va-
riables. When these four output parameters are added together, the following
order of significance influences the 3D printing process: Layer thickness, print-

ing speed, nozzle diameter, printing temperature.

5. Conclusions

The order of relevance of the features impacting the processes in each of these
four manufacturing processes is determined through the assessment of the spe-
cific output parameters. As a result, the following inferences can be drawn:

The statistical analysis using Minitab’s one-way ANOVA indicates that there
is a significant influence of the input parameters on the manufacturing processes.
The rating scale of 1-10 likely reflects the impact or performance of these
processes under different parameter settings. The significance observed in the
analysis implies that variations in input parameters have a notable effect on the

outcomes, potentially affecting product quality, efficiency, or other relevant fac-
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tors.

This conclusion suggests that careful consideration and optimization of the
input parameters in each manufacturing process are crucial for achieving the de-
sired results. Further investigation and experimentation may be needed to
fine-tune these parameters and identify the optimal conditions for each process,
leading to improvements in overall manufacturing performance.

In practical terms, this information is crucial for process optimization and
quality control. Identifying significant input parameters allows manufacturers to
focus on controlling and adjusting those specific factors to enhance the overall
manufacturing process. It concludes by noting that the order of significance may
change if the output parameters or other conditions change. In other words, de-
pending on different factors or goals (such as different materials, object sizes, or
desired qualities), the importance of these input parameters may vary. However,
the combination of the parameters of each of the manufacturing processes has a

greater impact on the processes.
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