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B S I

Abstract: Additive manufacturing, commonly known as 3D printing, has significantly advanced
component production across multiple industry sectors. Despite its numerous benefits, including
reduced lead times and the ability to produce complex geometries, a few obstacles still prevent
widespread adoption. Current research efforts have predominantly focused on in-situ monitoring
and investigating the mechanical properties of 3D printed materials, with limited attention given to
the sources of skewness in the fabricated products. To address this gap, our study aims to explore
the factors contributing to skewness in 3D-printed objects. Specifically, we examine the influence of
the belt and carriage wheel conditions within the 3D printer on the shape of the fabricated products,
resulting from potential distortions in the orientation of the print head carriage during the printing
process. A comprehensive analysis was employed, utilizing One-Way ANOVA, Tukey, Fisher Least
Significant Difference Method, and Friedman Rank test, to establish statistically significant evidence
supporting the notion that the mechanical components, namely the belt, and wheel, have a substan-
tial impact on the orientation of the print head, consequently leading to skewness in the final 3D
printed products.
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1. Introduction

3D Printing, also known as Additive Manufacturing (AM), is an innovative and
transformative technology that has the potential to disrupt traditional design and manu-
facturing practices developed over the past two centuries [1,2]. AM has been implemented
in the fields of optics [3], construction [4], medicine [5,6], food processing [7], Dental [8,9],
Biotechnology [10], Mechanical systems [11-14], Aerospace [15], Automobile [16-18],
Electrical [19,20], Electronic [21-23], and Fashion[24,25]. Although 3D printing offers var-
ious advantages, such as decreased lead times and the ability to produce intricate geom-
etries, several barriers remain to hinder its widespread adoption. Extensive research ef-
forts have been undertaken to characterize the mechanical properties [26-31] and thermal
properties [32-36] and establish reliable quantification methods for 3D printed compo-
nents [37-41].

Researchers have conducted extensive investigations into using various sensors, in-
cluding accelerometers [42-44], cameras [45,46], acoustic emission sensors[47,48], and
thermocouples [49-52], for in situ monitoring. Through these studies, it has been consist-
ently observed that employing in situ monitoring techniques enables the prediction of the
health condition of 3D printers and facilitates the detection of defects in the quality of the
printed products. Sensing systems are crucial for the effectiveness of in situ monitoring
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systems; however, their capability to accurately attribute a signal to a specific fault source
is constrained by their signals’ limited “uniqueness” [53]. Researchers have investigated
the mechanical properties of 3D printed components, specifically examining factors such
as tensile strength [54], nozzle temperature [55], infill orientation [56], printing speed, and
feed rate [57]. The findings of this study revealed that the upright infill orientation demon-
strated the lowest mechanical properties, whereas the on-edge and flat infill orientations
exhibited the highest levels of mechanical strength [12].

The literature reviewed above encompasses recent endeavors to investigate in situ
monitoring techniques and mechanical properties of structures produced through Fused
Filament Fabrication (FFF) 3D printing technologies. While substantial efforts have been
devoted to evaluating material properties, a noticeable gap exists in understanding the
influence of print head orientation during fabrication. Furthermore, research regarding
the effects of different belt and wheel parameters on the performance of 3D printers has
been scarce up to this point.

This study undertakes an experimental endeavor to assess the print head orientation
and carriage condition of a 3D printer. Additionally, it investigates the impact of belt and
wheel parameters. The findings of this research offer valuable insights into understanding
the influence of these factors on the overall performance of the 3D printing process.

This article is structured as follows: Section 2 presents an overview of the experi-
mental setup utilized in this study. Section 3 provides a detailed explanation of the exper-
imental design techniques employed. The findings and discussions derived from the ex-
periments are presented in Section 4. Finally, Section 5 concludes the article with a sum-
mary of the key outcomes and provides concluding remarks based on the current work.

2. Experimental Setup

Figure 1 illustrates the experimental setup employed for the statistical analysis. A
Bowden tube style Fused Filament Fabrication (3D printing) machine manufactured by
Creality (the Ender 3) was utilized to observe the movement of the print head carriage. A
3-axis MPU6050 Accelerometer/Gyroscope sensor was mounted on the carriage of the
printer to capture the angular velocity and acceleration data as the print head traversed
the y-axis of the machine. The sensor was connected to an Arduino Uno microcontroller
for data acquisition. To ensure data integrity, an SD shield and a Laptop were employed
to record and save the collected data. The recorded data comprised different angular ve-
locities corresponding to belt and carriage wheel conditions. Statistical analysis was con-
ducted to evaluate the significance of these recorded angular velocities.

Y 3DPRINTER
(ENDER 3)

ARDUINO UNO MPU6050
AND SD SHIELD

LAPTOP
(WITH ARDUINO IDE)

Figure 1. Experimental setup used for checking for the factors contributing to skewness in 3D
printed samples.
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3. Experimental Design

The experimental setup depicted in Figure 1 was utilized with minor modifications

applied to the belt and carriage wheel configurations, as shown in Figure 2. These varia-
tions allowed for examining the print head carriage under different conditions, aiding in
a comprehensive assessment of its performance. These conditions are stated thus:

a.

Leveled Belt-Tight Wheel: This is the state desired for the 3-D printer to maintain as
it fabricates products. This condition ensures stable orientation of the printer carriage
head as it moves from one point to the other in the x, y, and z directions. In addition,
the eccentric nut holding the wheel, which drives the carriage is well-tightened while
the belt is leveled.

Unleveled Belt-Tight Wheel: This condition is achieved by creating bumps along
the belt path to observe what happens when the carriage is slightly misoriented.
Leveled Belt-Loose Wheel: This condition makes the carriage head tilt and generates
an inconsistent orientation as it moves along the reel because of loosed wheels, alt-
hough the belt is leveled.

Unleveled Belt-Loose Wheel: This is an extreme case where the belt and wheels are
unstable

The eccentric nut in the
Carriage wheel

- -y

(b)

Figure 2. (a). The print head carriage, along with the integration of an MPU6050 sensor
and blue tapes placed to interrupt the belt path. (b). The eccentric nut in the carriage
wheel, which was intentionally varied during the course of the experiment.
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This study analyzed the conditions based solely on the recorded angular velocity
data obtained from the MPU6050 sensor. The focus was primarily on the changes in the
orientation of the print head carriage. By utilizing the angular velocity data, much insight
would be gained through the rotational motion of the carriage during different experi-
mental conditions. This approach allowed the examination of how variations in orienta-
tion affected the performance and behavior of the print head carriage. The analysis of the
recorded angular velocity data served as a valuable tool in understanding the dynamics
and characteristics of the print head carriage in relation to its orientation changes.

The data collection process commenced immediately after the default calibration rou-
tine, which involved a 15-nd pause on the print head carriage to calibrate its orientation.
Subsequently, the carriage was driven back and forth along the x-axis of the reel, covering
a distance of 100 mm. The speed of this movement was set at 1000 mm/min for a duration
of one minute and thirty seconds. Throughout this motion, a total of 1500 data points were
recorded and saved in the laptop’s storage for subsequent analysis. The recorded data
points captured the relevant variables (x, y, and z angular velocity) necessary for evaluat-
ing the performance and behavior of the print head carriage during the specified move-
ment scenario. These data points will be subjected to thorough analysis and examination
to extract meaningful insights and draw valid conclusions regarding the carriage's orien-
tation and motion characteristics. The equations employed for checking statistical evi-
dence and determining significance will be elaborated in Appendix A.

3. Result and Discussion

The analysis in this study involved reducing the initial dataset of 1500 data points
into 30 data points. This reduction was achieved by segmenting the collected data into
sections of 50 data points each. This reduction aimed to streamline the dataset for further
analysis and interpretation. Firstly, the correlation matrix in Figure 3 presented a compre-
hensive overview of the correlations between root mean square (RMS) values of the dif-
ferent explore conditions, allowing for determining the degree of correlation. By examin-
ing the correlation coefficients, we can evaluate whether the variables exhibit perfect,
strong, or weak correlations with each other.

Correlation Matrix

-09
Leveled-Tight —
-08
=07
Unleveled-Tight 06
05
04
Leveled-Loose 03
0.2
0.1
Unleveled-Loose

0

1 -0.1

Leveled-Tight Unleveled-Tight Leveled-Loose Unleveled-Loose

Figure 3. The correlation matrix for Leveled Belt-Tight Wheel condition, Unleveled Belt-Tight Wheel
condition, Leveled Belt-Loose Wheel condition, and Unleveled Belt-Loose Wheel condition.

The correlation matrix analysis revealed that either uncorrelated or weak correla-
tions were observed among the data collected for each condition. This finding suggests
that variations in the condition of the belt and wheel of the 3D printer directly corre-
sponded to changes in the orientation of the print head carriage. The lack of strong corre-
lations or the presence of weak correlations between the collected data indicates that
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Summary Report for Leveled-Tight

alterations in the belt and wheel conditions had a noticeable influence on the orientation
of the print head carriage. As the condition of the belt and wheel changed, the orientation
of the carriage exhibited corresponding adjustments. These results highlight the direct re-
lationship between the belt and wheel conditions and the orientation of the print head
carriage.

Figure 4 presents the normality test graphs generated using Minitab software. These
graphs are based on the reduced data points corresponding to the four different condi-
tions examined in the study. The normality test determines the distributional characteris-
tics of the data, thereby facilitating the selection of appropriate parametric or non-para-
metric statistical tests for further analysis. Table 1 provides the descriptive statistics for
each of the conditions investigated. The combination of the normality test graphs from
Figure 3 and the descriptive statistics presented in Table 1 assists in elucidating the nature
of the collected data and determining the appropriate statistical methods for subsequent
analyses.

Summary Report for Unleveled-Tight

Anderson-Darling Normality Test Anderson-Darling Normality Test
A-squared 0.46 A-Squared 148
P-Value 0.244 P-Value <0.005
Mean 45718 Mean 5.6675
StDev 0.0274 StDev 13247
Variance 0.0008 Variance 17548
Skewness 0.168945 Skewness 0.745877
Kurtosis 0.287144 Kurtosis -0.684791
N 30 N 30
Minimum 4.5065 Minimum 42354
1st Quartile 4.5551 1st Quartile 4.5084
Median 4.5669 Median 5.1144
3rd Quartile 4.5989 3rd Quartile 6.9256
Maximum 4.6352 Maximum 8.7892
95% Confidence Interval for Mean ke ¥ L] L 2 » 95% Confidence Interval for Mean
4.5616 4.5820 51729 61622
_ { 95% Confidence Interval for Median —7 95% Confidence Interval for Median
45574 4.5776 45585 6.4372
95% Confidence Interval for StDev 95% Confidence Interval for StDev
0.0218 0.0368 1.0550 17808
95% Confidence Intervals 95% Confidence Intervals
e A P —
i
4560 4565 4570 4575 4580 4585 45 50 55 60 65
Summary Report for Leveled-Loose Summary Report for Unleveled-Loose
Anderson-Darling Normality Test Anderson-Darling Normality Test
A-squared 358 A-squared 022
P-value <0.005 P-Value 0.808
Mean 5.0154 Mean 13.947
StDev. 0.6692 StDev 4.289
Variance 0.4478 Variance 18.391
Skewness 2.71208 Skewness 0.141003
Kurtosis 7.64709 Kurtosis -0.139128
N 30 N 30
Minimum 44935 Minimum 5.300
1st Quartile 46361 1st Quartile 1301
Median 48446 Median 13.732
3rd Quartile 5.0350 3rd Quartile 16.230
Maximum 7.4786 Maximum 23.167
“@ 56 L 2 95% Confidence Interval for Mean L] - L - 95% Confidence Interval for Mean
47656 5.2653 12.346 15.549
P * * * 95% Confidence Interval for Median _ 95% Confidence Interval for Median
46503 49473 12.146 15.590
95% Confidence Interval for StDev 95% Confidence Interval for StDev
0.5329 0.8996 3.415 5.765
95% Confidence Intervals 95% Confidence Intervals
i M t |
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Figure 4. The descriptive statistics summary report and normality plot for (a) Leveled
Belt-Tight Wheel condition; (b) Unleveled Belt-Tight Wheel condition; (c) Leveled Belt-
Loose Wheel condition; (d) Unleveled Belt-Loose Wheel condition.

Table 1. shows the descriptive statistics with the p-value of the condition.

Conditions Mean Std. Dev.  Variance p-Value
Leveled Belt-Tight Wheel 4.572 0.027 0.00075 0.244
Unleveled Belt-Tight Wheel 5.668 1.325 1.755 <0.005
Leveled Belt-Loose Wheel 5.015 0.669 0.448 <0.005

Unleveled Belt-Loose Wheel 13.947 4.289 18.391 0.808
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The normality plots generated from the analysis indicate that the data for the condi-
tions “Leveled Belt-Tight Wheel” and “Unleveled Belt-Loose Wheel” exhibit a normal
distribution. The p-values associated with these conditions are 0.244 and 0.808, respec-
tively. Conversely, the distribution of data for the other two conditions remains unknown.
Based on these findings, the subsequent analysis can be conducted using parametric and
non-parametric tests while considering a type 1 error, a, of 0.05. Since the data for the
“Leveled Belt-Tight Wheel” and “Unleveled Belt-Loose Wheel” conditions follow a nor-
mal distribution, parametric tests such as One-Way Analysis of Variance (ANOVA),
Tukey Pairwise Comparison, and Fisher-Least Significant Difference (LSD) methods were
applied.

Table 2 illustrates the hypothesis and the significance level used for the parametric
analysis. The one-way ANOVA result presented in Table 3 demonstrates the influence of
the belt and wheel condition on the orientation of the print head, consequently affecting
the shape of fabricated products. The obtained p-value of zero suggests rejecting the null
hypothesis, indicating significant evidence supporting the assertion that a meaningful dif-
ference exists in the print head's mean root mean square (RMS) orientation based on the
varying belt and carriage wheel conditions. These findings highlight the impact of the
experimental conditions on the overall performance and behavior of the print head. By
rejecting the null hypothesis, it can be inferred that the belt and carriage wheel condition
plays a significant role in determining the orientation of the print head during the fabri-
cation process. This observation underscores the importance of carefully selecting and op-
timizing the belt and wheel configurations to ensure consistent and accurate fabrication
results.

Table 2. The hypothesis and type 1 error significance level.

Null hypothesis All means are equal
Alternative hypothesis Not all means are equal
Significance level a=0.05

Table 3. Results from One-Way Analysis of Variance for the parametric machine conditions
(“Leveled Belt-Tight Wheel” and “Unleveled Belt-Loosed Wheel”).

Source DF  AdjSS Adj MS F-Value p-Value
Machine- 1 13185 131846 143.37 0.000
Condition

Error 58 533.4 9.20

Total 59 1851.8

Table 5 presents the comparison results obtained using Tukey Pairwise Comparison
and Fisher-Least Significant Difference (LSD) methods. These methods were employed to
analyze and compare the grouping information of the two parametric conditions under
investigation. The primary objective of employing these statistical methods was identify-
ing significant differences between the various groups formed by the parametric condi-
tions. Tukey Pairwise Comparison and Fisher-LSD methods are widely recognized and
utilized in statistical analysis for conducting multiple pairwise comparisons between
means.

Table 5a. Grouping Information Using the Tukey Method and 95% Confidence Interval (CI).

Machine-Condition N Mean Grouping
Unleveled-Loose 30 13.947 A
Leveled-Tight 30 4.57180 B
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Table 5b. Tukey Simultaneous Tests for Differences of Means.

. Difference SE of o Adjusted
Difference of Levels of Means Difference 95% CI T-Value p-Value
Unleveled Belt-Loosed Wheel g /. 0.783 (7.808, 10.943) 11.97 0.000

and Leveled Belt-Tight Wheel

Table 5¢c. Grouping Information Using the LSD Method and 95% Confidence Interval (CI).

Machine-Condition N Mean Grouping
Unleveled-Loose 30 13.947 A
Leveled-Tight 30 4.57180 B

Table 5d. Fisher Individual Tests for Differences of Means.

Difference of Levels Difference .SE of 95% CI T-Value Adjusted
of Means Difference p-Value
leveled Belt-L Wheel
Unleveled Belt-Loosed eel o 0783 (7808, 10.943) oy 0.000

and Leveled Belt-Tight Wheel

Using Tukey’s and LSD methods, similar results were obtained, indicating that the
grouping information derived from the two machine conditions (“Leveled Belt-Tight
Wheel” and “Unleveled Belt-Loose Wheel”) is significantly distinct. These findings
strongly imply that the state of the belt and gear components indeed influences the orien-
tation of the print head carriage. The observed distinctions in grouping information sug-
gest that there is evidence that variations in the state of the belt and gear have a notable
impact on the orientation of the print head carriage.

However, a non-parametric analysis was conducted on the entire set of conditions
using the Friedman Rank Test due to the unknown distribution of the “Unleveled Belt-
Tight Wheel” and “Leveled Belt-Loose Wheel” conditions. This test is equivalent to a re-
peated measures ANOVA and is suitable for analyzing data when parametric assump-
tions are unmet. Tables 6 and 7 provide the descriptive statistics and test results obtained
from the Friedman Rank Test. These tables offer valuable insights into the data and the
outcomes of the statistical analysis. The results of the Friedman Rank Test revealed a sig-
nificant rejection of the null hypothesis, as indicated by a p-value of zero. This finding
indicates the presence of statistically significant evidence to support the assertion that the
mean difference in the orientation of the carriages is indeed influenced by the gear and
wheel conditions under investigation. These results further emphasize the importance of
considering the gear and wheel components’ condition when examining the carriages’
orientation. By rejecting the null hypothesis, the analysis affirms that the gear and wheel
conditions play a significant role in affecting the orientation of the carriages during the
experimental procedures.

Table 6. The Descriptive Statistics from Friedman Rank Test.

Machine-Condition N Median Sum of Ranks
Leveled-Loose 30 4.9493 70.0
Leveled-Tight 30 45211 41.0

Unleveled-Loose 30 13.3443 119.0
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Unleveled-Tight 30 5.2660 70.0
Overall 120 7.0202

Table 7. Hypothesis Test and Results from Friedman Rank Test.

Null hypothesis Ho: All treatment effects are zero
Alternative hypothesis Hi: Not all treatment effects are zero
DF Chi-Square p-Value
3 62.84 0.000

Thus, based on the analysis conducted, it becomes evident that optimizing and fine-
tuning the belt and wheel conditions is of utmost importance. This optimization is essen-
tial to achieve precise and accurate print head orientations, which, in turn, minimizes
skewness in the 3D fabricated products. By focusing on enhancing the precision and ac-
curacy of the print head orientation, the overall quality and reliability of the 3D printing
process can be significantly improved. The findings from this study highlight the direct
impact of the belt and wheel conditions on the orientation of the print head carriage. By
carefully adjusting and optimizing these mechanical components, it becomes possible to
minimize deviations and inaccuracies in the print head’s movements. This, in turn, trans-
lates into improved outcomes in the final fabricated products, reducing any skewness that
may occur during the printing process. Ultimately, by achieving precise print head orien-
tations, manufacturers can ensure the production of high-quality and accurate 3D printed
objects, meeting the desired specifications and minimizing any imperfections or inconsist-
encies.

4. Conclusions

Researchers have predominantly concentrated on studying the mechanical charac-
teristics of 3D printed objects and monitoring them in real-time. This is due to the increas-
ing prevalence of additively manufactured structures in dynamic applications. Conse-
quently, it is crucial to identify the factors that contribute to irregularities in 3D printed
products.

The primary objective of this study was to explore and understand the factors that
contribute to skewness in 3D printed structures. In order to achieve this, the MPU6050
gyroscope was employed as a means to quantify the extent of variation in the root mean
square orientation of the print head carriage during the fabrication process. Through rig-
orous analysis and experimentation, the findings of this study indicate that the condition
of the belt and the wheel play a pivotal role in influencing skewness. This conclusion was
derived from both parametric and non-parametric statistical analyses, which further un-
derscore the significance of these factors. Overall, these results shed light on the key con-
tributors to skewness in 3D printed products, providing valuable insights for improving
such components” dynamic reliability and structural integrity. Further research and de-
velopment in this area can help in innovative strategies and targeted interventions to mit-
igate skewness effectively, thereby resulting in a marked enhancement of the real-time
quality of additively manufactured structures. By harnessing deeper insights into the un-
derlying mechanisms, researchers and practitioners can collaboratively contribute to the
establishment of a more refined and reliable additive manufacturing process. This, in turn,
will pave the way for the creation of intricate, flawless, and precisely engineered compo-
nents across various applications. Furthermore, future studies will delve extensively into
the influence of the rheological and mechanical properties of the material during the fab-
rication process. This investigation is paramount as the printability of the material hinges
significantly on the interplay between these two essential properties.
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Appendix A

n
Zi=1xi

Mean, x =
n

. Y (xi—®)?
Variance, s? = == —
n-1
Z?:1(xi_x)2

Standard Deviation, s = _—)

Parametric Test:
One-Way ANOVA assumes:

1.  Completely randomized design and observations are mutually independent
2. Model errors are normally and independently distributed random variables
3.  Variance constant for all levels of the factor

Sum of Squares (SS)

SSrotal = Z?:l Z;‘:l(xij - X_)z

1 x.2
SSobservations = = ia=1 xl'z - —
n : N

SSError = SSTotal - SSObservations

where, x.. = Grand total of all observations;
and X.. = Grand average of all observations

Degree of Freedom (DF)

DFotal = a(n) -1
DPFobservations =a — 1

DFerror = a(n - 1)

Mean Square (MS)
SSob ti
MSObscrvations = —oservation
S5 a—1
E’
MSError = ﬂ
a(n-1)
F-Value = MSobservations
MSErraor

Comparison of Observation Means
Tukey’s Test:

q- g
Confidence Interval (C.I):

- = MSError 3 X MSgrror
= 0 ) P s 5% + e [
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Fisher-Least Significant Difference (LSD) method

Xi—X;j.

1,1
MSgrror (E+n_])

to=

Confidence Interval (C.I):

- - 1 1 - - 1 1
X —Xj — tg,N—a ,MSError(E + E) SHi-Ws X — Xt t%}v_a ’MSError(E + E)

Non-Parametric Test:
Friedman Rank Test:

Q=[—— (X R?) - 3n(k + 1)]

n(k)(k+1)

Critical value (k-1, &)
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