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Abstract

The evaluation of the print quality of 3D printing has traditionally relied on manual work using dimensional
measurements. However, the dimensional measurement method has an error value that depends on the person
who measures it. Therefore, we propose the design of a new print quality measurement method that can be
automatically measured using the field-of-view (FOV) model and the intersection over union (IoU) technique.
First, the height information of the modeling is acquired from a camera; the output is measured by a sensor;
and the images of the top and isometric views are acquired from the FOV model. The height information
calculates the height ratio by calculating the percentage of modeling and output, and compares the 2D contour
of the object on the image using the FOV model. The contour of the object is obtained from the image for 2D
contour comparison and the loU is calculated by comparing the areas of the contour regions. The accuracy of
the automated measurement technique for determining, which derives the print quality value was calculated by
averaging the loU value corrected by the measurement error and the height ratio value.
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1. Introduction

A 3D printing is called by various names such as additive manufacturing (AM) or rapid prototyping
(RP), and is classified into fused deposition materials (FDM), stereo lithography apparatus (SLA),
selective laser sintering (SLS), digital light processing (DLP), Polyjet, laminated object manufacturing
(LOM), etc. depending on the use. The 3D printing (AM) industry continues to grow annually in fields
such as automobiles, architecture, aerospace, fashion, food, dentistry and medical care [1].

With the development of the 3D printing industry, the need for the performance and quality evaluation
of equipment, materials, and printed materials is increasing. In addition, the data acquisition method and
database establishment of the results based on the quality evaluation of the output are important for
convergence with other technologies.

Currently, the quality evaluation of printouts is mainly carried out in three dimensions. It relates to
shapes (such as surface shape and surface roughness), physical and chemical aspects (such as tensile

strength, impact strength, thermal deformation temperature, heavy metals, and VOCs emissions), and
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reliability (such as weather resistance, impact resistance, heat aging resistance, and stain resistance)
[2].

The method currently used to evaluate the accuracy and precision of printed materials uses a
dimension-measuring device that can measure 0.01 mm or less to measure the dimensional error. If more
accuracy is required, it can also be measured using a three-dimensional measuring machine. However, to
evaluate the quality of printouts using a dimensional measuring machine, it is necessary to calculate the
average value of repeated manual measurements several times for each usage. It is also difficult to
immediately evaluate the quality because the output result can be different each time depending on the
location of the output on the build plate; thus, the average value must be additionally measured and
obtained. In addition, excessive time and cost are incurred in acquiring data for quality evaluation,
building a database, and linking it with artificial intelligence.

Therefore, unlike the prior dimensional measurement method, this study evaluated the quality of the
3D printing output by using, the top view and isometric view information obtained through a camera, and
the height information obtained through the height measurement sensor. Furthermore, this study proposes
an automated measurement technique that uses the field-of-view (FOV) model to compare the resulting
error between the acquired image information and the modeling. The quality of the output is evaluated

by comparing the contours between the modeling and the measurement result.

2. Related Works

In recent years, studies have been conducted to optimize the conditions of AM printing for process
safety and the improvement of print quality through standardization. Among them, a notable study relates
to the optimization of FDM process parameters to improve the dimensional accuracy of prints using
acrylonitrile butadiene styrene copolymer (ABS) resin [3]. These studies include the Taguchi experimen-
tal method, signal-to-noise ratio (SNR) analysis, analysis of variance (ANOVA), gray relationship analy-
sis (GRA), and artificial neural network (ANN), and analytical, numerical statistical, and empirical
approaches including fuzzy logic. Studies evaluating the relationship between the optimization of process
factors and the quality of printouts have been actively conducted [4], and dimension measurements are
generally used in the evaluation of print quality. In the dimension measurement method, a 3D modeling
file (STL) output from a 3D printer was used as a reference shape to evaluate the accuracy and precision
of the output.

The position of the output of the reference shape is set such that the horizontal X-axis, vertical Y-axis,
and height coincide with the Z-axis direction of the 3D printer. The production positions were output at
the four outermost points and the center of the printable area, each at five locations. To measure the
dimensions, the pre-processed output is measured by the line contact method using the vernier caliper
dimension-measuring machine below, and the error value (Ai) and precision (D) are obtained through the
following measurement formulas, respectively [5].

The X, Y, Z measurement values and their error values between the reference shape and the output are
obtained using the vernier caliper in Fig. 1, X, Y, Z value information and deviations obtained through

measurement are drawn up in a table as shown in Table 1.
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Fig. 1. Vernier caliper used for dimension measurement.

Table 1. Output accuracy and precision measurement table (sample)

Case# Width Deviation Depth Deviation Height Deviation
1 3.018 0.013 3.017 0.011 3.004 0.015
2 4.004 0.012 4.010 0.010 4.008 0.011
n 10.003 0.009 10.008 0.013 10.005 0.016

The average of all error values of each item is calculated as follows:

B =%ZA1‘ (1)

1
n—1

Z(Ai —B)? )
i=1

Finally, the output accuracy is obtained through as follows:
D = max[Ai + 2s] — min[Ai + 2s] 3)

Based on the above dimensional measurement method, it is possible to optimize the design of the build
plate temperature, nozzle temperature, print speed, etc., which are the major process factors that affect
the quality of the external dimensions of the printed product. It recognizes process factors as continuous
type, recognizes gradient model-based process factors as categorical types, and uses a general linear
model that determines the process factor level based on the result value to verify the correlation between
the output and process factors [6].

Final print quality evaluation through the comparison of printouts and CAD (computer-aided design)
images is essential for designing an artificial intelligence model for selecting process parameters to
improve the dimensional accuracy of the printed specimens through the FDM process and ensure the
efficiency of the procedure. Regression-based machine learning can be used to predict dimensional
deviations between a CAD model and the produced physical part [7].

As process factor optimization in 3D printing is a critical process, it is important to develop a direct
correlation between the process parameters and 3D printed output properties through an ANN. Therefore,
as shown in Table 2, studies [8-12] have been conducted to investigate the correlation between the major
process factors and output results through an ANN based on the FDM method [13].
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Table 2. ANN application in FDM 3D printing field

Study ANN input parameters ANN output parameters
Sood et al. [8] Layer thickness positioning raster angle/width air gap Compressive strength
Vosniakos et al.[9] Layer thickness positioning raster angle/width air gap Wear
Equbal et al. [10] Positioning slice width Deposition error in volume
Sood et al. [11] and Layer thickness positioning raster angle/width air gap Dimensional precision

Vosniakos et al. [12]

In order to design an algorithm to derive the optimal printing process parameters through ANN, it is
necessary to identify the relationship between the printing process parameters and the quality of the
output, there are restrictions in building a database due to the time and physical limitations of the existing
dimensioning method as described above. Therefore, this paper presents an automated measurement
technique as a quality evaluation method for printouts.

3. Technologies for Automated Measurement Techniques

The automated measurement method proposed in this study uses the FOV and the IoU measurement
methods. FOV is a technology that implements a virtual camera and calculates the view at the current
location using camera parameters in 3D coordinates. The IoU digitizes and calculates the overlap between
regions. The IoU quantifies and calculates the overlapping area. To use it, a contour method that can
calculate the outermost line of an object is used to determine the outermost line for calculating the IoU.
This section describes the techniques used in the proposed automated measurement technique.

3.1 Camera Parameter

Focal length refers to the distance from the front of the lens to the image sensor. Generally, it is
expressed in pixel units, so it is easy to calculate during geometric analysis and image correction. The
principal point refers the coordinates of the image where the center of the lens is located in the image
sensor. If the sensor is level, the image center point and main point should match, and in general, the
main point rather than the image center point is used for geometrical analysis.

3.2 FOV Model

The FOV is used in various applications in various fields. The FOV in this study refers to the area
visible from the camera. In general, a camera has a rectangular field of view where the width is larger
than the length as shown in Fig. 2. Therefore, when expressing the FOV, it is expressed as in a diagonal
line instead of horizontally or vertically. The FOV on the 3D screen is expressed as a value that describes
the amount of space one screen will show. The formula for calculating the FOV from the camera can be
obtained by multiplying the sensor size by the magnification of the lens as follows:

FOVHorizantal = Sensorsize (Wldth) * LenSMagnification (4)

FOVVertical = Sensorsize (Height) * LensMagnification (5)
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Fig. 2. FOV model.

In other words, as shown in Fig. 2, the horizontal value corresponding to x is obtained as the product
of the sensor width of the camera and lens magnification, and the vertical value corresponding to y is

obtained as the product of the sensor height of the camera and lens magnification.

3.3 ToU

The IoU is an evaluation index mainly used to measure the accuracy of an object detector, and is a
method of quantitatively indicating the degree of overlap between two areas. The calculation formula for
ToU is expressed as (ANB)/(A UB) as shown in equation below, and the closer to 1, the more overlapping

areas.

Ground-truth
bounding box

=
Predicted
bounding box

Fig. 3. Bounding box applied example.

As shown in Fig. 3, when the area to be obtained is in the form of a straight rectangle horizontal to the
X-and Y-axes axis, and if only two coordinates of each rectangle are known, IoU can be calculated as

L

nt . Union (IoU) Area of Overlap
ntersection over Union (IoU) = —————————
Area of Union (6)

Ground

That is, (x-axis minimum, y-axis minimum) and (x-axis maximum, y-axis maximum) coordinates are

follows:

required. The area of each rectangle can then be easily obtained, and the area of the rectangle can be

calculated using (x-axis maximum value — x-axis minimum value) * (y-axis maximum value — y-axis
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minimum value). By comparing the area of the two rectangles obtained in this manner, it is possible to
obtain an IoU score, as shown in Fig. 4.

0.905 0.572 0.334 0.138 0.0

[]
L]

Fig. 4. IoU score example.

When two regions are arbitrary polygons as shown in Fig. 5, the method to obtain IoU is as follows.
Find the intersection of polygons A and B, find the point in A among the vertices of B opposite to the
point inside B among the vertices of A, and align the obtained vertices in a counterclockwise direction to

find the area. The intersection can be determined using the sorted vertices.

~N

Fig. 5. IoU metric for polygons.

When vertices “1 and 2” are the intersection of two polygons, and “3-5” is the vertex of each polygon
located inside the other polygon, if these vertices are aligned counterclockwise, it becomes 2—5-1-3—4.

Using this, we find the intersection area, as shown in Fig. 6.

o

=

Fig. 6. Calculate area of intersection of n-gon.

The method of finding the intersection of polygons A and B is to examine whether they intersect with
40 pairs of 5 line segments of A and 8 line segments of B. The algorithm used to check whether two line
segments intersect is counterclockwise. Based on this algorithm, the width of the intersection was

determined by calculating the area of an n-gon. When there are vertex coordinates (X, V1), (X3, ¥2) -+
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(X, Yn), to find the area of n-gon, the order of the coordinates must be in a connected form, whether
clockwise or counterclockwise.

The steps include the following. Write from (xq, ¥;) to (x,, ¥,) and write (x;, y;) once again at the
end, then add the products multiplied by the diagonal components in the lower right corner, subtract the
products multiplied by the diagonal components in the upper right corner, and then add 2 By dividing,
the area can be calculated as follows:

_1(x1x2| x2x3| xnx1|)

T2y vl T ly2 ys Yn V1 )

3.4 Contour

Contour is for detecting the edge of an object having the same color or the same pixel value (intensity),
and is a method of finding the boundary line information of an area having the same color or the same
pixel value.

In general, anti-outside detection techniques calculate the differential value of several images and
detect the part with a large differential value as the outside. However, this method has the disadvantage
of having to calculate a differential value for each image pixel. In contrast, Contour extracts a binary
image from an image and detects a boundary line by checking only the existence of a value on the binary
image; thus, it has the advantage of requiring a small amount of computation and is more suitable than
other edge detection techniques because it extracts only the outermost information required in this study.

The Find Contours function of OpenCV outputs the contour information of the image and hierarchy
information of the contour. Only black-and-white images or binarized images were used. Table 3 shows
how to find the contour and the approximation method used to find the contour, which is used as shown
in Fig. 7.

Table 3. Contour mode and method

Approximation method to use

L0 (0 T when finding contour

Mode c¢v2.RETR_EXTERNAL Detect only outlines, no hierarchical -
structure.
cv2RETR_LIST Detects all contours, no hierarchical -
structure.
cv2.RETR_CCOMP All contours are detected, the -
hierarchical structure consists of
two steps.
cv2.RETR _TREE Detect all contours and form all -
hierarchical structures.
Methodcv2.CHAIN_APPROX-NONE - Returns all contour points.
cv2.CHAIN APPROX-SIMPLE - Returns only points where contour
lines can be drawn.
cv2.CHAIN_APPROX- - Reduce contour points by applying
TC89 L1 Teh-Chin connection
approximation algorithm L1
version.
cv2.CHAIN_APPROX- - Reduce contour points by applying
TC89 KCOS Teh-Chin connection
approximation algorithm KCOS
version.

J Inf Process Syst, Vol.18, No.2, pp.223~234, April 2022 | 229



Automated Print Quality Assessment Method for 3D Printing Al Data Construction

4. Automated Measurement Technique Using FOV Model

For measurements, two cameras (isometric view and top view) and one high-performance height
measuring sensor were installed on a 3D printer. The isometric view camera measured the overall shape
of the output object, the top-view camera measured the shape retention (diffusion) of the output object,

and the height sensor was used to measure the object height.

4.1 Experimental Environment

In this study, cube-shaped specimens manufactured via FDM printing were used. For measurement
comparison with the existing dimensional measurement method, ABS material with the most stable
printing results was adopted. Because a simple CAD model was used, post-processing was not performed.
As shown in Fig. 7, the device used was the Ender-3 Pro model of Creality 3D Technology Co. Ltd., and
the laminate material used for specimen production was an ABS filament with a thickness of 2.85 mm.
The nozzle had a diameter of 0.4 mm, and filament extrusion speed was set to 60 mm/s, the heating bed

temperature was set to 60°C, and the filament extrusion temperature was set to 210°C.

L

Fig. 7. Ender-3 Pro 3D printer machine.

4.2 Data Acquisition Method for Experiments

The proposed print quality evaluation method uses the 2D area in the photo to measure and compare
the acquired height of the printed object to the acquired height of the modeling through the FOV model.

4.2.1 Measurements on a 3D printer

The measured photos (top camera, isometric camera) are shown in Fig. 8. When the output from the
3D printer was finished, the height was acquired from the installed camera and height sensor.

(a) (b)
Fig. 8. (a) TOp VieWcamera and (b) Isometric VieWcamera.
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4.2.2 Acquisition of data values in modeling

The FOV was obtained by realizing a virtual camera located at the same parameters and distance as
the measuring equipment (camera) in the 3D model space. Thereafter, an FOV image (top modeling,
isometric modeling as shown in Fig. 9 was obtained from the virtual camera implemented for comparison

with the image obtained from the camera installed in the 3D printer.

(a) (b)

Fig. 9. (a) Top VieWmodeling and (b) Isometric VieWmodeling.

4.3 How to Evaluate the Quality of Printouts

As shown in Fig. 10, the outline of the object in the image was acquired using the contour method of
OpenCV. Using the outline, the 2D outermost area images ATea rop camera AT€A 1sometric camera s

Area_Top_Modeling’ and Area_lsometric_Modeling were achIred-

Isometric comerq Isometric yoger
Areajsometricjamera Area_}som,etric_M odel

10U psometric

Fig. 10. Example of print quality evaluation in Isometric View.

The IoU of the object area Area _camerq and AT€a pogeing in €ach view was calculated from the Top
and Isometric views, respectively, and 10U 1oy, and 10U jsometric Were obtained. Heightpg,, is obtained

by calculating the ratio of Heightgensor and Heightyogering as follows:
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( HeightSenso‘r

HeightModeling

Heightgaee = 1 (Heightsensor = HeightModeling) (8)
HEightSensor

HeightMadeling

(He':ghtSensur < Hei.ghtMudeling)

(HeightSensor > HeightMudeling)

Finally, the quality measurement value (Print Qualityp,;,;) was calculated by averaging the IoU r,,,

IOU_Isometrics and HeightRate-

4.4 Measurement Calibration

The automated print quality measurement method proposed in this study is illustrated in Fig. 11. The
contour area was obtained by calculating the object contours of the tower and isometric images that were
obtained from the 3D printer and modeling. The IoU of the object area was obtained from the image of
each view, and the height ratio was obtained from the height sensor and the height of the model. Finally,
the print quality was calculated using the average the two IoU values and the height ratio. The quality
calculation was corrected using Eq. (9) which is the ratio of the printed quality to the ideal quality.

Print Qualitypyint
Print Quality;geaq

9

Print Qualitycorrect =

The automated measurement technique was evaluated with a toy test. The results are shown in Table 4.

Top View Camera Isometric View Camera Height Sensor
Modeling
Top Isometric Height
Image Image Sensor
l l l Mean
Contour loU loU Height Print
->Area Top Isometric Rate Quality
Correct
I I | Print
Top Isometric Height Quality
Image Image Modeling
Printer
Top View FOV Isometric View FOV Modeling Height
Fig. 11. Overview of automated print quality measurement techniques.
Table 4. Results of a 30-mm cube toy test
Value
Dimensional measurement Error (width / depth / height) 0.076/0.136/0.226

Total error rate 0.004
Automated measurement technique  Print Quality 14eal (top / isometric) 0.993/0.981
Measure loU (top / isometric) 0.987/0.966
Corrected IoU (top / isometric) 0.994 /0.985

Height (sensor / modeling) 29.874 /30.000

Height rate 0.996

Final Print Quality (error) 0.991 (0.008)
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5. Conclusions and Expected Effects

The conventional dimensional measurement method has a disadvantage in that it is time consuming to
make the measurements. Therefore, it requires a significant amount of time and effort to build a dataset
for artificial intelligence analyses related to print quality in a 3D printer. This study proposed, an
automated measurement model that can have objective indicators was proposed to reduce the time
consumption of existing manual measurement and the dispersion of errors in measurement. First, an
image of a printed object is acquired using a camera installed in each view (top, isometric) of the printer,
and height information is acquired from the sensor. Subsequently, the image is acquired by realizing the
FOV with the same camera parameters at the same position as the installed camera in the modeling space,
and the height information value is acquired from the modeling information value. After obtaining the
contour from each acquired image, the IoU between the modeling and printed image is calculated, and
the ToU measurement value corrected by considering the parameter error between the FOV and camera
to obtain a more accurate IoU measurement value. Finally, the ratio of the height values obtained from
the printer and model are calculated and averaged with the corrected IoU value to derive the final print
quality measurement value.

This new automated measurement technique for measuring print quality is objective and requires less
measurement time compared to the existing dimensional measurement method. Therefore, it is expected

that it will contribute to the construction of 3D printer-related datasets sets and Al research.

6. Future Research

The method proposed in this study is suitable for a simple form. For complex shapes such as holes, the
measurement method has not been validated. In future research, we plan to study an automated
measurement technique that can accurately measure 3D print quality even for complex shapes.
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