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Abstract: With less manufacturing time and less photosensitive resin consumed, Digital Light
Processing of the bottom-up process is more forward-looking than the top-down one in terms of 3D
printing technology. In view of differences in the optimization of machine printing parameters for
objectives with different quality requirements, this paper discusses how the control factors consisting
of machine printing parameters can obtain objects with a high quality through an experimental
design with full considerations of the separation force and dimensional tolerance. By taking the
titling separation mechanism as an example, the importance, contribution, and best calculation results
of the control factors in forming a separation force and four dimensional tolerances are obtained using
the Taguchi method and an analysis of variance, and then the optimal solution for multiple objectives
is obtained via the desirability approach. It was found from this study that the rising speed of the
forming platform is the most important parameter affecting the dimensional tolerance and separation
force. The slice layer thickness has an inverse characteristic for optimizing the dimensional tolerance
of the aperture and the face width. Regarding multi-objective optimization, it will not change the
optimal printing parameters considering the minimum separation force and overall dimensional
tolerance, regardless of the weight of the separation force.

Keywords: Digital Light Processing; 3D printing; Taguchi method; ANOVA; desirability approach

1. Introduction

The 3D printing process is the construction of a three-dimensional object from a
computer-aid design model. In these processes, materials are deposited, joined, or cured
together under computer control, layer by layer. The common printing procedures are
filament fabrication (fused deposition modeling, FDM), photocuring (stereolithography,
SLA; Digital Light Processing, DLP) and laser powder sintering (selective laser sintering,
SLS; selective laser melting, SLM), jet fusion (MJF), and Polyjet (color inkjet) [1]. Taking
cost as the premise, FDM has the highest market share. However, the lack of surface
smoothness of the printed objects has limited their industrial application. With the excellent
capability of manufacturing smooth and high-precision surfaces, DLP is widely applied in
manufacturing three-dimensional objects [2—4]. Objects are stacked in the bottom-up [5]
and top-down fashions [6]. However, the bottom-up approach has become the mainstream
due to its shorter manufacturing time and material waste [7]. The bottom-up manufacturing
processes are described as follows. The shape and pattern of the first layer of objects are
projected onto the photosensitive resin with a projector for curing. After the photosensitive
resin is cured on the forming platform, the projector is stopped for exposure, and then the
cured layer is slightly raised by lifting the forming platform. The shape and pattern of the
model in the next layer will be still projected onto the photosensitive resin, and then the
projection action will be repeated until the object is printed. In the manufacturing process,
the cured layer will adhere to the resin tank, forming a vacuum between them. In order to
obtain space for the next printing layer, external force must be applied to separate the cured
layer. However, the excessive external force will not only affect the dimensional accuracy of
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the printed object but also cause defects or damage to the object [8-10]. Therefore, reducing
the separation force is the critical factor in improving the manufacturing quality.

The separation force can be reduced by changing the way of separating the cured
layers. The use of a low-frequency vibration system [11,12], a spring mechanism [13],
and a tilting mechanism [14] has been proved to be very effective in reducing separation
forces. In addition, the change in the resin tank structure can also reduce the separation
force. He et al. [15] and Gritsenko et al. [16] made an efficiency analysis on the changes
in the texture, style, depth, and quantity of the tank bottom. Jiang et al. [17] tried to
reduce the separation force by covering the bottom surface of the tank with a layer of
Polymethylhydrosiloxane (PDMS) with high oxygen permeability and with introductions
of oxygen. Wang et al. [9] tried to reduce the separation force by installing a water injection
pump at the bottom of the forming tank and injecting water into the tank during the
separation process to bend the tank bottom. Wu et al. [18] compared the separation force
of inert films in a semi-flexible status and flexible status. Yang et al. [19] concluded by
experiments that PDMS has a lower separation force and a longer separation distance
than acrylate-based resin, and hydrogel films can further reduce the separation force and
separation distance. Although the methods aforementioned can achieve a reduction in
the separation force, the technical obstacles brought by the commercialization process,
such as the cost and yield, must be overcome in the future. In fact, a better manufacturing
quality can also be achieved by adjusting the printing parameters of the machine with
innovative technologies that can reduce the separation force to meet the needs of users.
Ye et al. [20] mentioned that the graphic geometry is closely related to the separation
force and obtained the nearly real separation force curves by MATLAB. Jumbo-Jaramillo
and Lara-Padilla [21] proposed a mathematical model between the porous structure and
separation force and constructed a discrimination model that is prone to printing failure
due to an excessive separation force. Kovalenko et al. [22] analyzed the effect of the layer
thickness and pattern area on the separation force via experiments. A reduction in the
separation force is conducive to printing objects with a larger cross-sectional area and
even indirectly improves the printing speed. Gritsenko et al. [23] tried to reduce the
separation force and separation time based on the movement characteristics of the printing
platform during acceleration and deceleration, found by using the hydrodynamic method.
Pan et al. [7] discussed the relationship between the separation speed, printing layers,
printing area, perimeter, porosity, and separation force. Yadegari et al. [24] found that the
relationship with the separation force through conducting experiments using different
printing speeds, cross-sectional areas, complex geometries, and solidification directions.
Wau et al. [25] discussed the influence of PDMS and FEP in the tilting mechanism on the
separation force. Zamheri et al. [26] observed the influence of layer thickness and exposure
duration on the printed object by aiming at the roundness of the shaft, and then found
out the optimal parameters of roundness through an analysis of variance (ANOVA) and
the desirability approach Putra et al. [27] acquired the optimal parameters of roughness
through an ANOVA and the desirability approach by using a different layer thickness, the
exposure duration, and the bottom exposure in their experiments.

The relationship between the separation force and graphic geometry can be understood
by the literature above, as can the forming of the separation force, which can be reduced
by optimizing the printing parameters. However, the optimization of the separation force
and dimensional tolerance based on the printing parameters has not been discussed so far.
If they are positively correlated, it means that the optimal parameters can meet the target
requirements in two aspects; otherwise, it is necessary to consider how to achieve a win-
win situation. By taking the titling separation mechanism as an example, the importance,
contribution, and best calculation results of the control factors in forming the separation
force and four dimensional tolerances are obtained using the Taguchi method and an
ANOVA, and then the optimal solution for multiple objectives by the desirability approach
is further obtained. The influence of printing parameters on various performances is also
summarized in this study. The rest of this paper is arranged as follows. The DLP machine
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manufacturing parameters and measuring device of the separation force are introduced
in Section 2. The experimental data and calculation results of single-objective and multi-
objective printing parameter optimization are provided in Section 3. The contribution
and correlation of printing parameters for different optimization objectives is discussed in
Section 4. Finally, the conclusions and future research direction are drawn in Section 5.

2. Materials and Methods
2.1. Printing Parameter of DLP Machine and Measuring System of Separation Force

In this study, Titan 2 developed by Kudo 3D Inc. is used as the experimental ma-
chine [28]. The resolution of the X/Y axis of the machine is 38-75 um, and the resolution
of the Z axis is 5 um; the cured layer is separated by the titling mechanism. 3DM-ABS
photosensitive resin from 3DM-GP company is used as the forming material [29]. In this
study, four printing parameters are selected as the control factors of the separation force
and dimensional tolerance, which are described as follows:

1. Slice thickness: Reference [22] points out that the separation force and dimensional
tolerance will be changed with the change in slice thickness, so the slice thickness is
selected as a control factor.

2. Exposure duration: the curing degree of photosensitive resin will vary with different
exposure durations, so the separation force and dimensional tolerance will be changed.
In addition, considering that a stable bottom surface shall be provided in the initial
printing stage, the exposure duration for layer 1 to layer 10 is set to 60 s in this
experiment. The exposure duration for layer 11 to the end layer is a control factor.

3.  The rising speed of the forming platform: according to Newton’s second law of
motion, the acceleration of an object is in direct proportion to the force applied to
it. Any changes in the rising speed of the forming platform will generate different
separation forces, which will affect the dimensional tolerance.

4. The distance between the printed object and the fixed end of the resin tank: according
to the moment theorem (moment = distance x applied force), it can be inferred that
the length of the arm of force between the printed object and the fixed end of the resin
tank will be changed with the change in the distance between the printed object and
the fixed end of the resin tank, so that the separation force will be changed and the
dimensional tolerance will be affected.

The measurement system of the separation force data is composed of an LC201 load
cell from the OMEGA Engineering company, a DMD4059 signal conditioner, and a USB-
6002 data acquisition disk (DAQ Device) from the National Instruments company [30,31].
The voltage value is acquired by the load cell, but the separation force value must be
converted by Formula (1).

x = (y — 0.0291)/—0.0004 1)

Note: x refers to the weight in grams, and y refers to the voltage value of the separa-
tion force.

2.2. Geometric Characteristics and Quality Measurement of Printed Objects

Gears are quite common in mechanical products and are selected as printed objects
due to the importance of their dimensional tolerance on the variation of transmission
performance. The geometric parameters of the gear are shown in Table 1. The geometric
dimensions of the printed object are measured by a vernier caliper for the calculation of
the tolerance. Figure 1 shows the four datum parts in the dimension measurement: the
gear aperture, addendum circle, dedendum circle, and face width of a tooth. To reduce
human error, the average value obtained by the repeated measurements is selected as the
experimental data.
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Table 1. Geometric Parameters of Gears.

Tems Value/Unit
Number of gear teeth 20 teeth
Face width 15.00 mm
Modulus 2
Pitch diameter 40 mm
Addendum circle 43.98 mm
Dedendum circle 35.00 mm
Aperture 20.00 mm
Face width Aperture
1 - Addendum circle

Dedendum circle

Figure 1. Measurement Datum of Gear Dimensions.

2.3. Optimization of Single-Objective Printing Parameter—Taguchi Methods

This study aims to discuss the difference in the separation force and dimensional
tolerance caused by the change in four control factors. The magnitude of the separation
force shall be as small as possible, so the “Smaller the Better (STB)” approach in the Taguchi
method is adopted. However, the dimensional tolerance of the printing objectives is
bidirectional, so it is more appropriate to use the “Nominal the Best (NTB)” approach
for the analysis. The experimental orthogonal arrays, signal-to-noise ratio (S/N), factor
response diagram, and ANOVA suggested in the Taguchi method are described as follows.

Each control factor is divided into three different levels, for which the value depends
on the feasibility test conducted in advance. The intermediate value of the level refers to
the intermediate value of the maximum value and the minimum value in the experimental
data, as summarized in Table 2. According to the Taguchi method, the orthogonal array
Lo (3%) is applicable in an experimental combination with four control factors and three
level changes in each control factor, as shown in Table 3. In this study, the experiment is
conducted according to the experimental combinations given in Table 3 and each group
of experiments is conducted twice. As an important indicator to evaluate robustness, the
S/Nis used to indicate the influence degree of the quality characteristics. The higher the
S/N, the lower the quality loss, that is, the higher the quality. The S/N of the STB and NTB
approach are calculated by Formulas (2) and (3), respectively, where they are the average
value of the measured values of the quality characteristics, with the standard deviation S =

Linq(vi -7)°
n—1 .

S/N = —10-log(7* + $?) )

=2
S/N = 10-10g<‘1:2> 3)
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Table 2. Experimental Parameter Setting.

Control Factors Description Level Experimental Parameters
1 0.20 mm
A Slice thickness 2 0.15 mm
3 0.10 mm
1 30s
B Exposure duration 2 35s
3 40s
1 10 mm/min
C Rising speed of forming 2 15 mm /min
platform
3 20 mm/min
Distance between the ! 97.87 mm
D printed object and fixed 2 99.87 mm
end of solution tank 3 101.87 mm
Table 3. L9 Orthogonal Array.
Factors
Experimental No.
A B C D
1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 2 1 2 3
5 2 2 3 1
6 2 3 1 2
7 3 1 3 2
8 3 2 1 3
9 3 3 2 1

The characteristics of the control factors in each experimental combination is analyzed
based on the factor response table. The bigger the intermediate value of the level for a
control factor, the more significant the influence on the optimization objective. The best
level value of a control factor can be calculated according to the data results obtained by
analysis based on the level response table, so that the optimal parameter combination can
be configured. The factor response diagram is drawn based on these level data to improve
the identification effect. An ANOVA is used to calculate the contribution rate of each
control factor for evaluating the influence degree of the control factors on the separation
force and dimensional tolerance.

2.4. Optimization of Multiobjective Printing Parameters—Desirability Approach

Although the printing parameters for the optimization of the separation force and
dimensional tolerance can be obtained, respectively, by the Taguchi method, the decision
that meets the multi-objective requirements shall be made in the actual manufacturing
process in order to remain competitive. The optimal manufacturing parameters considering
the separation force and overall dimensional tolerance at the same time can be obtained by
combining the desirability approach with the weights of the different objectives in this study.
The specific steps are as follows: convert the measured experimental values into the desired
values, firstly, through the individual desirability (Di) in Formulas (4)—(7), and then adjust
all individual desirabilities through the composite desirability (D¢) in Formula (7) to obtain
the multi-objective optimization parameters. The weight of the separation force decreases
to 10% from 90% at intervals of 10%. The weight assigned to the total dimensional tolerance
is calculated based on the weights assigned to the four dimensional characteristics.
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I.  Target the Response Desirability

= [z L] <7

Dl - ( ) IS yl S Tl (4)

u; — i
D; = HU gf;] i<y < U ©)

II. Minimize the Response Desirability

U —yi)l"

D; = {—EUI—?” Li<y <T (6)
1 1

D. = (Dy x Dy x D3 X ... Dy) )

Note: D, refers to the desired composite value, D; refers to the desired independence
value, n refers to the number of objective functions, U; refers to the measured maximum
value, L; refers to the measured minimum value, y; refers to the measured value, T; refers
to the measured target value, and r; refers to the weight.

3. Results
3.1. Optimization of Single-Objective Printing Parameters—Minimum Separation Force

The printing results are as shown in Figure 2. The experimental data, mean value,
and S/N of the separation force are given in Table 4. The factor response table and factor
response diagram can be obtained based on the S/N analysis, as shown in Table 5 and
Figure 3, respectively. The S/N ratio of the first group of the experimental combination is
the maximum, that is, the separation force of the experimental combination is the minimum.
It can be inferred from Table 5 that the parameter combination of the minimum separation
force for printing is A1B3C1D1. Although this experimental combination is not listed in
the orthogonal array (L), it is very close to the experimental combination 1 (A1B1C1D1).
Finally, Table 6 shows the ANOVA of the separation force. It can be seen from Table 6 that
the contribution rate of factor D is the maximum, that is, its influence on the separation
force is the most significant.

Figure 2. Printed Objects.
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Table 4. Experimental Data, Mean Value, and S/N of Separation Force.

Separation Force (in: Newton)

Group
Experiment 1 Experiment2  Mean Value  Standard Deviation S/N
1 1.04 1.35 1.20 0.22 —1.62
2 2.22 2.93 2.58 0.50 —8.30
3 3.21 3.26 3.24 0.04 —10.20
4 2.13 3.11 2.62 0.69 —8.52
5 2.00 1.98 1.99 0.01 —5.98
6 1.19 3.02 211 1.29 —7.22
7 2.97 4.29 3.63 0.93 —11.34
8 3.24 2.49 2.87 0.53 —9.22
9 1.19 1.32 1.26 0.10 —1.98
Table 5. Response of Separation Force Factors.
Control Factors
- A B C D
Level 1 —6.70 —7.16 —6.02 -3.19
Level 2 —7.24 —7.83 —6.27 —8.95
Level 3 —7.51 —6.47 -9.17 —9.31
Maximum difference 0.81 1.36 3.15 6.12
[—=—A—e-B—a-C-—v D
3
A 4
4 4
-5
@ -6
z
Z
@ 71
-8 -
-9
-10 T T T
1 2 3
Level
Figure 3. Response Diagram of Separation Force Factors.
Table 6. ANOVA of Separation Force.
Factors Dof Adj SS Adj MS v SS’ Contribution
A 2 1.01 0.51 0.51 1.01 1.09%
B 2 2.79 1.40 1.40 2.79 3.00%
C 2 18.45 9.23 9.23 18.45 19.85%
D 2 70.68 35.34 35.34 70.68 76.06%
Total 8 92.93 92.93 100%
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3.2. Optimization of Single-Objective Printing Parameters—Dimensional Tolerance

The mean value and S/N of the four dimensions is given in Table 7, and the factor
response table and factor response diagram are as shown in Supplementary Tables S1-54
and Figure 4, respectively. It is known from Supplementary Tables 51-54 that the minimum
aperture tolerance, addendum circle tolerance, dedendum circle tolerance, and surface
width tolerance correspond to the second, fifth, and ninth groups of experimental com-
binations, respectively. In addition, it can be seen from Supplementary Tables S1-54 that
it is necessary to obtain different parameter combinations in order to optimize these four
dimensional tolerances. This means that there is a conflict in the selection of control factors
for optimizing the different dimensional tolerances. Finally, Supplementary Tables S5-58
shows the ANOVA of the four dimensional tolerances. It can be seen from the results
that the control factor C has the greatest influence on the four dimensional tolerances.
The contribution rate of the other three control factors varies with different optimization
objectives. Table 8 summarizes the importance and parameter combinations of the control
factors of the minimum separation force and four dimensional tolerances. Figure 5 shows
the contribution rate of all control factors for the single-objective optimization. The optimal
printing parameters differ from the contribution rate of the corresponding control factors
under different objectives. This means that there is a significant difference in the separation
force and dimensional tolerance for gear optimization, so the optimization parameters that
can meet the different objectives shall be found by the desirability approach.

Table 7. Mean Value and S/N of Four Dimensions.

Aperture Addendum Circle Dedendum Circle Face Width
Group Mean Standard Mean Standard Mean Standard Mean Standard
Value Deviation SN Value Deviation SN Value Deviation SN Value Deviation SIN
1 19.98 0.06 49.94 44.39 0.03 63.91 35.14 0.05 57.02 15.11 0.37 32.11
2 19.99 0.01 69.02 44.20 0.18 47.62 35.11 0.06 54.83 14.81 0.13 41.32
3 20.08 0.07 49.07 44.38 0.08 55.13 35.36 0.03 61.94 14.99 0.51 29.38
4 20.06 0.03 57.02 44.30 0.08 54.35 35.30 0.07 53.97 15.19 0.13 41.54
5 19.96 0.06 50.95 44.14 0.26 44.54 35.14 0.01 67.91 14.92 0.15 40.04
6 19.91 0.04 53.43 4424 0.08 55.10 35.13 0.04 58.36 14.73 0.22 36.54
7 19.95 0.08 48.18 44.26 0.17 48.33 35.20 0.05 57.04 14.91 0.15 40.03
8 20.02 0.04 55.06 44.50 0.02 66.43 35.67 0.02 64.51 15.21 0.20 37.71
9 19.94 0.04 55.02 44.34 0.01 75.95 35.42 0.14 47.97 14.85 0.10 43.52
Table 8. Information on All Control Factors for Single-Objective Optimization.
Items Importance of Factors Optimal Parameters
Separation force D>C>B>A Al,B3,C1,D1
Aperture C>B>D>A Al,B2,C2,D2
Addendum circle C>A>D>B A3,B3,C1,D1
Dedendum circle C>B>A>D A2,B2,C3,D3
Face width C>A>B>D A3,B2,C2,D2

3.3. Multiobjective Printing Parameter Optimization—(1) Overall Dimensional Tolerance,
(2) Separation Force, and Overall Dimensional Tolerance

In order to determine the printing parameters of the separation force and overall di-
mensional tolerance for the multi-objective optimization, the overall dimensional tolerance
optimization (multi-objective 1) and the separation force optimization (multi-objective 2)
were analyzed, respectively, in this study. Table 9 shows the optimal printing parameters
configured for these two objectives based on different weights. Multi-objective 1 is defined
not only for a specific target dimension but for all four dimensional tolerances of gears, so
the weight of the four dimensional tolerances is 25% each. The optimal printing parameters
obtained through the desirability analysis are as follows: slice thickness: 0.1 mm, exposure
duration: 30 s, rising speed of forming platform: 15 mm/min, and the distance between the
printed object and the fixed end of the solution tank: 97.87 mm. This group of parameters
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differ from the optimal printing parameters that only consider a dimensional tolerance.
The optimal printing parameters of multi-objective 2, that is incorporated in the separation
force optimization obtained based on different weights, are the same and are as follows:
slice thickness: 0.2 mm, exposure duration: 35 s, rising speed of the forming platform:
15 mm/min, and the distance between the printed object and the fixed end of the solution
tank: 97.869 mm. This group of parameters differs from multi-objective 1 by two factors,
but they differ from the optimal parameters of the minimum aperture tolerance only by
one factor: the distance between the printed object and the fixed end of the solution tank.

[—=—A—e—B—&—C——D| [=—A——B—+—C——D]
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Figure 4. Factor Response Diagram—Dimensional Tolerance.
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Table 9. Optimal Printing Parameters of Multiple Objectives with Different Weights.

Multiobjective Description Optimal Printing Parameters

1 All dimensional tolerance A3,B1,C2,D1

Force (90%) & all dimensional tolerance (10%)

Force (80%) & all dimensional tolerance (20%)

Force (70%) & all dimensional tolerance (30%)
Force (60%) & all dimensional tolerance (40%)
Force (50%) & all dimensional tolerance (50%)
Force (40%) & all dimensional tolerance (60%)

Force (30%) & all dimensional tolerance (70%)

Al,B2,C2,D1

Force (20%) & all dimensional tolerance (80%)

Force (10%) & all dimensional tolerance (90%)

4. Discussion
4.1. Optimization of Single-Objective Printing Parameters

The critical control factors affecting the separation force of the titling mechanism are D
and C. Both of them account for 95.9% in total, and the contribution rate of the control factor
D is 3.8 times that of the control factor C. The separation force can be reduced by shortening
the distance between the printed object and the fixed end and by slowing down the rising
speed of the platform. This conclusion is the same as that concluded by Wu et al. [25].
Compared with the pulling-up mechanism, the change in the relationship between the
separation force and the rising speed of the platform is the same [8]. In addition, it is known
from Table 5 that the minimum separation force can be obtained by increasing the layer
thickness to the maximum, which is also consistent [22]. This means that reducing the range
of the fixed resin tank will not change the performance characteristics of the separation
force. In terms of dimensional tolerance, the critical control factors of the aperture tolerance
are factors C and B. Both of them account for 83.3% in total, and the contribution rate of
the control factor C is 2.4 times that of the control factor B. The critical control factor of the
addendum circle tolerance is factor C, with a contribution rate of 31.6%. The contribution
rate of factor C differs slightly from that of the other three control factors by 1.1 times to
1.9 times. The critical control factors of the dedendum circle tolerance are C and B. Both
of them account for 86.7% in total, and the contribution rate of control factor C is 2 times
that of control factor B. The critical control factors affecting the surface width tolerance
are C and A. Both of them account for 82.1% in total, and the contribution rate of control
factor C is 1.2 times that of control factor A. It can be seen that control factor C is the most
critical parameter affecting the dimensional tolerance, but it reflects reverse characteristics
in different geometric planes. This phenomenon often occurs when multiple parameters are
evaluated simultaneously, and it is difficult to judge the obvious influence of one parameter
on all of the results presented [32]. For example, the addendum circle can be reduced by
slowing down the platform rising speed, while the dedendum circle can be reduced by
speeding up the platform rising speed. In addition, the optimal dimensional tolerance
of the aperture and surface width shows a reverse characteristic in the layer thickness.
The minimum aperture tolerance can be obtained by increasing the layer thickness to
the maximum; otherwise, the minimum tolerance in the surface width can be obtained.
The same characteristics are also reflected in the optimal tolerance of the separation force
and addendum circle. The minimum separation force can be obtained by increasing the
layer thickness to the maximum; otherwise, the minimum addendum circle tolerance can
be obtained.
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4.2. Optimization of Multiobjective Printing Parameters

Three findings are found during the inspection for the optimal printing parameters
of multi-objective 1 and multi-objective 2. First of all, multi-objective 1 differs from the
optimal parameters of the four datum parts in the dimension tolerance by more than two
control factors. Taking the addendum tolerance as an example, although shortening the
exposure duration and increasing the rising speed of the forming platform will enlarge the
addendum tolerance, it is helpful to reduce the other three-dimensional tolerances so as to
optimize the tolerance in the overall dimensions. Secondly, the optimal printing parameters
of multi-objective 2 do not vary with the weight of the separation force. This means that the
only way is to select the optimal solution considering the separation force and the tolerance
in the overall dimensions. On the basis of the optimal parameters of multi-objective 1,
the minimum separation force can be obtained by only increasing the slice thickness and
exposure duration. Thirdly, the aperture tolerance differs from the optimal parameters of
multi-objective 2 only by control factor D. This means that although extending the arm of
force will enlarge the aperture tolerance, it is helpful to reduce the other three-dimensional
tolerances and the separation force to optimize all objects. Generally, the adjustment based
on the optimal printing parameters of the aperture tolerance is the most convenient way to
optimize the overall dimension tolerance or reincorporate the separation force optimization.

5. Conclusions

In this study, a Taguchi orthogonal array is used to design experiments for determining
the minimum separation force of the DLP machine of the tilting mechanism and the optimal
printing parameters of four dimensional tolerances by calculating the S/N, drawing factor
response diagram, and ANOVA. Although high-quality printed objects can be obtained
by reducing both the separation force and dimensional tolerance, it can be seen from the
optimal solution that there are differences among these five single objects. The desirability
approach is used to find the optimal solution of multiple objectives and the influence of
printing parameters on the performance of objectives with different quality requirements.
The achievements of this study are summarized as follows:

1. The critical printing parameters affecting the magnitude of the separation force are
the rising speed of the forming platform and the distance between the printed object
and the fixed end of the solution tank. The separation force can be effectively reduced
by slowing the rising speed of the platform and shortening the length of the force arm.

2. The rising speed of the platform is the most critical parameter affecting the dimen-
sional tolerance, but it reflects reverse characteristics in different geometric dimen-
sions. The slower the platform rising speed, the better for the dimensional tolerance
of the addendum circle; however, the faster the platform rising speed, the better the
dimensional tolerance of the dedendum circle.

3. The optimal dimensional tolerance of the aperture and the surface width shows a
reverse characteristic in the layer thickness. The minimum aperture tolerance can be
obtained by increasing the layer thickness to the maximum; otherwise, the minimum
tolerance in the surface width can be obtained. The same characteristics are also
reflected in the optimal tolerance of the separation force and addendum circle. The
minimum separation force can be obtained by increasing the layer thickness to the
maximum; otherwise, the minimum addendum circle tolerance can be obtained.

4. In the case that the separation force and overall dimensional tolerance is minimized
on the basis of the optimal printing parameters of the aperture tolerance, the objective
can be achieved by increasing the distance between the printed object and the fixed
end of the solution tank will enlarge the aperture tolerance. It is helpful to reduce
the other three-dimensional tolerances and the separation force, so as to optimize
all objects.

5. It will not change the optimal printing parameters considering the minimum sepa-
ration force and the overall dimensional tolerance, regardless of the weight of the
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separation force. This means that the only way is to select the optimal solution
considering the separation force and the tolerance in the overall dimensions.

6. The change in the resin tank structure can be incorporated into the follow-up study
on printing quality optimization without changing the separation way of the cured
layers. In addition, the changes in post-exposure time can also be involved into an
optimization goal. Some studies have pointed out that this is also a factor that affects
the dimensional accuracy and mechanical strength. Therefore, the tests after printing
related to the mechanical properties can also be incorporated into the optimization
objectives, such as meshing, tooth contact force, and noise. Finally, green manufactur-
ing has become an important issue on sustainability, so it is also worth attempting
to incorporate the carbon emissions from the energy consumption and the volatile
organic compounds generated in the manufacturing process in the study.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/machines10100901 /s1, Table S1: factor response table of aperture;
Table S2: factor response table of addendum circle; Table S3: factor response table of dedendum circle;
Table S4: factor response table of surface width; Table S5: ANOVA of aperture; Table S6: ANOVA of
addendum circle; Table S7: ANOVA of dedendum circle; and Table S8: ANOVA of surface width.
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