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Abstract

Purpose – This paper is devoted to prepare micro-cone structure with variable cross-section size by Stereo
Lithography Appearance (SLA)-based 3D additive manufacturing technology. It is mainly focused on
analyzing the forming mechanism of equipment and factors affecting the forming quality and accuracy,
investigating the influence of forming process parameters on the printing quality and optimization of the
printing quality. This study is expected to provide a m-SLA surface preparation technology and process
parameters selection with low cost, high precision and short preparation period for microstructure forming.
Design/methodology/approach – The m-SLA process is optimized based on the variable cross-sectionmicro-
cone structure printing.Multi-index analysismethodwas used to analyze the influence of process parameters. The
process parameter influencing order is determined and validated with flawless micro array structure.
Findings – After the optimization analysis of the top diameter size, the bottom diameter size and the overall
height, the influence order of the printing process parameters on the quality of the micro-cone forming is:
exposure time (B), print layer thickness (A) and number of vibrations (C). The optimal scheme is A1B3C1, that
is, the layer thickness of 5 mm, the exposure time of 3000 ms and the vibration of 64x. At this time, the cone
structure with the bottom diameter of 50 mm and the cone angle of 58 could obtain a better surface structure.
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Originality/value – This study is expected to provide a m-SLA surface preparation technology and process
parameters selection with low cost, high precision and short preparation period for microstructure forming.

Keywords Micro-cone, Micro-nano additive manufacturing, Orthogonal experimental design,

Process parameters optimization

Paper type Research paper

1. Introduction
The Stereo Lithography Appearance (SLA) is one of the most mature and high quality
additive manufacturing technologies, which has obvious advantages of the rapid, cost-
effective and high precision complex structure formation compared with the traditional
machining methods (Li et al., 2023a; Dong et al., 2023; Shu et al., 2022). The SLA method
generally takes liquid photosensitive resin as molding material, adopts photoinitiated liquid
material polymerization crosslinking curing and forms the final solid parts after layer by
layer curing. Its potential industrial applications have been reckoned as cutting-edge
technology in the next few years (Wu et al., 2022a, b; Wang and Huang, 2022).

In recent years, SLA-based additive manufacturing technology has been widely developed,
especially in biomedical research, industrial manufacturing and other fields due to its advantages
of high precision and low cost in forming complex 3D structures in a relatively simple way (Jin
et al., 2021;Weng et al., 2023; Liu et al., 2021;Qu et al., 2022). For example, the typical application can
be found in the surface preparation for hydrophobic surfaces, which is generally difficult for the
preparation technology with the traditional materials reduction method. Common methods for
preparing superhydrophobic surfaces include laser processing (Liu et al., 2023a; Zhan et al., 2021),
chemical etching technique (Kumar andGogoi, 2018; Kim et al., 2018), templatemethod (Jiang et al.,
2016; Christian et al., 2009), coating method (Shen et al., 2021; Zhang et al., 2021a), etc. However,
these processing methods have typical features of high processing cost and complex process; the
fabricated microstructures cannot be precisely controlled.

In order to understand the typical advantages of 3D SLA method in micro-nano
manufacturing, researchers have carried out a lot of investigations on the molding process.
Zhang et al., (2021b) studied the shrinkage deformation of parts caused by material
solidification in digital light processing molding technology (DLP) through the finite element
simulation analysis and obtained the forming process parameters to reduce the shrinkage
deformation. Guo et al., (2022) introduced the microscopic dynamic mechanism of free base
photopolymerization into the thick-time equation, revealing the change rule of curing
thickness in DLP with initiator concentration and light intensity. Behera et al., (2021)
elaborated the forming constraints and solutions in the light curing micro-nano structure
additive from the aspects of forming materials, machine resolution, part geometry and
volume, etc. The results show that the expansibility of micro-scale additive manufacturing is
improved. Li et al., (2019) theoretically analyzed the relationship between the print thickness
of photocuring and the exposure time, and the study showed that the step effect on the
surface of parts could be significantly reduced by adopting the print layer thickness of 10 μm.

The SLA experimental equipment is similar to the current laser scanning, DLP and LCD
photocuring 3D printing technology in forming mechanism (Korkunova et al., 2022). The surface
exposure molding method adopted by the optical path system of the liquid photosensitive
equipment is different from the point exposure molding of traditional SLA, and is also different
from the expensive digital projection light source of DLP and the low precision of LCD molding
(Ozkan et al., 2022). At present, the fabrication of microstructures by photocuring additive
technology is still in the very early process, the influence of process parameters, molding accuracy
and printing time on photocuring molding need to be further explored (Yusoff et al., 2022; Yanar
et al., 2020). Meanwhile, it has important significance and potential application in academic
research and improving economic benefits of enterprises (Farrell et al., 2021; Sochol et al., 2018).
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Researchers (Rohita et al., 2022) are constantly trying to print higher quality parts by
optimizing printing process, materials, printing methods, etc. Since the cross-sectional area of the
2D parts manufactured by layers is always changing, and the surface of the 3D parts eventually
formed will inevitably produce a stepped shape (Hu et al., 2019). Therefore, it is particularly
important to optimize the stepped effect of inclined plane structure parts as much as possible for
the forming of micro-scale structure. Li et al., (2023b) studied the relationship between selective
laser sintering printing and parts structure performance by establishing neural network genetic
algorithmand finally, increase the structural stiffness of printed parts by about 20%.Rendas et al.,
(2023) studied the mechanical properties of 3D printing process parameters on tensile resistance
andbending resistance of regular section parts structures byusing rangemethod and found that a
thin printing layer thickness is conducive to improving the mechanical strength of the structure.
Kafshgar et al. (Kafshgar et al., (2021) analyzed the influence of 3D printing process parameters
such as printing layer thickness and filling density on structural mechanical properties by using
the variance analysismethod andmulti-objective optimization.At present, the research onprocess
optimization mainly focuses on the modeling analysis and optimizing the forming process of 2D
section parts such as rectangle. However, in the application of additive manufacturing, it is
necessary to carry out further research on the forming of changing 2D section structure and the
additive forming of variable cross-section micro-scale structure.

Therefore, this paper is devoted to preparemicro-cone structurewith variable cross-section size
by SLA-based 3D additive manufacturing technology. It is mainly focused on analyzing the
forming mechanism of equipment and factors affecting the forming quality and accuracy,
investigating the influence of formingprocess parameters on the printing quality andoptimization
of the printing quality. This study is expected to provide a μ-SLA surface preparation technology
and process parameters selection with low cost, high precision and short preparation period for
microstructure forming.

2. Experiments and process design
2.1 Experimental setup
The experiment is carried out on the micro-nano forming equipment developed by Shanghai
Prismlab Electromechanical Technology Co., LTD in Figure 1. As can be seen, the equipment
is mainly composed of three parts: computer, control system and printing device parts. The
operating software of the computer in the equipment is used for model import, printing
parameter setting and human–computer interaction. The control system is for receiving
instructions from the computer to control the movement of the printing equipment. At the
same time, it receives feedback information from the sensor in the printing device and feeds
back the printing situation in real time. The printing device is responsible for receiving the
instructions sent by the computer and the control system and printing the task.

The technical parameters of the experimental equipment include the printing length, width
and height of the photocuring molding range in 36.48*20.52*30 mm. The printing accuracy is
3.2 μm, the resolution is 1.6 μm,while the thickness of the printing layer is between 5 and 40 μm.
According to the requirements of equipment adaptation and molding accuracy in this
experiment, the photosensitive resinmaterial used in this experiment is composed of C, O andN
elements with C content of 78.23%, O content of 18.54% and N content of 3.22% in Figure 2.

Among the main parameters of the resin, the hardness after curing is 80–90 HD, the
bending strength is 90–112 MPa and the tensile strength is 35–42 MPa (Chen et al., 2023).
Since the post curing process will affect themechanical properties, thus the properties show a
variational range. In this paper, the curing time is keeping constant at 10 min.

2.2 Defects in molding
Qualitydefect is themost difficult problem inparts forming,whichwill seriously affect the forming
quality and production efficiency of parts. The forming defects are mainly related to the forming
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accuracy, model structure, printing process parameters and post-processing technology of the
equipment, among which the printing process parameters have the most obvious influencing
effect on the forming quality of the parts. Printing process parameters mainly include printing
layer thickness, exposure time and vibration frequency. The thickness of the printing layer

Control system

Computer

Build platform

Lenses module 1

Lenses module 2

Scanning 
galvanometer

Moving Z1-axis

Tank
Photosensitive resin

Transparent film

Printed part

Laser beam

Isolation platform

Air spring

Laser source

Moving Z2-axis

Machine base

Source(s): Authors’ own creation/work

Figure 1.
3D printing
equipment setup

Figure 2.
EDS for element
distribution of the
photosensitive resin
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determines the printing molding time. The smaller the thickness, the smoother the surface of the
parts, while this will take a longer printing time; On the contrary, the thicker the printing layer, the
more difficult it is for light energy to pass through the resin, thus a rough surfacewith bad quality.
The exposure timewill affect the x, y and z axis of the printed structure. If the exposure time is too
long, the liquid photosensitive resin will absorb more light energy and fully cured, so that the
actual print size is larger than the designed size. The number of vibrationsmainly affects the zoom
ratio of light spot. The larger the number of vibrations, the larger the reduction ratio of light spot.

The defect morphology under environmental scanning electron microscope (ESEM) in this test
is shown in Figure 3 Figure 3(a) reflects the quality defect of the cone molding, which is generally
absent from the printmolding of the tiny cone angle at the top. Figure 3(b) reflects that although the
conic structure is printed as a whole, there is a quality problem that half of the tip cone corner is
formedandhalf ismissing. Figure 3(c) reflects themassdefects of the conewith adiameter of 50μm
at the bottom, with obvious stratification, stepped structure, curved top and missing cone top.

2.3 Orthogonal experiment design
Orthogonal test method is a scientific and reasonable arrangement of tests for multiple factors
andmultiple levels of change (Liu et al., 2023b; Chen et al., 2022). In the orthogonal test, the results
of the experimental study are called evaluation indexes, the influencing factors related to the
experimental evaluation indexes are called factors and thevariation of factors is called levels.As
shown inFigure 4, if all the trial groups are tested, at least 256 trials are required to be conducted.
Massive repetitions of the test are unfavorable to the analysis of the test results. If the orthogonal
test is adopted, the test results can be analyzed by adopting only 16 tests.

(a)

200 μm

(c)

100 μm

(b)

100 μm

Note(s): (a) Conic array; (b) Enlarged zone of (a); (c) Front view of the flawed cone structure
Source(s): Authors’ own creation/work

A1

A2

A3

A4

B1

B2

B3

B4

C1

C2

C3

C4

D1

D2

D3

D4

Source(s): Authors’ own creation/work

Figure 3.
SEM image for typical
defect characteristics

Figure 4.
Comprehensive test of
the orthogonal method
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When the orthogonal test table is designed, each factor is arranged in a row, and the change of
each factor is symmetrical horizontally. In this way, the parameters of each group in the
orthogonal test group will contain one of the variation levels of all the factor objects studied in
the orthogonal test. All levels of change for each factor occur equally in all orthogonal trials.

In this paper, there are three factors in the orthogonal test, namely, print layer thickness
(A), exposure time (B) and vibration frequency (C). The orthogonal test of three factors and
three levels was carried out. The values of test factors and levels were shown in Table 1.

The orthogonal test group is planned as shown in Table 2, which is divided into nine
groups, and each factor formed a column in the table. The change level of each factor was
equal for three times, and the parameters in the different nine groups of orthogonal
experiment were printed for three parts under the same parameters.

The selection of printing parameters ismainly related to the three-dimensional structure size of
the model. Before choosing these parameters, preliminary preparation tests were conducted to set
the reasonable process parameters zone. Finally, the printing thickening selection is 5–15 μm, the
exposure time is 2000–3,000ms, the vibration frequency is 64–144x. For example, if the thickness
of the printing layer is less than 5 μm, due to the mechanical accuracy of the machine Z axis, it is
difficult to ensure the molding quality. In the meanwhile, when the layer thickness is greater than
20 μm, the slicing layer thickness is too large and the printed pyramidal structure ladder
morphology is very apparent, and the top structure is easy to bend or miss when forming. When
the exposure time is lower than 2000 ms, the top structure of the cone is often difficult to form;
when the exposure time is greater than 3,000 ms, the diameter of the cone will be thickened; the
number of vibrations mainly determines the number of scanning during the light curing time.

2.4 Test model design
Different from the cylinder structure from the bottom to the top printing constant cross-section,
the cone structure in the printing process of printing the size of the section is getting smaller,
small size means more prone to printing bending, breaking, mucosa and other problems, so the

Levels

Factors
Print layer

thickness(A)/μm
Exposure
time (B)/ms

Number of
vibrations(C)/x

1 5 2000 64
2 10 2,500 100
3 15 3,000 144

Source(s): Authors’ own creation/work

Tests No Print layer thickness(A)/μm Exposure time(B)/ms Number of vibrations(C)/x

1 5 2,000 64
2 5 2,500 100
3 5 3,000 144
4 10 2,000 100
5 10 2,500 144
6 10 3,000 64
7 15 2,000 144
8 15 2,500 64
9 15 3,000 100

Source(s): Authors’ own creation/work

Table 1.
Factor level table

Table 2.
Orthogonal test table

JIMSE



precision of molding equipment and process parameters higher requirements. As shown in
Figure 5, the cone structure of the variable section model has a diameter of 50 μm at the bottom
and 1 μmat the top, the angle is 58, the center spacing is 100μm, andarranged in a row.The cone
structure is a process of variable cross-section molding, and the size of the cone top is close to
1 μm, which is far lower than the conventional light curing 3D printing 50 μm molding level,
undoubtedlymore stringent requirements for printing equipment and process parameters. This
will also help to achieve a better printing quality in complex structures printing.

3. Morphology analysis for conical structure
Additive manufacturing process is to process 3D printing data into 2D data through slicing
software, and then print 3D solid parts by stacking and accumulating layers. Therefore, the
surface of parts formed by additive manufacturing will leave layered morphology of additive
forming. When the structure with irregular curved surface such as inclined plane or circular
arc is manufactured by additive manufacturing, this layered step morphology is more
obvious due to the additivemechanism, as shown in Figure 6. For themicrostructure additive
forming, the surface topography of the parts will seriously affect the surface quality of the
parts and even lead to the parts difficult to form. Therefore, the main analysis of this
experiment by controlling the thickness of the printing layer, exposure time and vibration
times, so as to reduce the shape of the step, and print out the tiny structure.

Surface morphology could well reflect the manufactured quality, which could help to
understand the process effect on the structure (Zhou et al., 2021; Li et al., 2023c). Environmental
scanning electron microscope (QUANTA 250, Czech Republic) was used to observe the array
cone at different magnifications of 500, 1,000 and 2,500 X. Fig.s 7, 8 and 9 show the three-
dimensional ESEMmorphologywith nine sets of parameters and different printing parameters,
the test numbers correspond to serial numbers (a), (b) and (c) in the figure, respectively.

According to the 500X magnification of nine groups of parameters in Figures 7, 8 and 9,
the 3D morphology of the cone basically conforms to that of the originally designed cone
structure, but there is a big difference in morphology. In the microscopic morphology at

Figure 5.
3Dmodel structure and

size of the cone
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3D model                          Print data                            Part

4x

8.
6x

3.6x
0.

6x
3.6x

0.
6x

8.
4x

Source(s): Authors’ own creation/work

(a) T = 5 μm,E = 2000 ms,V = 64 x

100 μm 50 μm 30 μm

119111111111111999999999

(b)T = 5 μm,E = 2500 ms,V = 100 x

100 μm 50 μm 30 μm

(c) T = 5 μm, E = 3000 ms,V = 144 x

100 μm 50 μm 30 μm

Source(s): Authors’ own creation/work

Figure 6.
3D data and actual
molded parts

Figure 7.
3D SEM morphology
for Test No. 1, 2 and 3
at print layer thickness
of 5 μm
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1,000X magnification, the thickness of (a), (b) and (c) in Figure 7 is 5 μm, that of (a), (b) and (c)
in Figure 7 is 10 μm and that of (a), (b) and (c) in Figure 8 is 15 μm. The height and overall
shape of the cone are different. At 1,000Xmagnification, the layering phenomenon of the cone
with variable cross-section from the bottom to the top becomes more apparent due to the
different thickness of the printing layer. At 2,500Xmagnification, the cone surface roughness
and the diameter of the apex are also different.

The conical surface is close to the smooth transition in Figure 7, circular cone top part also is
similar to the smooth transition arc shape and accordingly from cone top diameter is relatively
small. Compared to 10 μm thickness layer of Figures 8 and 15 μm thickness layer of Figure 9, 5 μm
thickness layer of the surface of Figure 7 shows a more drastic surface roughness change. In
Figure 8, with the change of section size, the conical surface has similar stepped morphology
between layers. The morphology of the conical surface tends to be simple stepped morphology. In
Figure 9, the morphologies of the cone are different between layers, and the changes of the steps
between layers are more obvious, and the position of the cone top is similar to the shape of an
inverted round table.

4. Optimization of result analysis
The printing of conical structure is different from the uniform section of cylinder. It is a variable
section printing and forming way, which increases the overall difficulty in printing and printing

(a)T = 10 μm,E = 2000 ms,V = 100 x

100 μm 50 μm 30 μm

124121244

(b)T = 10 μm,E = 2500 ms,V = 144 x

100 μm 50 μm 30 μm

100 μm 50 μm 30 μm

(c) T = 10 μm,E = 3000 ms,V = 64 x

Source(s): Authors’ own creation/work

Figure 8.
3D SEM morphology
for Test No. 4, 5 and 6
at print layer thickness

of 10 μm
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parameters,will definitely affect the quality of printing.Theprinting error ofmicro-cone includes
the top diameter error, the bottom diameter error, the overall height error and the relationship
between the top diameter errors, the bottom diameter error and printing parameters is obvious.
Therefore, the multi-index analysis method is used to analyze the test data.

The measurement of the cone size is shown in Figure 10. During the measurement, the top
diameter, the bottom diameter and overall height of the micro-cone structure are measured, and the
three conesaremeasured, respectively.Finally, the averagevalue of themeasurement results is taken.

After calculating the average value, the top diameter, the bottom diameter and overall
height of the cone can be used to measure the size error of the cone structure, and the
calculation equation is shown in equation (1).

ΔD2 ¼ jD0 � D1j (1)

In the equation,ΔD2 is the absolute error, μm;D0 is the design size value, μm;D1 is the average
value of actual size measurement, μm.

4.1 Single index analysis
During the measurement, the top diameter, the bottom diameter and the overall height were
measured according to the ratio ofmagnification of the scanning electronmicroscope images. The

100 μm 50 μm 30 μm

(a)T = 15 μm,E = 2000 ms,V = 144 x

100 μm 50 μm

(b) T = 15 μm,E = 2500 ms,V = 64 x

30 μm

100 μm 50 μm 30 μm

(c)T = 15 μm,E = 3000 ms,V = 100 x

Source(s): Authors’ own creation/work

Figure 9.
3D SEM morphology
for Test No. 7, 8 and 9
at print layer thickness
of 15 μm
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measurement results were averaged and the absolute error value was used to measure the size
error of the cone structure. The absolute error of the top diameter isΔd, the absolute error of the
bottom diameter is ΔD and the absolute error of overall height is ΔH. The error results of
measuring cone structure underninegroupsof different process parameters are shown inTable 3.

The results of the orthogonal test were processed by the range analysismethod, which can
analyze the influence of each factor on printing quality, optimal level and optimal parameter
combination of each group of measurement results of orthogonal test. The range analysis of
size error is shown in Tables 4–6.

For the optimization analysis of the top diameter index of the printed cone, in the three
groups of tests with the same layer thickness level of factor A, the range R is 5.036, which
indicating that there is a difference of 5.036 in the influence of the layer thickness on the top
diameter. The range of exposure time B is 2.382 and the range of vibration number 0.533. It

Tests no
Print layer

thickness(A)/μm
Exposure
time(B)/ms

Number of
vibrations(C)/x Δd ΔD ΔH

1 5 2,000 64 1.822 9.995 142.721
2 5 2,500 100 4.485 0.144 123.262
3 5 3,000 144 1.085 1.904 107.387
4 10 2,000 100 5.731 7.336 112.897
5 10 2,500 144 3.616 8.149 90.531
6 10 3,000 64 4.658 0.737 65.573
7 15 2,000 144 10.346 14.087 165.856
8 15 2,500 64 7.145 2.197 84.353
9 15 3,000 100 5.010 5.478 84.783

Source(s): Authors’ own creation/work

Figure 10.
Measurement positions
and corresponding size

Table 3.
Orthogonal test table

and test results
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can be seen that the printing layer thickness has the highest influence on the printing quality,
followed by the exposure time and finally, the number of vibrations. The best printing
process is A1B3C1, that is, layer thickness 5 μm, exposure time 3,000 ms and vibration 64 x.

For the optimization analysis of the printed cone bottom diameter index, the range R is 3.240 in
factor A, which means the difference of the influence of layer thickness on the bottom diameter
index is 3.240. In thisway, the range of exposure timeB is 7.776, and the range of vibration number
is 3.737. It canbe seen that the exposure timehas thegreatest influence onprint quality, followedby
the number of vibration and the thickness of print layer has the least influence. The best printing
process is A1B3C1, that is, layer thickness 5 μm, exposure time 3,000 ms and vibration 64 x.

Theoverall height of theprinted conewasoptimizedby the indexanalysis. In the threegroupsof
experimentswith the same layer thickness level of factorA, the rangeR5 34.790,whichmeans that
the layer thickness of 10 μm and 5 μm has A 34.790 difference on the overall height of the printed
cone. In thisway, the rangeof exposure timeB is 54.577and the range of vibrationnumber is 23.709.
It can be seen that the exposure time has the highest influence on the print quality, followed by the

Print layer
thickness(A)/μm

Exposure
time(B)/ms

Number of
vibrations(C)/x

K1 2.464 5.966 4.542
K2 4.668 5.082 5.075
K3 7.500 3.584 5.016
Range R 5.036 2.382 0.533
Optimal levels A1 B3 C1
Primary and secondary factors A B C
The optimal combination A1B3C1

Source(s): Authors’ own creation/work

Print layer
thickness(A)/μm

Exposure
time(B)/ms

Number of
vibrations(C)/x

K1 4.014 10.473 4.310
K2 5.407 3.497 4.319
K3 7.254 2.706 8.047
Range R 3.240 7.776 3.737
Optimal levels A1 B3 C1
Primary and secondary factors B C A
The optimal combination A1B3C1

Source(s): Authors’ own creation/work

Print layer
thickness(A)/μm

Exposure
time(B)/ms

Number of
vibrations(C)/x

K1 124.457 140.491 97.549
K2 89.667 99.382 106.981
K3 111.664 85.914 121.258
Range R 34.790 54.577 23.709
Optimal levels A2 B3 C1
Primary and secondary factors B A C
The optimal combination A2B3C1

Source(s): Authors’ own creation/work

Table 4.
Range analysis table of
top diameter index

Table 5.
Range analysis table of
the bottom
diameter index

Table 6.
Range analysis table of
overall height index
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print layer thickness and the number of vibration has the least influence. The best printing process
is A2B3C1, that is, layer thickness 10 μm, exposure time 3,000 ms and vibration 64 x.

4.2 Multi-index optimization analysis
The analysis of a single index can only reflect the effect of each factor on a single evaluation
index, and the order of priority and the combination of optimal schemes are only for the
evaluation of a single index. Because it cannot meet the scenario where multiple evaluation
indexes meet simultaneously, comprehensive optimization analysis of multiple indexes is
needed (Guo et al., 2021).

The optimization analysis of multiple indexes needs to integrate the evaluation results of
single indexes according to the comprehensive evaluationmatrix. The specificmatrix is shown in
equation (2). Suppose n factors are considered in orthogonal experiment, and each factor has m
change levels. If the expected index value is larger, makesKij ¼ kij; otherwise, makesKij ¼ 1=kij.

M ¼

K11 0 $$$ 0

K12 0 $$$ 0

$$$ $$$ $$$ $$$

K1m 0 $$$ 0

0 K21 $$$ 0

0 K22 $$$ 0

$$$ $$$ $$$ $$$

0 K2m $$$ 0

0 0 $$$ 0

0 0 $$$ Kn1

0 0 $$$ Kn2

$$$ $$$ $$$ $$$

0 0 $$$ Knm

2
666666666666666666666666666666666666666666664

3
777777777777777777777777777777777777777777775

(2)

Factor layer matrix is shown in Equation (3), Ti ¼ 1=
Pm
j¼1

Kij.

T ¼

2
664
T1 0 0 0
0 T2 0 0
$$$ $$$ $$$ $$$
0 0 0 Tn

3
775 (3)
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The horizontal matrix is shown in Equation (4), and the range of test factors is si,

makes Si ¼ si=
Pn
i¼1

si.

S ¼

2
664

S1

S2

$$$
Sn

3
775 (4)

The weight of a single index in the test among multiple indexes is shown in equation (5).

ω ¼ MTS (5)

The comprehensive weight of the three indicators is shown in equation (6).

ω ¼ ω1 þ ω2 þ ω3

3
(6)

After the analysis of multiple indicators, the weight of multiple indicator parameters is
calculated. The larger the weight value is, the closer the correlation is to the overall index
of the test results. The index weight results are shown in Table 7, among which the
comprehensive weight value of A1, B3 and C1 is the largest among all factor groups.

The molding analysis of conical structure includes the analysis of many index factors.
After the optimization analysis of the top diameter size, the bottom diameter size and overall
height of the printed cone, the order of the influence of printing process parameters on the
forming quality of the micro-cone is as follows: exposure time (B), print layer thickness (A)
and number of vibrations (C). A1B3C1, the layer thickness of 5 μm, exposure time of 3,000 ms
and vibration of 64 x, is the optimal scheme for analyzing the results by calculating the
weight of multiple indexes. After weight calculation and parameter analysis, the
technological parameters can be considered reasonable.

5. Optimized SEM structures
The optimized test parameters were adopted to print the cone structure model, as shown
in Figure 11. From the experiments, the cone diameter at the top was 2.876 μm, the cone
diameter at the bottom was 49.519 μm and the overall height was 180.435 μm. Compared
with the print quality without optimization, it shows that the experimental optimal
scheme is consistent with the actual print optimization effect. In order to show the exact
printing effect of the adopted process parameters, a set of micro-conic arrays are printed

Tests
No

Weight
categories

Top diameter
weight
ω1

Bottom
diameter
weight ω3

Overall
height

weight ω2

The comprehensive
weights

ω
Optimal
solution

1 A1 0.341 0.088 0.096 0.1748 A1
2 A2 0.179 0.120 0.071 0.124
3 A3 0.112 0.099 0.053 0.088
4 B1 0.078 0.117 0.067 0.087
5 B2 0.092 0.168 0.201 0.153
6 B3 0.130 0.201 0.260 0.197 B3
7 C1 0.024 0.075 0.099 0.067 C1
8 C2 0.021 0.068 0.099 0.063
9 C3 0.022 0.060 0.053 0.045

Source(s): Authors’ own creation/work

Table 7.
Analysis of multiple
indicators

JIMSE



as shown in Figure 12. In this figure, it can be found that the printed surface shows great
surface quality and consistency in array structures. This could help to improve the
application of μ-SLA technology in more microstructure preparation.

(a)

(c)(d)

(b)

Note(s): (a) is the same size array, and (b) and (c) is the enlarged SEM zone; (d) is the micro
array for different conic size
Source(s): Authors’ own creation/work

Figure 11.
Optimized cone
structure under

different magnification

Figure 12.
The printed micro-

conic array structure

μ-SLA 3D
micro-nano

conic structure



6. Conclusions
In this paper, the μ-SLA additive manufacturing process parameters is optimized based on
the variable cross-section micro-cone structure printing through detailed orthogonal
experimental design. The multi-index analysis method was used to analyze the influence
of process parameters through the forming quality of the top, bottom and overall height of the
micro-cone. Furthermore, the process parameter influencing order is determined and
validated with a series of experiments and final flawless micro array structure printing.

After the optimization analysis of the top diameter size, the bottom diameter size and the
overall height, the influence order of the printing process parameters on the quality of the
micro-cone forming is: exposure time (B), print layer thickness (A) and number of vibrations
(C). The optimal scheme is A1B3C1, that is, the layer thickness of 5 μm, the exposure time of
3000 ms and the vibration of 64x. At this time, the cone structure with the bottom diameter of
50 μm and the cone angle of 58 could obtain a better surface structure. After the process
optimization, the cone tip diameter could print to minimum diameter of 2.876 μm. Finally, all
the optimized result is further validated through the flawless array structure printing.
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