
processes

Article

Multi-Objective Optimization of Microstructure of Gravure
Cell Based on Response Surface Method

Shuang Wu, Jiefang Xing * , Ling Dong and Honjuan Zhu

����������
�������

Citation: Wu, S.; Xing, J.; Dong, L.;

Zhu, H. Multi-Objective Optimization

of Microstructure of Gravure Cell

Based on Response Surface Method.

Processes 2021, 9, 403. https://

doi.org/10.3390/pr9020403

Academic Editor: Luis Puigjaner

Received: 29 December 2020

Accepted: 15 February 2021

Published: 23 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Co-Innovation Center of Efficient Processing and Utilization of Forest Resources, Nanjing Forestry University,
Nanjing 210037, China; wushuang627@126.com (S.W.); lingdongnjfu@163.com (L.D.); zhj@njfu.edu.cn (H.Z.)
* Correspondence: jiefangx@njfu.edu.cn

Abstract: In order to improve the structural stiffness of the gravure cell structure in the solid printing
process and realize a lightweight design, a multi-objective optimization design method was proposed
to optimize the parameters of the direct laser engraving of the cell structure. In this paper, based on
the characteristics of the cell structure and the analysis of the contact force, the ANSYS parametric
design language (APDL) was used to conduct a finite element analysis on the microstructure of
the regular hexagonal cell. We found that there is a certain optimization space. Then, a response
surface (RSM) method optimization model, using a central composite design (CCD), was established
to obtain, and then analyze, the sensitivity of each design variable to the objective functions. Finally,
a multi-objective genetic algorithm (MOGA) was used to solve the model. The optimization results
show that the maximum deformation was reduced by 44.4%, and the total volume was reduced
by 46.3%. By comparing with the model before optimization, the rationality and effectiveness of
this method were verified. This shows that the method can be effectively applied to the design
optimization of gravure cell microstructure, and it provides theoretical support for new cell design.

Keywords: gravure printing; cell structure; contact analysis; response surface method; multi-
objective optimization

1. Introduction

With the promotion of green printing technology, gravure printing has been widely
studied due to its popularization and application of water-based ink. The gravure cylinder
consists of a steel body, a nickel-plated layer, a (internal and external) copper layer, and
a chromium-plated layer [1]. The traditional production process is complicated, and the
manufacturing cost is high. Frequent plate making will increase the production cost. The
gravure cell is the smallest unit that holds and transfers ink on the gravure cylinder. In
order to achieve a uniform and thick ink layer, it is required that the cell opening is large
and the screen wall narrow when solid printing or coating [2], but this will increase the
wear of the printing plate. Therefore, different cell shapes and structural parameters will
directly affect the stiffness and wear resistance of the printing plate, and then affect the
printing durability of the cylinder. The opening of the traditional electronic engraving
cell is diamond-shaped, the longitudinal section is inverted trapezoid, and the process of
plate making is complicated. With the maturity of laser technology, direct laser engraving
technology [3,4] has been applied in the field of gravure. Direct laser engraving technology
can freely define the aspect ratio and shape of each cell by modulating the energy and pulse
intensity of each single laser pulse through digital image data [5]. Direct laser engraving
technology has quickly become a research hotspot in the field of gravure plate making
because of its high speed, high resolution, and arbitrary cell design. At present, there are
many kinds of cell structure, such as regular hexagon, square, and pillow shape, among
which regular hexagon cells are the most widely used. Therefore, this article took the
laser-engraved regular hexagonal cell structure with a U-shaped longitudinal section as
the research object, and carried out a multi-objective optimization design of cell structure.
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The direct laser engraving of a U-shaped cell structure has not been thoroughly studied.
For example, Xiuyan Yin et al. [6] studied the liquid emptying process in the scaled-up
U-shaped cells through liquid visualization, and the results can be applied to benchmark
theoretical calculations and cell design processes. Henning G et al. [7] summarized the
laser engraving process, and focused on the gravure cell microstructure process formed by
direct laser engraving and the advantages and disadvantages of different cell shapes. Later,
Henning G et al. [8] used high-power MOPA fiber lasers and fast extra cavity modulation to
improve laser engraving technology. In order to solve the redundancy of the cell structure
of laser gravure images, Li, Z.L. et al. [9] proposed a lossless compression method for laser
gravure images that eliminates cell structure redundancy, and experiments proved that
the method had certain applicability. Deng Pujun et al. [10,11] first studied the influence
of the screen ruling and the angle of electronic engraving on the ink transfer rate, and
then used electronic engraving experiments to obtain V-shaped cell size data, and then
used MATLAB to establish a calculation model for the gravure cell volume. The results
showed that the cell volume depended on the screening rules, cell angle, needle angle, and
cell depth.

In addition, although there are many theoretical studies on microstructure optimiza-
tion, it is still a nascent topic at the application level, especially in multi-physics applications.
And, simulation tools are involved in various fields [12,13]. By using simulation tools, there
have been some recent studies that tried to understand the effect of specific microstructure
features on device performance [14,15]. For example, J. Guan et al. [16] used finite element
analysis and a micro-genetic algorithm to optimize the microstructure of the forging pro-
cess, and the results showed that the optimized H-shaped forging could obtain a small grain
size and homogeneous grain distribution; Shabani, MO et al. [17] conducted a combination
method of a genetic algorithm, finite element method, and artificial intelligence to deter-
mine the optimal preparation conditions of Al matrix nano-composites from the aspects
of microstructure and mechanical properties. Yanyan Yin et al. [18] optimized the design
parameters of the columnar microstructure through finite element analysis to achieve the
goal of extending the efficiency of the thermal barrier coating. Noruzi, R et al. [19] used a
genetic algorithm to optimize the microstructure of organic solar cells (OSC) by exploring
the Non-Uniform Rational B-Splines (NURBS) representation. The results showed that the
current density of the optimized microstructure was significantly improved. Therefore, it
is feasible and innovative to use a response surface optimization method combining finite
element analysis and a multi-objective genetic algorithm to optimize cell microstructure.

The remainder of the article is structured as follows: Section 2 introduces the principle
of response surface optimization, the central combination design (CCD) method, and
the multi-objective genetic algorithm; Section 3 studies the gravure cell microstructure
parameters and the force contact analysis of the cell structure; Section 4 describes the
multi-objective design optimization process; and Section 5 is the conclusion.

2. Materials and Methods
2.1. Response Surface Method (RSM)

The response surface method [20,21] was introduced by Box and Wilson. The RSM
used in modeling and analysis of problems is a method that combines mathematical and
statistical techniques [22]. Its principle is to obtain the response surface model of objective
function on the design variables through the experimental design of the selected points,
and to predict the value of the non-experimental points [23]. The response surface model is
generally between the first to fourth order. As the order increases, the ability to simulate a
nonlinear model becomes stronger [24]. Among them, the response surface model with
second-order polynomial approximation has a higher calculating accuracy and solving
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efficiency. This paper uses this model to optimize the cell microstructure, and the general
second-order response surface function expression is as follows [25]:

y = β0 +
k

∑
i=1
βiXi +

k

∑
i=1
βiiX

2
i +

k

∑
i<j
βijXiXj + ε (1)

where y is the objective function; β0, βi, βii, and βij are the polynomial coefficients; Xi and
Xj are the experimental variables; k is the number of experimental variables; and ε is the
fitting error.

The polynomial regression method of least square estimation is used to obtain the
undetermined coefficients of the response surface function expression.
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where n is the number of test points of the model; xn
k is the variable value of the test point;

and yn is the function value of the test point.
The fitting accuracy of the RSM depends largely on the distribution of sample points

in the design space [26]. Through the design of experiments (DOE), the expected results
and scientific conclusions can be obtained on the basis of fewer trials and lower trial costs.
The design of experiments of response surface methodology includes central composite
design, optimal space-filling design, Box–Behnken design, sparse grid initialization, and
Latin hypercube sampling design. Among them, the test points in the central composite
design method follow specific rules [27,28], which can minimize the number of experiments
on the premise of good accuracy. It has good fitting correlation and predictability, and is
suitable for multi-factor and multi-level experiments with continuous variables.

The response surface method takes into account the random error of the experiment.
Compared with orthogonal experiments, its advantage is that it can be analyzed at all
levels of continuous experiment in the process of optimizing experimental conditions. The
response surface method fits the complex unknown function relationship in a small area
with a simple first or second polynomial. The calculation is relatively simple. It is an
effective method for development cost, optimization of processing conditions, improve-
ment of product quality, and solving practical problems in the production process. There
are continuous variables and random errors between the parameters of the direct laser
engraving of the cell microstructure in this paper, so this paper applies the response surface
optimization based on a central composite design.

2.2. Multi-Objective Genetic Algorithm (MOGA)

A multi-objective genetic algorithm [29,30] was proposed by Fleming and Fonseca [31].
MOGA based on the Pareto optimal principle is one of the most representative methods.
Its basic idea is to produce many feasible solutions at each generation in the genetic
algorithm [32]. Individuals of the same generation are sorted by good or bad, and the
individuals in the front have more chances to be inherited by the next generation, and the
Pareto optimal solution can be obtained through a certain algebraic cycle. The objective
vectors corresponding to the Pareto optimal are called the non-dominated target vector.
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All non-dominant goal vectors constitute the Pareto front of a multi-objective problem [30].
The multi-objective optimization problem can be expressed as:

min
(
y1(x), y2(x), y3(x) · · · yn(x)

)
xL ≤ x ≤ xU
gL ≤ g ≤ gU

 (4)

where y1(x), y2(x), y3(x), and yn(x) are the objective functions; x is the design variable; xL
and xU are the upper and lower limits of design variables; g is the state variable; gL and gU
are the upper and lower limits of state variables.

Therefore, the cell microstructure response surface optimization used in this paper
is an optimization method based on the multi-objective genetic algorithm of the central
composite design. First, this paper analyzed the regular hexagonal cell structure parameters
and force conditions, then used ANSYS parametric design language (APDL) to compile
a code file to perform periodic element modeling and static analysis of the cell structure,
then import the code file into the Workbench platform for the central composite design
and response surface method, and finally used multi-objective genetic algorithm to obtain
the optimal solution. The optimization process is demonstrated in Figure 1.

Figure 1. Flow chart of cell microstructure optimization.

3. Finite Element Analysis (FEA)
3.1. Regular Hexagonal Cell Microstructure

The gravure cylinder consists of a cylinder body, a nickel-plated layer, an internal
copper layer, an external copper layer, and a chrome-plated layer. A typical gravure
printing plate cylinder is shown in Figure 2.
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Figure 2. Multi-level description diagram of gravure printing plate cylinder.

With the popularization and development of laser engraving gravure technology, the
shape and arrangement of the cells are no longer limited by the shape and processing
of the engraving knife. Therefore, new cell shapes such as regular hexagonal cells and
pillow cells can be designed arbitrarily. In actual printing production, it is found that the
regular hexagonal cells arranged at a screen angle of 60◦ have the characteristics of compact
structure and good ink transfer effect. Therefore, this paper selected regular hexagonal cell
microstructure parameters for multi-objective structural optimization.

3.2. Modeling

It can be seen from Figure 2 that the cell structure is a periodic nested microstructure.
If we study the cell structure with a complete printing plate cylinder as the substrate, it is
seriously beyond the scope of the computer. Therefore, this article refers to the concept of a
periodic unit [33–35] to simulate the establishment of 8 × 8 periodic cells microstructure. In
addition, because the thickness of several coating materials on the surface of the printing
plate cylinder is too variable, it is difficult to achieve an overall modeling mesh. Moreover,
the cells are only in the external copper layer and the chrome-plated layer, therefore, the
external copper layer and the chrome-plated layer were selected for parametric modeling
of the cell periodic unit of the printing plate.

The chromium plating process shows that the chromium plating layer is in the shape
of a “dog bone”, that is the surface layer (Z1) is the thickest, the two side walls (Z2) are
the thinnest, and the bottom layer (Z3) is thicker. The size relationship between the three
is roughly

Z1 ≈ 2 × Z2 ≈ 4 × Z3 (5)

The size of the regular hexagonal cell is shown in Figure 3. Where, A is the size of the
base cell, which is determined by the number of screen lines (lpi); A1 is the cell size of the
copper layer after engraving; and A2 is the cell size after chrome plating.
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Figure 3. Regular hexagonal cell size.

The ANSYS parametric design language (APDL) was used to write code for the regular
hexagonal cell microstructure in this study. The surface chrome layer was simulated with
shell93. The shell93 element is a structural shell element with eight nodes, which is
especially suitable for curved shell models. The external copper layer was simulated with
solid95. The solid95 element is a solid element with 20 nodes, which can adapt to irregular
models. The density of the surface chromium layer was 6900 kg/m−3, elastic modulus
was 250 Gpa, and Poisson’s ratio was 0.12. The density of the external copper layer was
8940 kg/m−3, elastic modulus was 117 Gpa, and Poisson’s ratio was 0.35. The initial
parameters of the model are shown in Table 1. Free meshing was used, and 1,462,424 nodes
and 958,026 elements were generated, as shown in Figure 4.

Table 1. Model initial parameters.

Name Size Name Size

External copper layer thickness (T) 120 µm Base cell size (A) 150 µm
Surface chrome layer thickness (Z1) 8 µm Screen wall width (C) 10 µm

Number of cells 8 × 8 Cell depth (D) 30 µm

Figure 4. Regular hexagonal cell microstructure after meshing.

3.3. Static Analysis

In the printing production process, the printing plate cylinder is subjected to not
only its own weight and centrifugal force of rotation, but also the printing pressure of
the impression cylinder, as well as the friction and pressure from the scraping blade. The
working schematic diagram of the printing plate is shown in Figure 5a. In the static analysis,
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only the contact force part of the printing plate cell was considered. The contact force
analysis of the printing plate cylinder is shown in Figure 5b. Where F1 is the printing
pressure, and F2 is the scraping blade pressure.

Figure 5. (a) Working schematic diagram of the printing plate. (b) Contact force analysis of the
printing plate cylinder.

Printing pressure generally refers to the pressure exerted by the impression cylinder
on the plate cylinder surface during the ink transfer process. The printing pressure is
adjusted by the pressure regulating valve [36] and the actual pressure formula is as follows:

F1 = 2 ·
(

D0

2

)2
πP (6)

where F1 is the printing pressure; P is the dial reading; and D0 is the cylinder diameter.
Under static conditions, according to the empirical formula, the relationship between

the printing pressure at the contact midpoint and the deformation of the lining is:

P0 = E
λ

δ
(7)

where P0 is the printing pressure at the midpoint of the contact width; E is the elastic
modulus of the lining material; λ is the absolute deformation of the lining; and δ is the
original thickness of the lining.

Analyzing the contact situation of the two rollers, the local elastic deformation of the
contact surface generates an approximate rectangular contact area. The contact width (b)
can be obtained from the Hertzian elastic theory [37,38]:

b = 4 ·

√
F1

πL
·
(

1 − µ1
2

E1
+

1 − µ2
2

E2

)
· R1 · R2

R1 + R2
(8)

where L is the length of the contact line; µ1 and µ2 are the Poisson ratios of the two
cylinders; E1 and E2 are the elastic modulus of the material; b is the contact width; R1 and
R2, respectively, are the radius of the printing cylinder.

However, as the elastic modulus of the plate cylinder is large, and the elastic modulus
of imprint cylinder is too small, and the radius of the two cylinders R are equal, the above
Formula (8) can be evolved into:

b = 2 ·

√
2F1

πL
·

1 − µ2
1

E1
· R (9)
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From the radius of the two rollers and the width of the impression contact it is not
difficult to find the compression of the rubber roller λmax.

λmax =
b2

4R
(10)

Based to the actual printer model parameters, it can be calculated that the printing
pressure at the midpoint of the contact width is 0.44 Mpa. From the shape and deformation
of the roller, we can easily know that the pressure in the contact center is the largest in the
imprint contact area, so the printing contact center pressure was used for simulation.

The pressure of the scraping blade was set by setting the pressure of the pressure
reducing valve. Different scraping blade angles have different force effects on the printing
plate. According to the scraper blade contact model [39], the actual scraper pressure of
the scraper blade was taken, which is about 0.2 MPa, calculated from the force component
formula. The force component formula is as follows:{

Fn = F2 · cosα
Ft = F2 · sinα

(11)

where α is the scraping blade angle; F2 is the scraping blade pressure; Fn is the normal
component; and Ft is the tangential component.

The load was the surface effect unit, surf154. Symmetric constraints were imposed
on the model, and the deformation nephogram of the cell structure was calculated, as
illustrated in Figure 6a. The Von Mises stress nephogram of the cell structure was calculated,
as illustrated in Figure 6b. As can be seen from Figure 6, the maximum deformation
(DMAX) was 0.278 µm, the Von Mises stress (SMAX) was 2.739 MPa, and the total volume
(VTOT) was 1.284 × 108 µm3. From the perspective of mechanics and solid printing
production technology, the three values all have a certain optimization space.

Figure 6. (a) Deformation nephogram of the cell structure. (b) Von Mises stress nephogram of the
cell structure.

4. Results and Discussions
4.1. Design of Experiment (DOE)

Based on the APDL codes written above, the external copper layer thickness (T), the
surface chromium layer thickness (Z1), the base cell size (A), the screen wall width (C),
and the cell depth (D) were used as design variables. The variation range of each variable
depended on the common solid printing process. The thickness of the external copper
layer was 100~150 µm, the thickness of the surface chrome layer was 6~12 µm, the number
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of screen line was 170~210 lpi, and the dot area percentage was between 80% and 90%. The
design and combination of the experimental points was carried out by the CCD method, as
shown in Table 2.

Table 2. Numerical experiment design and calculated data.

Node T
/µm

Z1
/µm A/µm C

/µm
D

/µm
DMAX

/µm
SMAX
/Mpa VTOT/µm3

1 100 9 145 11.5 35.5 0.294 2.788 1.01 × 108

2 117.916 8.149 137.916 9.942 42.442 0.276 2.461 1.07 × 108

3 117.916 8.149 137.916 13.058 28.558 0.424 4.008 1.07 × 108

4 117.916 8.149 152.083 9.942 28.558 0.27 2.639 1.3 × 108

5 117.916 8.149 152.083 13.058 42.442 0.413 4.058 1.3 × 108

6 117.916 9.85 137.916 9.942 28.558 0.250 1.71 1.07 × 108

7 117.916 9.85 137.916 13.058 42.442 0.359 3.372 1.08 × 108

8 117.916 9.85 152.083 9.942 42.442 0.244 1.802 1.3 × 108

9 117.916 9.85 152.083 13.058 28.558 0.355 3.098 1.31 × 108

10 125 6 145 11.5 35.5 0.474 5.315 1.25 × 108

11 125 9 120 11.5 35.5 0.333 2.552 0.86 × 108

12 125 9 145 6 35.5 0.164 1.392 1.24 × 108

13 125 9 145 11.5 11 0.318 2.849 1.25 × 108

14 125 9 145 11.5 35.5 0.318 2.902 1.25 × 108

15 125 9 145 11.5 60 0.319 2.671 1.25 × 108

16 125 9 145 17 35.5 0.635 5.507 1.27 × 108

17 125 9 170 11.5 35.5 0.314 2.900 1.72 × 108

18 125 12 145 11.5 35.5 0.278 1.720 1.26 × 108

19 132.083 8.1499 137.916 9.942 28.558 0.29 2.391 1.19 × 108

20 132.083 8.1499 137.916 13.058 42.442 0.44 3.76 1.2 × 108

21 132.083 8.1499 152.083 9.942 42.442 0.283 2.688 1.45 × 108

22 132.083 8.1499 152.083 13.058 28.558 0.427 4.053 1.46 × 108

23 132.083 9.85 137.916 9.942 42.442 0.263 1.753 1.2 × 108

24 132.083 9.85 137.916 13.058 28.558 0.375 3.478 1.2 × 108

25 132.083 9.85 152.083 9.942 28.558 0.255 1.733 1.45 × 108

26 132.083 9.85 152.083 13.058 42.442 0.369 3.107 1.46 × 108

27 150 9 145 11.5 35.5 0.342 3.133 1.5 × 108

4.2. Response Surface Analysis
4.2.1. Full Second-Order Polynomials Response Surface Model

According to the data in Table 2, regression analysis was used to determine the
coefficients of the mathematical model, so as to construct the quadratic polynomial response
surface function of each response value as follows:

DMAX(x) = 0.3538 + 0.0002 · T − 0.0778 · Z1 − 0.0017 · A + 0.041 · C − 0.0029 · D−
0.0001 · TZ1 + 0.0001 · Z1A − 0.0065 · Z1C + 0.0063 · Z2

1 + 0.0026 · C2 (12)

SMAX(x) = −6.1616 + 0.0962 · T − 0.6338 · Z1 + 0.1764 · A + 0.634 · C + 0.0492 · D+
0.0038 · TZ1 + 0.0002 · TA − 0.0005 · TC − 0.0007 · TD − 0.0144 · Z1A+
0.0168Z1C + 0.0015Z1D − 0.0048 · AC + 0.0005 · AD − 0.0033 · CD+
0.0003 · T2 + 0.0815 · Z2

1 − 0.0001 · A2 + 0.0022 · C2

(13)

VTOT(x) = 1.2554 × 108 − 9.8 × 106 · T − 2.9 × 106 · Z1 − 1.71 × 106 · A − 2.1 × 105 · C+
1 × 105 · TA + 2 × 105 · Z1C + 1 × 105 · A2 (14)

In statistical analysis, the p-value is the probability for hypothesis testing. The P-
values in formulas 12–14 are all less than the significance level, indicating that they are
highly significant in the regression model. The coefficient determination of R2 [40] is a
measure used to assess how well a model can explain and predict outcomes. It is also
commonly known as “R-squared”, and used as a guideline for measuring the accuracy of
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the model. It ranges from 0 to 1 and will be closer to 1 when the model is more precise [41].
The R2 values of DMAX, SMAX, and VTOT were 0.9875, 0.9865, and 0.9229, respectively.
The points corresponding to DMAX, SMAX, and VTOT in Figure 7 are all near the diagonal,
which means that the sample points obtained by the CCD and its response surface fitting
value were very consistent. Therefore, the obtained full second-order polynomials response
surface model was consistent with the actual finite element calculation results, and met the
needs of the subsequent design analysis.

Figure 7. Goodness of fit of the model.

4.2.2. Sensitivity Analysis of Optimized Parameters

After establishing the full second-order polynomials response surface model, we
obtained the sensitivity of the design variables of the external copper layer thickness (T),
the surface chromium layer thickness (Z1), the base cell size (A), the screen wall width (C),
and the cell depth (D) to the maximum deformation (DMAX), the maximum Von Mises
stress (SMAX), and total volume (VTOT), which are shown in Figure 8.

Figure 8. The sensitivity of design variables to objective functions.

Figure 8 shows that the surface chromium layer thickness and the screen wall width
had greater effect on the maximum deformation and the maximum Von Mises stress.
For the total volume, the external copper layer thickness and the base cell size had the
greatest sensitivity. A response surface diagram of the above variable relationship is shown
in Figure 9.



Processes 2021, 9, 403 11 of 14

Figure 9. Surface response diagram between three variables: (a) Z1, C, and DMAX. (b) Z1, C, and
SMAX. (c) T, A, and VTOT.

It can be seen from Figure 9a,b that the two response surface graphs are similar. When
other variables were constant, the maximum deformation and the maximum Von Mises
stress decreased with the increased of the surface chromium layer thickness, which was
mainly attributed to: the larger the surface chrome layer thickness, the larger the strength
and stiffness performance of the cell structure. In addition, when other variables were
constant, the maximum deformation increased with the increase of the screen wall width,
and the maximum Von Mises stress decreased and then increased with the increase of
the screen wall width. Therefore, in the structural design process, a greater thickness of
the surface chromium layer and a smaller screen wall width should be selected as far as
possible within a reasonable range.

It can be seen from Figure 9c that when other variables were constant, the total volume
increased with the increase of the thickness of the external copper layer. In addition, when
other variables were constant, the total volume increased with the increase of the base cell
size. Therefore, in the structural design process, the external copper layer thickness and
the base cell size should be selected as small as possible when the mechanical properties
are satisfied.

4.3. Pareto Optimal in Multi-objective Optimization

Taking the maximum deformation DMAX and the total volume of the model VTOT as
the objective function, and the maximum Von Mises stress SMAX as the state function, the
optimization range of SMAX was 0~5Mpa, and the objective functions took the minimum.

Through the multi-objective genetic algorithm, the response surface was optimized,
and a Pareto optimal set was obtained, as shown in Table 3. The first set was chosen as
the optimal solution, due to its objective function being the smallest. Therefore, when T
is 100.76 µm, Z1 is 8.949 µm, A is 120.15 µm, C is 6.53 µm, D is 29.948 µm, it is the design
optimization solution.

Table 3. Pareto optimal set of multi-objective optimization.

Node T
/µm

Z1
/µm A/µm C

/µm
D

/µm
DMAX

/µm
SMAX
/Mpa VTOT/µm3

1 100.76 8.949 120.15 6.53 29.95 0.155 0.094 6.878 × 107

2 100.52 9.042 120.24 6.269 55.04 0.158 1.4886 6.882 × 107

3 100.3 8.5 120.96 6.349 38.68 0.157 0.220 6.943 × 107
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According to the optimized cell parameter modeling, the FEA of the optimized cell
structure was carried out, and the deformation and Von Mises stress of the cell under the
action of printing pressure and scraping blade pressure were analyzed. Eight nodes were
randomly selected to obtain the displacement of deformation (DOF) and Von Mises stress
to verify the optimization result. The results are shown in Figure 10.

Figure 10. (a) Displacement of deformation. (b) Von Mises stress of a random node.

It can be seen from Figure 9 that the displacement of deformation and the Von Mises
stress of the cell model were significantly reduced after multi-objective optimization,
indicating that the optimized solution reduced the stiffness and strength requirements of
the cell microstructure, while reducing the weight. However, the Von Mises stress of the
fourth node before optimization was lower than that after optimization in Figure 9b. This
is because errors are prone to occur at the boundary when the sub-model is constrained,
and this node may be a boundary point.

By comparing the optimal solution with that before optimization, as shown in Table 4,
it can be seen that compared with before optimization, the maximum deformation was
reduced by 44.4%, and the total volume was reduced by 46.3%, while the maximum Von
Mises stress was also greatly reduced. The optimization solution improved the stiffness
and strength of the cell structure, reduced the risk of stress concentration, and the wear of
the gravure cylinder, and therefore improved the printing durability of the gravure. At
the same time, it produced a lightweight design, reduced the cost of plate making of the
gravure cylinder, and achieved the optimization goal.

Table 4. Comparison of cell microstructure before and after optimization.

Node T
/µm

Z1
/µm A/µm C

/µm
D

/µm
DMAX

/µm
SMAX
/Mpa VTOT/µm3

Before 120 8 150 10 30 0.27 2.739 1.284 × 108

After 100.76 8.949 120.15 6.53 29.95 0.155 0.094 6.879 × 107

Change The maximum deformation was reduced by 44.4%, and the total model volume was reduced by 46.3%.

5. Conclusions

The innovation of this paper is that based on the solid printing process, the multi-
objective optimization design method of regular hexagonal cells was proposed for the
first time. Based on gravure cell structure analysis and cell contact force analysis, a finite
element model was established by APDL. A full second-order polynomials response surface
method based on CCD was used to establish the cell optimization model, and a multi-
objective genetic algorithm was used to obtain the optimal solution. The cell microstructure
optimization design was converted from experience to a theoretical method. Compared
with the traditional factory measurement of cell quality, this method greatly reduces the
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cost of cell microstructure optimization and improves the efficiency of cell microstructure
design. It is more practical and effective.

The results show that the surface chromium layer thickness and the screen wall
width have a greater effect on the maximum deformation and the maximum Von Mises
stress. For the total volume, the external copper layer thickness and the base cell size
have the greatest sensitivity. The optimal design parameters determined by this study are
T = 100.76 µm, Z1 = 8.949 µm, A = 120.15 µm, C = 6.53 µm, and D = 29.948 µm. The
optimization solution improved the stiffness and strength of the cell structure, and realized
a lightweight design. Comparing the optimization solution with the finite element method,
the effectiveness of the optimization method was verified.

The multi-objective optimization method used in this paper not only solves the prob-
lem of regular hexagonal cell microstructure optimization, but also provides a very useful
reference value for other more custom-defined new cell structure designs. In addition, the
structural optimization of the microstructure, in combination with the actual process, is
conducive to the development of microstructure application optimization. However, this
article only makes a preliminary study on the mechanical properties of the cell microstruc-
ture under the effect of printing pressure and scraping blade pressure. There are many, and
complex, factors that affect the cell structure, such as ink transfer, substrate, printing speed,
etc. More in-depth applied research is ongoing.
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