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An optimization system of extrusion process parameters was designed to rapidly extrude a microtube with a target diameter and
wall thickness for forming medical balloons with personalized size characteristics. Firstly, the double convected pom-pom (DCPP)
model was selected for the numerical simulation of the tube extrusion process, and different parameter combinations and their
corresponding simulation results were extracted based on orthogonal experiments. Secondly, the nonlinear functional rela-
tionships between microtube diameter and wall thickness with extrusion parameters were established based on the response
surface model (RSM). Finally, the nondominated sorting genetic algorithm II (NSGA-II) and response surface model (RSM) were
mixed to find the optimal parameters of the tube extrusion. The extrusion experiment results, taking three microtubes with
different target size characteristics (1, 0.15), (1, 0.2), and (1.5, 0.2) as examples, show that the average error between the actual and
predicted values of diameter and wall thickness of three microtubes is 6.53%, where the average diameter error is 7.3%, the wall

thickness error is 5.77%, the maximum value is 9%, and the minimum value is only 1.3%.

1. Introduction

Polymer microtubes are used more and more widely in the
fields of medicine and optical fiber communication, making
polymer microextrusion technology an attractive choice in
the manufacture of composite microtubes [1]. However, the
difficulty of microtube forming gradually increases due to
the gradual reduction of microtubule size and the im-
provement of geometric accuracy requirements. Examples
include tubes for personalized medical balloons since the
detailed control of the wall thickness at each end of the
balloon depends on the diameter and thickness of the mi-
crotubule [2]. It is generally believed that extrusion defor-
mation of the microtube depends on the flow history in
extrusion, and the main aspect that should be considered
when studying the cross-sectional geometrical characteris-
tics of the tube is the influence of process parameters.
Therefore, it is the primary challenge to obtain appropriate
extrusion process parameters for precision and rapid
manufacturing of steel tubes [3].

Researchers have paid great attention to the influence of
extrusion process parameters on the cross-sectional geo-
metrical characteristics (diameter and thickness) of micro-
tubes. Zou [4] and Huang [5] researched the influence of four
extrusion process parameters, including dying temperature,
screw speed, traction rate, and gas injection flow rate, on the
cross-sectional shape accuracy of interventional medical tubes
based on an orthogonal test and obtained an optimal pa-
rameter set. Henry [6] established the relationship between
stretch ratio, solution temperature, polymer molecular
weight, and other parameters with the shrinkage of a sleeve
and researched the reasonable range of the corresponding
parameters. Chen [7] studied the deformation rule of polymer
melt after leaving the die and analyzed the influence of the
four extrusion process parameters (gas injection pressure,
screw speed, traction speed, and die temperature) on the
diameter and wall thickness. Gong [8] investigated the effects
of microextrusion process parameters on the diameter and
wall thickness of the tube using numerical simulation and
experimental methods, taking PAll as the experimental
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material. Fu et al. [9] analyzed the effect of different die
temperatures on extruding small-bore tubes at the same
extrusion speed and analyzed the effect of temperature on the
change of the tube dimensions at different extrusion speeds.
Jin [10] found that when the screw speed of the extruder
increases, the pressure value of the polymer melt in the die
flow channel also increases, making the diameter of the ex-
trusion duct increase. It can be seen from the above research
studies that the extrusion process parameters have significant
influences on the size characteristics of the microtube cross
section, and the desired results can be obtained by a large
number of extrusion experiments, but it will take a lot of time
and consume a lot of experimental materials. In recent years,
the efficiency of microtubule forming process parameter
design has been continuously improved with the improve-
ment of computing power and the gradual application of
numerical simulation methods in extrusion expansion sim-
ulation [11-14]. However, the nonlinear relationship between
extrusion process parameters and tube size characteristics is
rarely reported, especially in the optimization of the extrusion
process for multiobjective characteristics. Therefore, it is a
very challenging task to establish a multiobjective optimi-
zation function with the microtube geometry as the opti-
mization objective and the process parameters as the design
variables for quickly obtaining appropriate extrusion process
parameters. To address this issue, a multiobjective optimi-
zation system of the extrusion process parameters for forming
target microtubes was designed in this paper, and the opti-
mization flowchart is shown in Figure 1.

2. Numerical Simulation

2.1. Governing Equation. The polymer melt can be regarded
as a continuous medium in the microextrusion process, and
its flow state satisfies three basic equations: mass conser-
vation equation (the continuity equation), momentum
conservation equation (motion equation), and energy
conservation equation (energy equation). The melt flow in
the mold passage is assumed to be a steady flow, and the
influence of the melt inertia force and gravity can be ignored
considering the continuity, stability, and isotherm of the
polymer during microextrusion. There is no heat exchange
between the melt and the die, and the polymer melt is in-
compressible. The continuity equation and motion equation
at higher extrusion temperatures are described as follows.
The continuity equation is as follows:

V-u=0. (1)
The motion equation is as follows:
-Vp+V-T=0, (2)

where V is the Hamilton differential operator, u is the ve-
locity vector, p is the hydrostatic pressure, and T'is the extra
stress tensor. It should be noted that the temperature inside
the melt is equal everywhere and the temperature gradient is
zero when the polymer melt flows isothermally. Therefore,
the energy is unchanged and does not need to be solved
during the extrusion process.
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2.2. Constitutive Equation. The multimode DCPP consti-
tutive equation is used to describe the realistic viscoelastic
property of the polymer melt and to relate the dynamics to
the kinematics of the above equations in the paper. The
model has undergone changes and improvements to make it
suitable for software implementation and to introduce a
nonzero second normal-stress difference, and the model can
be described as the following equation [15, 16]:

G; 2
T; =1 —lfi (3]s, - 1), (3)
where T; is the viscoelastic extra stress tensor, I is the unit
tensor, S; is the orientation tensor, and A, is the stretching
variable, and these are used to describe the behavior of the
pom-pom macromolecular. Superscript i denotes the ith
relaxation mode. G; and ¢&; are the shear relaxation modulus
and the parameter controlling the second normal-stress
difference, respectively. S; obey (4) and A; obey (5).

ENY  £A
Ai[(l —E’>Si +EIS"] +4;(1-§;)[2D:S]S;
(4)

rp =T (2D S)A + (A= 1)E =0, (5)

where D is the rate of deformation tensor represented by
D = (Vu+Vu')/2, in which «' denotes the transpose of
tensor, and superscripts V and A denote the upper- and
lower-convected derivatives, respectively. A; and 7; are the
orientation relaxation time and the stretching relaxation
time, and g, represents the number of branches attached at
each extremity of the pom-pom macromolecular.

2.3. Extrusion Die Structure. The straight-through extru-
sion die was selected and designed in this paper to
simulate and experimentally verify the microtube ex-
trusion process of a medical balloon. The schematic di-
agram of the flow path inside the die is shown in Figure 2.
Its main structural parameters are the mandrel outer
diameter do, the shaping section length L, the die inner
diameter Dy, the compression angle a, and the com-
pression ratio e. According to the previous die design
research results, the value of each structural parameter is
shown in Table 1.

2.4. Material Characterization. The material researched is
one kind of polypropylene resin (PP, grade T30S, China Na-
tional Petroleum Corporation), whose density is 0.91 g/cm’
under ambient pressure and temperature, the melting
temperature is 170°C, and the applicable extrusion tem-
perature ranges from 185 to 275°C. The rheological behavior
of the material was tested experimentally at a melt tem-
perature of 200°C with a double barrel capillary rheometer
(Rosad-RH7, Malvern, UK). The material parameters of the
constitutive equation employed were obtained by fitting the
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FIGURE 1: The optimization flowchart of the extrusion process parameter optimization system.

FIGURE 2: Schematic diagram of microtube mold flow channel.

TaBLE 1: Flow channel structure parameter of microtube extrusion
die.

Structural parameters Value
Mandrel outer diameter d, 0.7 mm
Shaping section length L 23mm
Die inner diameter D, 1 mm
Compression angle a 36°
Compression ratio e 588

experimental data as illustrated to endow the model with
realistic rheological properties. The model parameters ob-
tained by Tian et al. [16] using the same polymer are
adopted.

2.5. Boundary Conditions. The governing equations and
extruding processes are solved numerically by the finite
element method (FEM). The 3D mesh model of the com-
pression section and shaping section in the microextrusion
die was developed with ANSYS GAMBIT. A quarter of the
model was selected for calculating the flow channel to reduce
the calculation amount and increase the calculation speed
since it is an axisymmetric structure. The unstructured
hexahedral element is used for discretizing the domain into

finite elements, as shown in Figure 3. A refiner mesh gen-
eration was adopted near the die exit where the boundary
condition suddenly changes from nonslip to free surface, and
the meshes were characterized by 10, 120 finite elements.

It is assumed that the upstream flow channel is rea-
sonable to achieve flow balance at the die inlet according to
the extrusion process; therefore, a fully expanded axial
velocity profile with the volume flow rate Q and the radial
velocity being zero (un=f(Q); ut=0) is applied. The wall
slip may have a significant effect on the extrusion flow in
some cases, so it has been considered in the mathematical
modeling of extrusion flow in previous studies [17], and the
Naiver slip boundary condition has been selected [18].
Usual symmetry conditions were set on the symmetry
plane. The melt undergoes a free surface flow on the outside
of the die. The gas injection condition was the air pressure
boundary while the normal force was applied, which was
also applied on the free surface. The traction rate was
applied at the exit boundary, and stress-free conditions
were assumed where the volumetric flow rate Q can be
described as the following equation:

R'T
Q:<P+N+w)-Qm,

where Q,, is the melt mass flow rate (g/s), P is the pressure
before the entrance of the die (N/cm?), N is the internal
pressure (N/cm?), w is the specific volume at absolute tem-
perature zero (cm®/g), R' is the corrected gas constant
(N -cm?/(¢cm?* - g - k)), and T is the absolute temperature (K).

During the numerical simulation, the finite element
algorithm involves a combination of the streamline winding
method (SU) and the discrete elastic viscous stress splitting
(DEVSS) [19] to obtain a stable solution for the 3D

(6)
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FIGURE 3: Finite element meshes used in the computation.

viscoelastic squeeze flow. The low interpolations of quadratic
velocity and linear pressure functions are employed to re-
duce the computational cost, and a remeshing technique is
employed to obtain the free surface locations.

3. Orthogonal Test and Results

3.1. Orthogonal Test Factor. Compared with multichamber
microtubes, single-cavity microtubes are smaller in di-
mension and simpler in structure. Therefore, it is easier to
analyze the influence of the extrusion process on the
microtube structure dimension. The simulation process
parameters, as well as experimental process parameters of
the microtube extrusion, mainly include wall slip, screw
speed (volume flow), gas injection volume (gas injection
pressure), die temperature, and traction speed [10]. Once the
material is determined, the wall slip is also determined
because the wall slip is related to the material properties [20].
According to research results, the diameter and wall
thickness of the microtubes barely changed at different mold
temperatures, and the proper mold temperature can make
the polymer melt have proper fluidity [21]. So, the mold
temperature was set to 200°C. To sum up, the process pa-
rameters selected in this experiment are air injection volume
(g ml/min), traction speed (v m/min), and screw speed (# r/
min). The process parameter range of the single-cavity
microtube extrusion molding experiment was selected
according to the preliminary extrusion experiment and
material behavior, as shown in Table 2.

3.2. Orthogonal Test Schemes and Results. It is known
from Table 2 that there are 3 factors and 4 levels. The L,*
(16) type orthogonal table could be selected for the test
[22]. The numerical simulation experiments were con-
ducted with Ansys Polyflow. In this paper, the simulation
experiments were performed according to the parameter
combinations of the orthogonal table, and the diameters
and wall thickness of single-cavity microtubes were
researched. Different parameter combinations and their
corresponding simulation results according to the or-
thogonal table are shown in Table 3.
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TaBLE 2: Level table of orthogonal test factors.

Factors
Levels A B C
q (ml/min) v (m/min) n (r/min)
1 3 6 4
2 4 12 8
3 5 18 12
4 6 24 16

4. Model Based on Response Surface
Methodology

4.1. Response Surface Methodology (RSM). The nonlinear
objective functions were established with the RSM to map
the relationships between main process parameters and two-
size goals. There are three strategy variables: air injection
volume, traction speed, and screw speed, and two goal
variables of diameters and wall thicknesses in the model. The
RSM models were established for each target variable, re-
spectively. The second-order polynomial function can better
represent the relationship between process conditions and
assessment indicators than a first-order function, and the
amount of fitting calculation required for the second-order
polynomial function is less than that of the third-order and
higher-order polynomial functions, according to the re-
searchers [23]. The objective function can be defined as
follows.

According to the research [24], the second-order
polynomial function can better represent the relationship
between process conditions and assessment indicators than a
first-order function, and the amount of fitting calculation
required for the second-order polynomial function is less
than that of the third-order and higher-order polynomial
functions. Therefore, the second-order polynomial function
was selected to establish the nonlinear relationship between
the main parameters and the target. The objective function
can be defined as follows:

k k
FG)=Bo+ Y BXi+ ) BiXi + ) ) BiXiX; (7)
past i1

i<j

where k is number of factors, f3, is the free term, f3; is the
linear effect, f; is the squared effect, and f3;; is the interaction
effect.

In this paper, the BFGS method, a branch of quasi-
Newton methods, was used to solve function (7). This
method is an effective method for solving nonlinear func-
tions [25], and it has proven to be very successful through
numerical experiments [26]. The RSM models of diameters
and wall thicknesses were obtained with the help of the
mathematical analysis software 1stOpt according to the
parameters in Table 3. The RSM model of the diameter is
recorded as f; (x), and it can be described by equation (8).
The RSM model of the wall thicknesses is recorded as f, (x),
and it can be described by equation (9).



Advances in Materials Science and Engineering 5
TaBLE 3: Orthogonal test schemes.
. Factors Corresponding parameters Results
Test serial numbers
A B C q (ml/min) v (m/min) n (r/min) D (mm) T (mm)
1 A, B, C, 3 6 4 1.381 0.242
2 A, B, c, 3 12 8 1.618 0.229
3 A, B, C, 3 18 12 1.407 0.207
4 A, B, Cy 3 24 16 1.037 0.236
5 A, B, c, 4 6 8 1.701 0.208
6 A, B, C, 4 12 4 1.235 0.176
7 A, B, C, 4 18 16 1.607 0.186
8 A, B, C, 4 24 12 1123 0.192
9 A, B, C, 5 6 12 2.174 0.185
10 A, B, C, 5 12 16 1.895 0.173
11 A, B, c, 5 18 4 0.902 0.146
12 A, B, c, 5 24 8 0.878 0.175
13 Ay B, Cy 6 6 16 2.557 0.181
14 A, B, C, 6 12 12 1.686 0.175
15 A, B, c, 6 18 8 1.212 0.164
16 Ay B, C, 6 24 4 0.557 0.125
fi(x) = f,(g,v,n) = 11072386318
—0.0475113618g + 0.0203636365v + 0.1066562500n
8
—0.0053636364q - v + 0.0125000000¢ - n — 0.0038873106v - n ®
- 0.0037500001¢> — 0.0002673611v" — 0.00245312501".
fo(x) = f,(q,v,n) =0.4999772724
—0.0933749999¢q — 0.0086969697v — 0.0035653409n )

+0.00001515154 - v + 0.0011988636 - 72 + 0.0003456439v - 1
+0.00737500004> + 0.0001527778v* — 0.0002734375n".

4.2. Description Accuracy. To check the description accuracy
of (8) and (9), the predicted diameters and wall thicknesses
were predicted using RSM models under the same pa-
rameters, and the discrete points are shown in Figure 4. It
can be seen from Figure 4 that the points are distributed near
the curves, which indicates that the errors between the
prediction results and the simulation results are smaller.

To further verify the effectiveness of the RSM models, the
correlation coefficient R? was used as (10) [27]. The R? values
of diameter and wall thickness are 0.987 and 0.973, re-
spectively. The high R* (>0.95) values indicate that the
developed models can truly reflect the relationship between
the goals and extrusion process parameters.

R Z0imf)

1=~ -7

Y- 7)2 )

where y; is the value of experiment; f is the value of pre-
dicted; and ¥ is the value of mean.

(10)

5. Multiobjective Optimization

5.1. Problem Description. In this paper, three different size
characteristics (diameter D, wall thickness T) (1, 0.15), (1,
0.2), and (1.5, 0.2) were selected as the optimization goal. It
can be known from Table 3 that the wall thickness in test 11

is 0.146 mm, which is close to the target size of 0.15 mm, but
the error of the diameter compared with the target value of
1 mm is 9.8%; the wall thickness in test 8 is 0.192 mm, which
is close to the target size of 0.2 mm, but the error of the
diameter compared with the target value of 1 mm is 12.3%. It
shows that there are conflicts between multiple targets,
which means that optimizing only one objective may make
another worse. A multiobjective optimization method
should be used to find the optimization results of diameter
and wall thickness to make all the objective functions reach
the minimum value at the same time. The core of this
method is to coordinate the relationship between objective
functions and find the optimal solution set that makes each
objective function relatively optimized as well as possible. If
a problem has m targets to be optimized and each target has
n optimization variables, the multiobjective optimization
problem can be expressed as the following equation:

min F (x) = [f; (%), f5(x),--+, f,n (0], (11)

where the objective function F(X) contains m (m > 2) goals.
The multiobjective optimization functions F(X) should
generally be as small as possible. Equation F(X) is con-
structed based on the error between the predicted size and
the target size of diameter and wall thickness in the paper to
achieve the above requirements. According to the three
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FIGURE 4: Diameter and wall thickness of simulation and prediction.

target sizes set above as well as the process parameters and
their value ranges in Table 3, the extrusion process pa-
rameters optimization problem for the target size can be
described as follows:

min F (x) = [ f, (g, v,n) — Dy, f,(q,v,n) - TO]T,

where g € [3,6], ve [6,24], and n € [4,16]; (D, T,) =
{(1,0.15), (1,0.2), (1.5,0.2)}.

(12)

5.2. Optimization Equation Solution through NSGA-II. In
order to solve the multiobjective optimization problem (12),
the multiobjective optimization algorithm (NSGA-II) is ap-
plied. This algorithm was proposed by Kalyanmoy Deb [28].
The key steps of the algorithm mainly include layering the
NSGA-II algorithm, selecting operators according to the
dominance relationship between individuals, using the fitness
value allocation sharing strategy of noninferior solutions, and
maintaining the diversity of each noninferior individual [29].
The flow chart of NSGA-II is shown in Figure 5.

5.3. Results and Discussion. In the process of solving with the
NSGA-II algorithm, the population size is set to 50, the
mutation probability is set to 0.25, the crossover probability
is set to 0.8, and the maximum generation number is set to
2000. The Pareto coefficient is 1. Figure 6 shows the func-
tional relations of optimal solutions with diameter f; and
wall thickness f, of 50 solutions in the Pareto optimal so-
lution set.

It can be seen from Figure 6 that the error of the op-
timization result is small, and the Pareto solution becomes
more regular. The parameters for three sets of target sizes
were optimized, and 5 optimization results of 15th, 20th,
25th, 30th, and 35th were selected from the 50 Pareto op-
timization results. The selection results and the corre-
sponding diameter and wall thickness errors under this set of
parameters are listed in Tables 4-6, respectively.

It can be seen from Tables 4-6 that the five sets of
optimal process parameters obtained under each target
size fluctuate in a small range, indicating that the opti-
mization results are all convergent using NSGA-II. A set
of parameter optimization solutions for the target size are
obtained by averaging the optimization results of each
group of 5 parameters and then rounding them. Table 7
shows three sets of optimization parameters for the above
three target dimension characteristics of the microtubes,
and the results of the diameters and wall thicknesses were
solved through numerical simulation. It can be seen from
Table 7 that the errors between the numerical simulation
and the predicted value of three different target size
characteristics (1, 0.15), (1, 0.2), and (1.5, 0.2) are less than
10%. The mean diameter error and wall thickness errors
are 7.5% and 7.7%, respectively. The maximum error is
9.3%, and the minimum one is 5.3%.

6. Extrusion Experimental Verification

To verify the practicability and accuracy of the optimized
system and its results, the optimized parameters obtained by
NSGA-II in Table 7 are tested through experiments. The
experimental material was polypropylene (PP, T30S, Dalian
Petrochemical Corporation, China). The extrusion system
consists of a single-crew extruder (HPE-100H, Davis-
Standard Corporation, US) which has a diameter of 25 mm
and a length-diameter ratio of 24:1. The structural di-
mensions of the die and the mandrel forming part are
manufactured as in Table 1. The injection hole of the
mandrel adopts a progressive step hole, and the diameter of
the smallest part is 0.3 mm. The EDM (electric discharge
machining) technology is adopted to manufacture the gas
injection hole, and the assembly of the die is shown in
Figure 7. Five samples were collected during each extrusion
process. The average measurements were used as the ex-
perimental results. The profiles of the three microtubes are
imaged as shown in Figure 8.
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The error between experimental results and target di-  wall thickness errors of the experimental are both less than
mensions is compared with a reference range of 10% in  10%, which is an acceptable error range. In fact, the mean
Figure 9. It can be seen from Figure 9 that the diameter and  error is 6.53%, with the mean diameter error and wall
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TaBLE 4: Five optimal solutions of target size (1, 0.15).
Process parameters Results error
Numbers . . .
q (ml/min) v (m/min) n (r/min) D (mm) T (mm)
15 5.8452 18.0556 6.1905 8.8le—5 6.58¢ -7
20 5.8443 18.0554 6.1905 1.07e-5 9.09¢ -7
25 5.8452 18.0556 6.1905 8.8le—5 6.58e—7
30 5.8449 18.0556 6.1905 6.10e -5 7.89e-7
35 5.8569 18.0627 6.1905 0.0017 7.87e—9
TaBLE 5: Five optimal solutions of target size (1, 0.2).
Process parameters Results error
Numbers . . )
q (ml/min) v (m/min) n (r/min) D (mm) T (mm)
15 5.9991 23.9978 13.7028 7.38¢—5 0.0013
20 6 23.9978 13.7028 1.18¢—4 0.0013
25 6 24 13.8333 0.0024 7.05¢— 4
30 6 24 13.9345 0.0045 2.67¢—4
35 6 24 13.9660 0.0051 13le—4
TaBLE 6: Five optimal solutions of target size (1.5, 02).
Process parameters Results error
Numbers ) ) .
q (ml/min) v (m/min) n (r/min) D (mm) T (mm)
15 3.7831 9.3354 5.7199 0.0561 4.06e -8
20 3.9479 8.0639 6.0319 3.7le-5 479 —4
25 3.9474 8.1750 6.0676 1.55¢ -4 5.14e-5
30 3.9912 7.8765 5.9756 0.0020 2.49¢—5
35 3.7831 9.3354 5.7199 0.0561 4.06e -8
TaBLE 7: Optimal solutions and simulation results.
0,1 Optimal parameters Simulation results Error
’ q (ml/min) v (m/min) n (r/min) D (mm) T (mm) D (%) T (%)
1, 0.15) 6 18 6 0.947 0.163 53 8.7
1,0.2) 6 24 14 1.093 0.189 9.3 5.5
(1.5, 0.2) 4 8 6 1.617 0.218 7.8 9

FIGURE 7: Single-lumen extrusion die and its cross-section.

thickness error of 7.3% and 5.77%, respectively. The max-
imum one is 9%, and the minimum one is only 1.3%. The
results show that the diameter and wall thickness of the
microtubes extruded based on optimizing the process pa-
rameters by using the optimization system have high ac-
curacy relative to the target size, indicating that the system

has certain practicability. All of these indicate that the ex-
trusion process parameters optimal system designed by the
numerical simulation based on the DCPP model and the
hybrid method of RSM and NSGA-II is an effective method
to quickly obtain the extrusion process parameter sets of the
microtubes with target size features.
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FIGURE 8: Cross-sections of the target microtubes: (a) (1.0, 0.15), (b) (1.0, 0.20), and (c) (1.5, 0.20).
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7. Conclusions

The greatest contribution of this article is that the optimi-
zation system of extrusion process parameters was designed
for rapidly extruding microtubes with a target diameter and
wall thickness. Firstly, the double convected pom-pom
(DCPP) model was selected for the numerical simulation of
the tube extrusion process, and different process parameters
and their corresponding simulation results were extracted
based on orthogonal experiments. Secondly, the nonlinear
functional relationships between microtube diameter and
wall thickness with process parameters were established
based on the response surface model (RSM). Finally, the
nondominated sorting genetic algorithm II (NSGA-II) and
response surface model (RSM) were mixed to find the op-
timal process parameters. Some experiments were carried
out by taking three target tubes to evaluate the proposed
system. The experimental results demonstrate that the av-
erage error of diameter and wall thickness of the three
microtubes is 6.53%. The average diameter error and wall
thickness error were 7.3% and 5.77%, respectively. The
maximum value was 9%, and the minimum value was only
1.3%. These results indicate that the extrusion process pa-
rameter optimization system designed by the RSM-NSGA-II
hybrid method based on the numerical simulation with the

DCPP model is an effective and useful method to quickly
obtain the extrusion process parameters of microtubes with
target size features. Moreover, the system, which has the
advantages of high efficiency, low cost, and high precision, is
suitable for rapid extrusion of target microtubes in industrial
production.
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