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Abstract: Due to the complexity of mold flow channel parameters, they have a significant impact on
medical microtubule forming quality during the gas-assisted extrusion process. In this paper, the
influence mechanism of mold flow channel parameters on medical microtubule forming quality is
investigated. First, the multiphase flow model of the medical microtubule gas-assisted extrusion
process is established. Then, the numerical solution of medical microtubule extrusion is presented
based on Polyflow finite element software. Further, the medical microtubule size, morphology,
velocity, pressure, and first normal stress difference under different mold flow channel parameters
are compared and analyzed. Finally, the experimental platform for gas-assisted extrusion is built, and
the correctness of the numerical simulation is verified by the extrusion experiment. The simulation
and experimental results show that under the 15–5 condition, the inner radius, outer radius, and
wall thickness of the microtubule are closer to ideal values, and the forming quality is better than
other parameters. As the ratio of the gas-assisted to non-gas-assisted sections increases, the gas effect
becomes more intense, and the shrinkage of the microtube increases. In the gas-assisted section, the
wall thickness and outer radius of the microtubes increase first and then decrease, and they stay the
same near the exit section. This reveals that gas-assisted forming technology can effectively eliminate
extrusion swelling.

Keywords: medical microtubule; gas-assisted extrusion; flow channel parameters; numerical simulation;
forming quality

1. Introduction

The medical microtubule has excellent properties, such as good flexibility, biocompat-
ibility, and low friction factors [1–3]. It is widely used in interventional surgery, in vivo
drug delivery, body fluid drainage, and other medical clinical fields [4,5]. The medical
microtubule is prone to defects during traditional extrusion molding preparation, such
as extrusion deformation, stretching thinning, and surface roughness [6–9]. These de-
fects seriously affect the performance and safety of medical microtubules. To improve
the forming quality of medical microtubules and effectively solve extrusion deformation
and other problems, a gas-assisted extrusion technology is adopted to prepare medical
microtubules [10]. In the gas-assisted extrusion process, the extrusion mold parameters
directly affect the medical microtubule forming quality [11–14]. In traditional mold pa-
rameter design, empirical methods are often used and cannot reveal the inherent laws
between forming quality and mold parameters. The combination of numerical simula-
tion and experimental verification methods can clarify the impact of mold parameters on
forming quality and optimize forming parameters and then overcome the shortcomings of
traditional design methods, improve medical microtubule forming quality, and reduce the
waste rate.
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In the process of gas-assisted extrusion, process parameters seriously affect product
forming quality. To clarify the inherent mechanism of microtube gas-assisted extrusion
molding, the numerical simulation method was used to study the gas-assisted extrusion
technology. Ren et al. [15], to solve the problems of extrusion expansion and melt rupture
during microtubule forming, studied the double-layer assisted extrusion technology based
on the finite element numerical simulation method and then compared the melt velocity
field and stress field under different gas flows. Finally, the internal mechanism of micro-
tubule deformation under different gas flow rates was clarified, and it was found that the
normal stress caused by assist gas is the main factor leading to microtubule deformation. To
obtain the inlet pressure and form a stable gas assist layer during the gas-assisted extrusion,
Liu et al. [16] combined numerical simulation and experimental verification methods to
analyze the rheological properties of the melt and the quality of microtube forming under
different gas pressures. Finally, they clarified the influence of gas pressure on microtube
extrusion molding and the formation mechanism of the assist gas layer. Luo et al. [17]
designed a new mold with an independent built-in air duct to address the periodic melt
rupture. The effectiveness of the mold was verified through numerical simulation and
experiments. Finally, the flow parameters for forced exhaust were clarified, successfully
eliminating the problem. Bin Liu et al. [18] aimed to clarify the interaction between the inner
and outer gas layers in gas-assisted extrusion, and obtain the internal stress distribution
mechanism. They established a geometric modeling of the double-layer assisted extrusion
inside and outside the microtubule. Then, through numerical simulation and experiments,
the viscoelasticity of melt in the mold was analyzed. Finally, the influence law of pressure
difference between the inner and outer cushion on microtubule forming was obtained. Due
to the high precision requirements for microtubule size, previous research on gas-assisted
extrusion technology has mostly focused on the influence of gas flow rate, pressure, and
other parameters on microtubule forming quality. However, there has been no research
on the changes in mold flow channel parameters, and there is a lack of mechanisms for
the influence of the flow channel parameters on melt rheological properties and micro-
tubule forming quality. It restricts the development of medical microtubules and their
forming technology.

To study the mechanism of the influence of mold flow channel parameters change
on melt rheological properties, and to obtain medical microtubule forming quality laws
based on fluid compression theory, a physical and mathematical model for the double
gas-assisted extrusion of medical microtubules with different channel parameters was
constructed, and fluid boundary condition parameters were established. Then, we analyzed
the interaction and stress distribution between gas and melt under different parameters,
comprehensively analyzed the medical microtubule size, quality, velocity field distribution,
and stress distribution, and analyzed the changes in inner diameter, outer diameter, and
wall thickness. Finally, a medical microtubule double gas-assisted extrusion experiment
was conducted, combining size analysis and morphology analysis to verify the correctness
of the numerical simulation.

This paper is structured as follows: The Section 1 mainly describes the advantages and
disadvantages of medical microtubules, and expounds the research status and shortcomings of
medical microtubule processing technology. The Section 2 constructs medical microtubule gas-
assisted extrusion physical and mathematical models, and clarifies the physical parameters
and boundary conditions. The Section 3 provides a detailed analysis of medical microtubule
size indicators and flow field distribution under different channel parameters. In the Section 4,
experimental equipment is built for experiments to analyze microtube forming quality and
verify the numerical simulation results. The Section 5 gives conclusions.

2. Medical Microtubule Gas-Assisted Extrusion Model and Numerical Method
2.1. Physical Models

Based on compressible gas and incompressible melt, medical microtubule double gas-
assisted extrusion physical models are established, and numerical simulations are conducted
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to analyze melt viscoelastic inside the mold. Figure 1 shows the medical microtubule double
gas-assisted extrusion physical models. The distribution of the melt and assist gas in the
mold is shown in Figure 1a. The inner and outer assist gas form a stable buffer layer between
the melt and mold, and convert the melt extrusion from the non-slip adhesive extrusion to
fully slip non-adhesive extrusion. Figure 1b is the schematic diagram of medical microtube
double gas-assisted extrusion. After passing through the splitter cone, the melt passes
through the non-gas-assisted shaping section, and is then formed in the gas-assisted shaping
section. Due to the medical microtubule’s axisymmetric structure, to save calculation
memory consumption and improve finite element calculation efficiency, a simplified 2D
model is adopted, and medical microtubule extrusion numerical simulation calculation is
carried out based on the 2D 1/2 axisymmetric method. As shown in Figure 1c, Sd1 is the
melt area of the non-gas-assisted shaping section. Sd2 is the melt area of the gas-assisted
shaping section. Sd3 is the melt area outside the mold. Sd4 and Sd5 are the assist gas layers.
MN is the centerline of the medical microtubule. BE and FJ represent the inner wall surface
of the mold. AC and CG represent the outer wall surface of the spindle. DH and EI represent
the interface. In the simulation and experimental study of medical microtubule gas-assisted
extrusion molding, the wall thickness of the microtubule is 0.5 mm, i.e., KL = 0.5 mm. The
inner diameter of the microtubule is 1 mm, which means the distance between AK and MN
is 1 mm. The outer diameter is 1.5 mm, which means the distance from BL to MN is 1.5 mm.
The thickness of the assist gas layers is 0.2 mm, and the length of the outside the mold is
10 mm, i.e., IL = 10 mm. To study the influence of mold flow channel parameters on medical
microtubule forming quality, the mold internal shaping section parameters are changed, that
is, to study the size factors between the non-gas-assisted shaping section and the gas-assisted
shaping section on melt rheological properties and their impact on medical microtubule
forming quality. We set the non-gas-assisted shaping section (I) and gas-assisted shaping
section (II) as I: II with 20 mm: 0 mm, 15 mm: 5 mm, 10 mm: 10 mm, 5 mm: 15 mm, and
0 mm: 20 mm, respectively. When the non-gas-assisted shaping section is set to 20 mm,
it is a traditional extrusion model. We conducted simulation and experimental research
on five models to clarify the internal mechanism of the influence of mold flow channel
parameters on medical microtubule formation. To improve the accuracy of numerical
simulation calculations, the meshes of the melt inlet, melt outlet, and interface between
fluids at each stage were densified, as shown in Figure 1d.
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Figure 1. Geometric model and finite element model of medical microtubule gas-assisted extrusion.
(a) Schematic diagram of double gas-assisted extrusion section; (b) 3D diagram of double gas-assisted
extrusion; (c) Schematic diagram of a 2D simplified model of double gas-assisted extrusion; (d) Finite
element mesh model; (I) non-gas-assisted shaping section; (II) gas-assisted shaping section; (III) The
melt outside the mold.
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2.2. Mathematical Models

Using numerical simulation methods to study the influence of process parameters
on medical microtubule gas-assisted extrusion quality, due to the inability to reflect all
conditions in the experiment, the following assumptions are made for the finite element
simulation based on flow characteristics of melt and assist gas in the mold: Polymer melt
as incompressible non-Newtonian fluid. Due to the gas viscosity being small, and the flow
is not affected by the shear rate, so the assist gas is regarded as a compressible Newtonian
fluid. Due to the high viscoelasticity of polymer melt and the small air mass, the influence
of the inertia force and gravity of polymer melt and assist gas on its flow performance is
ignored. The relative slip between gas, wall, and melt, as well as the permeation effect of
assist gas molecules on polymer melt, are not considered [19]. The control equations of
melt and gas are as follows.

Continuity equation:
∇ ·

(
ρk
→
uk

)
= 0 (1)

Momentum equation:

ρk
→
uk · ∇

→
uk = −∇pk +∇ · τk (2)

Energy equation:

ρkCp(
∂Tk
∂t

+
→
uk · ∇Tk) = −∇ ·

→
qk − T(

∂p
∂T

)(∇ · →uk) + τk : ∇→uk (3)

where ρk represents density.
→
uk represents velocity vector. ∇ is a Hamiltonian operator.

k = I, II, represent polymer melt and assist gas, respectively. Pk represents pressure. τk is
stress tensor. Tk represents temperature. Cp is the constant pressure specific heat capacity.
→
qk is the thermal conductivity flux. τk : ∇→uk represents viscous dissipation term.

Since the polymer melt is a viscoelastic fluid, the Phan Thien Tanner (PTT) model [20]
can well characterize polymer melt shear thinning characteristics and the first normal
stress difference under large shear rate conditions, and can better reflect polymer melt flow
characteristics. Therefore, the PTT model is used to describe the flow of the melt. The
exponential constitutive equation is:

exp
[

ελ

(1− ηr)η
tr(τ1)

]
τ1 + λ

[
(1− ξ

2
)
∇
τ1 +

ξ

2
∆
τ1

]
= 2(1− η2)ηD (4)

∇
τ1 =

dτ1

dt
− τ1 · ∇v−∇vT · τ1 (5)

∆
τ1 =

dτ1

dt
+ τ1 · ∇vT −∇v · τ1 (6)

where ηr is the viscosity ratio of the polymer melt, ηr = η2/η, η2 represents the viscosity
corresponding to the pure viscous part of the deviatoric stress tensor, η is the total viscosity
of the polymer melt. λ represents the relaxation time of polymer melt. ε is the material pa-
rameter related to the tensile properties of polymer melts. ξ is the melt material parameter

related to the shear viscosity.
∇
τ1 and

∆
τ1 represent the upper and lower material deriva-

tives of τ1, the partial stress tensor, respectively. D is the deformation rate tensor of the
polymer melt.

In the simplified model, the assist gas is regarded as a compressible Newtonian fluid,
and the gas density changes with the change of compressibility. To ensure the closed-loop
nature in the assist gas numerical solution equations, the gas state equation is introduced.

P = ρRT (7)
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where P represents gas pressure. ρ represents gas density. T represents gas temperature. R
represents gas constant, and R = 8.314 J/(mol·K).

2.3. Boundary Conditions

To ensure the numerical simulation, it is necessary to set model boundary conditions.
The melt is extruded along the y-axis, and radial motion is along the x-axis. fx and fy
represent the normal stress and tangential stress, respectively, and Vx and Vy represent
the normal phase velocity and tangential velocity, respectively. According to the medical
microtube gas-assisted extrusion model constructed in Figure 1, the boundary conditions
are set as in Table 1.

Table 1. Boundary conditions.

Type of Boundary
Conditions Boundaries Boundary Conditions

Inlet boundary AB melt inlet boundary: flow inlet boundary
CD, EF gas inlet boundary: pressure inlet boundary

Wall boundary AD, BE melt–mold wall boundary: non-slip
boundary conditions

CG gas–mold wall boundary: complete slip
boundary conditions

Gas–liquid interface
boundary DH, EI interface boundary

Free surface boundary HK, IL free surface boundary
Outlet boundary KL, GH, IJ outlet boundary

(1) Inlet boundary: AB is the melt inlet boundary. CD and EF are the gas inlet boundary.
Assuming that the melt has fully developed into the non-Newtonian viscoelastic lami-
nar flow after passing through the mold compression section and entering the shaping
section, and the melt inlet boundary satisfies the conditions Vx = 0, the inlet boundary
is set as the flow inlet boundary, and the inlet flow velocity is 2.0 × 10−8 m3/s, and
the boundary temperature is set to 463 K. The gas inlet boundary is set as the pressure
inlet boundary. According to the study of inner and outer gas pressure by Liu [18],
the inner assist gas pressure is set to 7500 Pa, the outer assist gas pressure is set to
6500 Pa, and the temperature is set to 463 K.

(2) Wall boundary: In the mold shaping section, there are two types of wall boundaries:
melt–mold wall boundary and gas–mold wall boundary. In the non-gas-assisted
shaping section, AD and BE gas are the melt–mold wall boundary, and the wall
conditions meet the non-slip boundary conditions, Vx = 0, Vy = 0. For the gas-
assisted shaping section, CG is the gas–mold wall surface, the wall conditions meet
the complete slip boundary conditions, the Navier equation is used to set the slip
boundary, and the slip coefficient is set to 0. All wall boundaries’ temperatures are set
to 463 K.

(3) Gas–liquid interface boundary: DH and EI are the interface boundaries between assist
gas and polymer melt. Ignoring the influence of relative slip and surface tension
between gas and polymer melt on fluid flow, the stress on both sides of the interface
remains balanced, and melt and gas do not penetrate the interface.

(4) Free surface boundary: HK and IL are the free surface boundaries of melt, and all
satisfy the dynamic boundary conditions fx = 0, fy = 0, and Vx = 0.

(5) Outlet boundary: KL is the outlet boundary of melt. GH and IJ are the inner and outer
assist gas outlet boundaries, respectively.

2.4. Physical Property Parameters of Numerical Simulation

Polypropylene (PP) has excellent properties, such as high toughness, high strength,
and high permeability. It is the main raw material for preparing medical microtubes.
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Therefore, this article uses PP for experimental analysis. The physical parameters of
polymers and gases used in the numerical simulation are shown in Table 2 [21].

Table 2. Physical parameters of PP melt and gas.

Parameters PP Melt Gas

η1/(Pa·s) 8823 2.6 × 10−5

λ/(s) 0.1 0
ε 0.15 0
ξ 0.44 0

η1r 0.12 0
qk/(W/(m·K)) 0.22 0.037
Cv/(J/(Kg·K)) 1883 1026

2.5. Software and Numerical Methods

In the numerical simulation of medical microtubes gas-assisted extrusion, ANSYS
Geometry and ANSYS Mesh are used to establish the geometric and finite element models.
ANSYS POLYFLOW is used to establish computational tasks and perform numerical
solutions, and ANSYS CFD-POST is used for post-processing analysis. To facilitate the
numerical solution, Elastic viscous splitstress (EVSS) and Streamline upwinding (SU) were
used to solve the equations. In order to converge the equation solution, the Evolution
method is used to set the inlet flow rate and relaxation time of the melt, and the Spine
method is used to reset the meshes of the free surface.

3. Numerical Simulation Results and Analysis

Medical microtubule forming quality is closely related to the melt flow state in the
mold. The geometric quality of microtube extrusion under different mold channel param-
eters was analyzed, and the distribution of the axial velocity field, radial velocity field,
pressure field, and first normal stress difference of the melt was combined to analyze
the mechanism of how mold channel parameters impact medical microtube gas-assisted
forming quality.

3.1. Analysis of Extrusion Quality Analysis

To clarify the effect of mold channel parameters on medical microtubule forming
quality, the inner radius, outer radius, wall thickness, and the shrinkage rates of medical
microtubules under different channel parameters were analyzed, as shown in Figure 2. The
length change of the non-gas-assisted shaping section and gas-assisted shaping section
in the mold has a great influence on microtubule forming size. As shown in Figure 2a,b,
the melt size has the same trend along the extrusion direction. In the process of the melt
from the non-gas-assisted shaping section to the gas-assisted shaping section, the inner
radius decreases at first and then increases, while the outer radius increases at first and
then decreases, and does not change after the melt close to the exit of mold. Mainly
due to the existence of the gas channel, the outer radius increases when the melt enters
the gas-assisted shaping section, and the assist gas has the compressibility and elastic
energy storage and normal stress effect of melt. These cause melt swelling. Then, due
to the auxiliary gas, under the action of internal and external gas pressure, the melt
expansion is gradually eliminated and reaches a stable state. The medical microtubule
thickness increases first and then decreases, and stabilizes at the mold exit, as shown
in Figure 2c.
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3.2. Analysis of Velocity Field

(1) Radial velocity field

The change of microtube size mainly occurs as melt enters the gas-assisted shaping
section; due to the force exerted, it is mainly caused by the force of gas on the melt. The
length of the non-gas-assisted shaping section is directly proportional to the elastic energy
stored in the melt. The non-gas-assisted shaping section can effectively release the elastic
energy stored in the melt and relax the internal stress. Ultimately, at the macro level, it is
reflected in the rearrangement of the melt flow rate. Figure 3 shows the melt radial velocity
distribution under different channel parameters. Figure 3a shows the traditional extrusion,
in which the typical extrusion swell occurs due to the elastic properties and internal stress
of the melt. After the introduction of assist gas, when the melt moves from the non-gas-
assisted shaping section to the gas-assisted shaping section, a larger radial velocity occurs
locally, which leads to an obvious trend of outward movement and expansion of the melt.
However, due to the counteraction between the force of the assist gas and the action of
the melt, the rearrangement of the melt velocity is finally realized. It can be seen that
under the conditions of 15–5 and 10–10, the radial velocity and motion trend generated
quickly stabilized, and the size deviation of the microtubule was relatively small. Under
the condition of 0–20, the melt shrinkage occurs because the gas-assisted length is too long,
and there is no gas-assisted setting section.
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Figure 3. Cloud diagram of melt radial velocity distribution under different flow path parameters.

(2) Axial velocity field

Figure 4 shows the melts axial distribution under different channel parameters. In
Figure 4a, the axial velocity appears to be larger in the middle and smaller on both sides, and
is different along the radial direction. After introducing assist gas, as shown in Figure 4b–d,
when the melt moves from the non-gas-assisted shaping section to the gas-assisted shaping
section, its distribution pattern is consistent with traditional extrusion models, and the
velocity reaches a stable value before the melt extrusion mold. Figure 4f shows the flow
velocity distribution on the inner and outer walls of the melt entering the gas-assisted
shaping section under different channel parameters. Under the parameters of 20–0, the
velocity of the inner and outer walls of melt at mold exit is inconsistent, leading to defects,
such as microtubule deformation. Under gas-assisted conditions, the velocity difference
between the inner and outer walls of melt in the gas-assisted shaping section quickly
returns to zero, ensuring the roundness of the microtube extrusion. With the increase of
gas-assisted length, the axial velocity of the melt is rearranged for a longer time, and the
axial velocity of the melt is faster at mold exit. This also confirms that the increase in the
gas-assisted length will lead to the thinning of the microtubule wall thickness.
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Figure 4. Cloud diagram of melt axial velocity distribution under different flow path parameters.

3.3. Analysis of Pressure Field

The pressure distribution on the inner and outer surfaces of melt in the gas-assisted
shaping section under different channel parameters is shown in Figure 5.
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Figure 5. Pressure distribution of melt inside and outside surface under different flow path parame-
ters. (a) Inner surface pressure distribution of gas-assisted shaping section; (b) Outer surface pressure
distribution of gas-assisted shaping section.
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The pressure drop rate of melt in the front end of the gas-assisted shaping section is
large, and then gradually decreases, and the pressure decreases to zero before the melt
leaves the mold. The effect of assist gas on the melt is mainly concentrated in the front
section of the gas-assisted shaping section. If the length of the gas-assisted shaping section
is too long, due to the excessive action of assist gas on the melt, it will cause the melt to
shrink and the wall thickness to become thinner. This further verifies the importance of
channel parameters in medical microtube extrusion.

3.4. Analysis of First Normal Stress Difference

Figure 6 shows the melt first normal stress difference distribution under different
channel parameters. Under the non-gas-assisted extrusion condition, there is a significant
first normal stress difference at mold exit. After introducing the combination of the non-
gas-assisted shaping section and the gas-assisted shaping section, the first normal stress
difference generated decreases, and the wall thickness decreases. Under five different
parameters conditions, the first normal stress difference is the smallest among the only
gas-assisted shaping section forming methods, but its size change is the largest. With the
length increase of the gas-assisted shaping section, the melt relaxes more fully, and the
change effect of the increased elastic energy and the increased relaxation time is offset, so
the swelling trend is weakened after entering the gas-assisted shaping section. Therefore,
combined with the first normal stress difference and the microtubule size index under five
different channel parameters, the ratio parameters between 15–5 and 10–10 can be selected
for medical microtubule gas-assisted extrusion, and a better result can be obtained.
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4. Experimental Results and Analysis
4.1. Experimental Equipment

To investigate the effects of different channel parameters on medical microtubule gas-
assisted extrusion, this study established a gas-assisted extrusion platform. Figure 7 shows
a schematic diagram of the gas-assisted extrusion platform. This platform mainly includes
an assist gas production system, an assist gas heating system, a microtube extrusion system,
and a microtube cooling and collection system. By using a gas production and heating
system, the gas with the same temperature as the melt is introduced into the extrusion
mold. The melt is melted and mixed in the extruder and then formed through the extrusion
mold under assist gas action. Finally, the medical microtubule is shaped and collected
through the cooling and collection system.
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Figure 7. The double-layer gas-assisted extrusion experimental platform: 1-Air compressor; 2-High-

pressure gas cylinder; 3-Pressure gage; 4-Flowmeter; 5,6,7-Air valve; 8,9-Gas heater; 10,11-Pressure

gage; 12-Extruder; 13-Extrusion mold; 14-Cooling device; 15-Coupling device; 16-Collecting device;
1©-Inlet of melt; 2©-Head section; 3©-Inner gas inlet; 4©-Sprue spreader; 5©-Clamping ring; 6©-Link

module; 7©-Outer die; 8©-Mandril; 9©-Outer gas inlet; 10©-Gas-assisted shaping section; 11©-Non-
gas-assisted shaping section.

Experiments under five different channel parameters are conducted. Among them,
the 20–0 condition is a traditional extrusion experiment. After introducing assist gas, the
inlet flow rate, mold temperature, gas temperature, and traction speed are consistent with
traditional extrusion. Table 3 shows the extrusion experimental parameters under different
channel parameters.

Table 3. Experimental parameters.

Experimental Conditions 5–15/10–10/15–5/0–20 20–0

Inner gas pressure/(Pa) 7500 /
Outer gas pressure/(Pa) 6500 /

Die temperature/(◦C) 190 190
Gas temperature/(◦C) 190 190
Motor frequency/(Hz) 4 4
Pulling speed(r/min) 4 4
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4.2. Morphological Analysis of Medical Microtubules

The results of the gas-assisted extrusion of medical microtubules under different flow
channel parameters are shown in Figure 8. In the traditional extrusion process, there is
extrusion swelling at the mold outlet. This is because when the melt is extruded through
the mold channel, it has a large elastic energy and internal stress. These are released at
the mold outlet, resulting in extrusion swelling. From Figure 8b–e, it can be seen that
due to assist gas, extrusion swelling is significantly suppressed, and there is a clear gap
between the melt and mold inner wall, which is the assist gas layer. When the melt enters
the gas-assisted shaping section from the non-gas-assisted shaping section, the assist gas
layer neutralizes the melt elastic energy and internal stress and rearranges the melt velocity;
thereby, extrusion swelling is suppressed. As the length of the gas-assisted section increases,
the melt shrinkage of medical microtubules appears. This is due to the gas-assisted length
being too long, and the stretching effect of the gas on the melt lasts for a long time. Finally,
the extrusion speed of the melt increases, the wall thickness becomes thinner, and the melt
shrinks. Under the conditions of 15–5 and 10–10, the medical microtube extruded shape
is similar to that of the mold outlet shape, and the variation along the axial direction is
not significant. The extrusion experiment results are consistent with the simulation. The
experimental results compare with Liu [18]. Due to mold flow channel parameters that are
not very suitable, there are some gas flow traces on the microtubule surface. In contrast,
the surface of our microtubules was smooth, effectively avoiding this defect.

Processes 2023, 11, x FOR PEER REVIEW 13 of 15 
 

 

time. Finally, the extrusion speed of the melt increases, the wall thickness becomes thin-

ner, and the melt shrinks. Under the conditions of 15–5 and 10–10, the medical microtube 

extruded shape is similar to that of the mold outlet shape, and the variation along the axial 

direction is not significant. The extrusion experiment results are consistent with the sim-

ulation. The experimental results compare with Liu [18]. Due to mold flow channel pa-

rameters that are not very suitable, there are some gas flow traces on the microtubule sur-

face. In contrast, the surface of our microtubules was smooth, effectively avoiding this 

defect. 

 

Figure 8. Results of extrusion experiment: (a) Extrusion result of 20-0; (b) Extrusion result of 15-5; 

(c) Extrusion result of 10-10; (d) Extrusion result of 5-15; (e) Extrusion result of 0-20. 

4.3. Size Analysis of Medical Microtubules 

A multi-point measurement method is used to measure the medical microtubule wall 

thickness. The medical microtubule wall thickness distribution under different channel 

parameters is shown in Figure 9. The medical microtubule wall thickness of traditional 

extrusion is significantly greater than that of gas-assisted extrusion. This is because during 

the process of medical microtubule gas-assisted extrusion, gas has a certain drag effect on 

the melt, and the melt velocity is increased, resulting in the melt becoming thinner. Under 

the conditions of 15–5, medical microtubules have a relatively uniform wall thickness, and 

the wall thickness is close to the design value. As the gas-assisted length increases, the 

phenomenon of melt thinning becomes more apparent. The distribution and variation of 

the microtubule wall thickness are consistent with the numerical simulation results, which 

verifies the correctness of the numerical simulation. 

(a) (b) 

(e) (d) 

(c) 
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4.3. Size Analysis of Medical Microtubules

A multi-point measurement method is used to measure the medical microtubule wall
thickness. The medical microtubule wall thickness distribution under different channel
parameters is shown in Figure 9. The medical microtubule wall thickness of traditional
extrusion is significantly greater than that of gas-assisted extrusion. This is because during
the process of medical microtubule gas-assisted extrusion, gas has a certain drag effect on
the melt, and the melt velocity is increased, resulting in the melt becoming thinner. Under
the conditions of 15–5, medical microtubules have a relatively uniform wall thickness, and
the wall thickness is close to the design value. As the gas-assisted length increases, the
phenomenon of melt thinning becomes more apparent. The distribution and variation of
the microtubule wall thickness are consistent with the numerical simulation results, which
verifies the correctness of the numerical simulation.

Processes 2023, 11, x FOR PEER REVIEW 14 of 15 
 

 

0.32

0.36

0.40

0.44

0.48

0.52

0.56

0.60

0.64

0.68

W
a
ll

 t
h

ic
k

n
e
ss

/(
m

m
)

Position of wall thickness

  20-0 

  15-5

  10-10

  5-15

  0-20

P1 P2 P3 P4

 

Figure 9. Wall thickness distribution of medical microtubes under different parameters. 

5. Conclusions 
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5. Conclusions

(1) This paper studies the influence of mold flow channel parameters on medical micro-
tubule gas-assisted extrusion formation by numerical simulation and experimental
analysis. According to the gas-assisted extrusion mechanism of medical microtubules,
the physical and mathematical model of the gas-assisted extrusion process of med-
ical microtubules with different parameters was established. Then, the boundary
conditions are optimized, and a numerical solution is presented through Polyflow
finite element software. Further, the gas-melt interaction and stress distribution are
analyzed, and the medical microtube extrusion forming quality and variation law
are obtained. Finally, the gas-assisted extrusion experiment is conducted. The sim-
ulation and experimental results show that under the 15–5 condition, the quality of
medical microtubes is better than other parameters. The shrinkage rates of the inner
radius, outer radius, and wall thickness are 2.3%, 4.5%, and 2.2%, respectively, and
the average wall thickness is 0.49 mm.

(2) Through numerical simulation and experimental analysis, we obtained the suitable
mold flow channel parameters to prepare medical microtubes. However, the medical
microtubule gas-assisted extrusion process is complex, and we did not consider the
combined effects of other factors. Therefore, our further work will focus on the
coupling effects of multiple parameters on medical gas-assisted microtube extrusion.
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