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Abstract: This study focuses on products with high length-
to-thickness ratios, where injection pressure struggles to
propagate effectively to the far-gate regions, resulting in
excessive pressure differentials across the mold cavity and
ultimately compromising the product’s dimensional accu-
racy. The dimensional accuracy of these plastic parts is
directly related to three factors: injection speed, screw
position at the V/P switchover point, and holding pressure
method. Through simulations and physical molding trials,
this study proposes a least squares method to determine
the optimal V/P switchover point. The method calculates
the minimum Euclidean distance between the relative
error points (width, thickness) of the far-gate region and
the zero point. The results show that the optimal screw
position for V/P switchover is 21.7 mm. At this position,
the relative errors in width and thickness are reduced to
0.3% and 0.5%, respectively. Furthermore, a four-stage
holding pressure method with gradient reduction is adopted.
This reduces the pressure difference between near-gate and
far-gate regions by 3.29 MPa. It also decreases dimensional
variations in the near-gate region by 58.3% in width and
56.3% in thickness. These improvements significantly enhance
the final product quality.

Keywords: injection process parameter optimization,
V/P switchover optimization, multi-stage holding pres-
sure, mold flow analysis, pressure field balancing

1 Introduction

Injection molding technology, as a highly efficient and cost-
effective method for mass production of plastic products,
exhibits significant advantages in manufacturing compo-
nents with high-precision geometric shapes. The stability
of product quality and production efficiency in this process
are influenced by multiple interrelated factors, including
injection machine performance, mold quality, injection
process parameters, and polymer material properties (1).
When the injection machine, mold, and polymer material
are fixed, product quality primarily depends on the
rational setting of injection process parameters. Especially
for precision products with high flow-length-to-wall-thick-
ness ratios, the flow-end resistance increases significantly,
resulting in pronounced gradient variations in cavity pres-
sure distribution. Under such conditions, the appropriate
configuration of injection process parameters becomes
crucial for ensuring pressure balance between near-gate
and far-gate regions in the mold cavity.

Traditional injection parameter setting predominantly
relies on technicians’ empirical knowledge and trial-and-error
approaches, which exhibit high uncertainty. Therefore, it is
necessary to design more controllable and scientific para-
meter adjustment methods. In recent years, numerical simu-
lation technology has been successfully applied to predict
optimal process parameters for various resin materials, cavity
structures, and runner systems (2,3). With the rapid advance-
ment of artificial intelligence, machine learning-based multi-
objective optimization algorithms have significantly improved
parameter-setting efficiency and accuracy by establishing
mapping relationships between process parameters and
quality indicators. Wang et al. proposed a method com-
bining gradient-enhanced Kriging models with multi-
objective differential evolution algorithms, achieving
simultaneous optimization of warpage, volumetric shrinkage,
and cycle time through orthogonal experiments and mold
flow analysis (4). Moayyedian et al. optimized melt tempera-
ture and injection speed parameters using genetic algorithms
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in thin-wall injection molding, significantly reducing product
warpage, with the optimization results further validated
through Moldflow simulations (5). Other studies have
employed particle swarm optimization to optimize holding
pressure and injection time in multi-cavity mold injection
processes, demonstrating substantial improvements in cavity
filling uniformity within shorter timeframes (6). Optimization
of cooling time and cooling channel distribution in complex
mold systems has also been shown to significantly enhance
product quality and production efficiency (7). Yu et al. devel-
oped a geometry-based parameter determination method
incorporating maximum flow length, average cavity thick-
ness, and L/t ratio, demonstrating superior prediction accu-
racy compared to conventional approaches (8). Additionally,
integrated case-based reasoning and fuzzy inference models
have been widely adopted, utilizing historical case matching
and fuzzy rule-based parameter adjustment to address the
limitations of traditional expert systems reliant on manual
experience. For instance, Feng et al. developed an intelligent
system enabling dynamic parameter adjustment through geo-
metric feature recognition, material property analysis, and
online defect feedback mechanisms (9). To achieve adaptive
process parameter control, researchers have implemented
sensor-integrated systems in injection machines or molds
for real-time process monitoring, generating parameter
adjustment commands accordingly (10–12).

Based on the P-V-T state equation theory, polymer melts
exhibit dual sensitivity to thermodynamic parameters during
phase transition, with volume changes being influenced not
only by temperature gradients but more significantly by
dynamic pressure field distribution (13–15). This character-
istic determines that pressure equilibrium control during the
holding phase is critical for suppressing product volumetric
shrinkage and geometric deformation. Specifically, regional
pressure gradients within the cavity at holding termination
can lead to non-uniform compensation effects during melt
solidification, resulting in dimensional deviations. Conse-
quently, researchers have proposed dynamic holding strate-
gies employing time-variant pressure profiles to improve the
spatial uniformity of cavity pressure fields (16). For thin-wall
product injection molding, high-speed injection presents
inherent contradictions: while increased injection speed pre-
vents short shots caused by premature melt solidification,
excessive speedmay induce inertial flow effects, raising over-
filling risks after V/P transition and creating differential
holding compensation requirements (17,18). Empirical studies
by Nian et al. demonstrated that establishing coordinated
control models between injection speed and holding pressure
can significantly reduce product warpage (19).

Therefore, excessive pressure differentials between
near-gate and far-gate regions caused by hindered cavity
pressure transmission will lead to significant geometric

inconsistencies in product dimensions such as width and
thickness. Based on the above analysis, this study first pro-
poses a dynamic optimization method for V/P switchover
points, followed by implementation of multi-stage holding
strategies to reduce residual pressure differentials across
cavity regions at holding termination, thereby significantly
improving geometric dimensional consistency in thin-wall
products. The research employs Moldflow 2022 simulation
software combined with simulated and actual injection
experiments for validation.

2 Precision injection molding
process optimization methods

2.1 Dynamic optimization strategy for V/P
switchover point

During the initial stage of polymer melt injection into the
mold cavity, when the melt front contacts the cavity wall
near the gate area, it triggers a transient pressure surge.
This abrupt pressure response serves as the initiation
signal for cavity filling. To ensure complete filling of the
runner system and cavity structure, the process design
intentionally extends the filling stroke as redundant pro-
tection. For thin-walled injection-molded parts with high
aspect ratios, high-speed injection strategies are commonly
employed in engineering practice. The primary objective is
to suppress the diffusion of temperature gradients at the
melt flow front, thereby avoiding filling defects caused by
melt retardation effects. However, this process presents
two conflicting challenges: on the one hand, excessive
shear rates may induce molecular chain breakage and
material thermal degradation risks. On the other hand,
the shear-thinning behavior of melt rheology significantly
reduces the stability of the viscoelastic boundary layer,
leading to a marked increase in the probability of flash
formation at the parting line. Consequently, the threshold
setting for injection speed must strictly adhere to process
window limitations. From a material mechanics perspec-
tive, low-speed injection modes can effectively reduce
molecular chain orientation and mitigate residual stress
accumulation, which is beneficial for improving the
dimensional stability of the product. However, excessively
low injection speeds enhance heat exchange efficiency at
the melt-cavity interface, causing the flow front tempera-
ture to fall below the critical solidification threshold and
resulting in incomplete filling. This study designs an opti-
mization method for injection speed, aiming to minimize
the dynamic pressure difference between the near-gate
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and far-gate regions at the end of cavity filling. By balan-
cing the cavity pressure field distribution, homogeneous
control of melt flow behavior is achieved, ensuring process
robustness for molding quality.

Precise control of the V/P switchover point plays a
critical role in the geometric accuracy of injection-molded
products. Notably, although product quality parameters
exhibit significant correlations with geometric dimensions,
traditional process parameter optimization methods gen-
erally lack dimensional control – often using weight para-
meters as the sole optimization objective. This limitation
becomes particularly prominent in the production of high-
aspect-ratio parts: when the aspect ratio exceeds a critical
threshold, significant geometric deviations may occur
between the near-gate and flow-end regions of the product.
In other words, once the process enters the holding phase,
the injection pressure struggles to effectively transmit to
the flow-end region, meaning the geometric accuracy of the
end region is primarily governed by the precision of the V/P
switchover point selection.

The dynamic optimization strategy for the V/P switch-
over point in this study is implemented in three stages:

Stage 1: Establish reasonable initial injection process
parameters and conduct injection molding simulation
experiments. Since the volumetric fill rate has a one-to-
one correspondence with the screw position x, and it is
convenient to design the V/P switchover point based on
the volumetric fill rate, the dimensional fluctuations at
the melt flow front can be observed by controlling changes
in the mold cavity volumetric fill rate. Therefore, this study
incrementally increases the volumetric fill rate from 85%
to 99% in 2% increments. For each experiment, the widthw
and thickness t of the far-gate region of the injection-
molded product are measured and recorded.

Stage 2: Employ second-order polynomial regression
analysis to construct predictive models for the screw posi-
tion x of the V/P switchover point versus width w and
thickness t:

( ) = + +w x a x b x cw w w

2 (1)

( ) = + +t x a x b x ct t t

2 (2)

where a, b, and c are polynomial coefficients, and the pre-
dictive models are required to have an R2 value above 0.9.
To evaluate the fluctuation range of product dimensions
and enhance stability, the relative errors for width εw and
thickness εt are defined as
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where wdesign and tdesign are the designed width and thick-
ness of the product, and it represents the midpoints of the
product’s dimensional tolerance ranges.

Stage 3: A two-dimensional error plane Ψ(εw, εt) is
constructed from εw and εt, where the origin (0, 0) repre-
sents the midpoint of the width and thickness tolerance
bands – indicating zero deviation from the product’s
designed dimensions. The Euclidean distance between
any point (εw, εt) on the error plane and the origin is
defined as the evaluation metric, quantifying the magni-
tude of dimensional variation. The optimal screw position
x for the V/P switchover point is then determined by mini-
mizing this distance using the least squares method.

2.2 Segmented holding control method for
global pressure balancing

During the injection molding process, when the screw
reaches the V/P switchover point, the system enters the
holding phase to compensate for material shrinkage
during polymer solidification. For thin-walled products
with high length-to-thickness ratios, the extended melt
pressure transmission path necessitates higher holding
pressure in the far-gate region to improve material densi-
fication. However, excessive pressure may cause flash
defects and stress concentration near the gate area,
adversely affecting dimensional accuracy. Compared to
traditional constant-pressure holding, dynamic pressure
control strategies demonstrate significant advantages in
reducing part warpage and shortening cycle time; yet, their
industrial implementation still faces technical barriers.

This study proposes a multi-stage holding optimization
scheme based on stepwise pressure gradients, where
segmented pressure adjustments approximate the ideal
holding curve. To achieve pressure equilibrium between
near-gate and far-gate regions of the mold cavity and
enhance product dimensional stability, each holding seg-
ment’s pressure parameters are dynamically designed
according to solidification time. The specific methodology
is as follows:

Step 1: Determine effective holding duration. The gate
freeze time serves as the critical endpoint for holding,
marking when cavity pressure becomes independent of
machine input. The total effective packing time tpacking is
derived from simulation software’s frozen layer factor –
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when this factor exceeds 0.8, melt solidification prevents
pressure transmission, minimizing holding pressure effects
on the product.

Step 2: Calculate segmented holding intervals. Based
on varying solidification times across cavity regions (ana-
lyzed via frozen layer factor), an initial single-stage holding
experiment (using 80% peak injection pressure) measures
solidification times t t t, , …, n1 2 from near-gate to far-gate
areas.

Step 3: Optimize gradient pressure values. The first seg-
ment adopts conventional single-stage holding parameters to
prioritize far-gate compensation. Subsequent segments imple-
ment pressure reduction ( > >⋯>p p p

n1 2
), preventing melt

backflow while enabling graded residual stress release. This
constraint balances pressure differentials across the cavity,
achieving global pressure equilibrium.

3 Simulation experiment design

3.1 Experimental case model design

This study selects a polymer tensile test specimen con-
forming to GB/T 11997-2008 standard as the research object.
The design dimensions are shown in Figure 1(a), with a
total length of 180 mm, end widths of 20 mm, a central
width of 10 mm, and a thickness of 4 mm. The injection
mold adopts a two-plate large sprue structure as shown in
Figure 1(b). The gate uses a rectangular design (width ×

length × height: 15 mm × 2 mm × 2 mm). The runner
employs a trapezoidal shape with top/bottom dimensions
of 6 and 4 mm, respectively, and a height of 4 mm. To

measure and study the forming quality of the tensile test
specimen, four test points (A, B, C, and D) are uniformly set
from the near-gate to the far-gate. The tolerance ranges for
the width (wA and wD) at both ends of the specimen are 20
± 0.1 mm, and those for the thickness (tA and tD) are 4 ±

0.08 mm.
To verify the universality of the proposed method,

another product with a different geometric structure was
designed, as shown in Figure 2(a). It features protruding
thin-walled structures on both sides and a circular hole in
the middle, which undoubtedly have a significant impact
on the flow behavior of the polymer melt, fundamentally
differing from the simple thin-walled geometry of Figure
1(a). The tolerance ranges for the widths (wA and wD) and
thicknesses (tA and tD) at both ends of this test specimen
are the same as those of the product in Figure 1(a). The
validation of the method using these two product cases
further demonstrates the effectiveness of the proposed
approach.

This study first validated the process method using the
mold flow analysis software Moldflow 2022. The product
mesh type was selected as dual domain, with the global
element edge lengths for the product and runner finite
element meshes set to 2 and 2.5 mm, respectively. The
products shown in Figures 1(a) and 2(a) achieved matching
percentages of 99.06% and 98.7% through mesh statistics,
with aspect ratios as low as 3.4 and 3.6, respectively, indi-
cating exceptionally high mesh quality, as illustrated in
Figures 1(c) and 2(b). The analysis sequence was “filling +

packing + warping.” To investigate the effectiveness of the
proposed method for different polymer materials, two
materials were selected for study: Trinseo’s CALIBRE IM
401-18, with recommendedmold surface andmelt tempera-
tures of 100° and 300°, respectively. The weight tolerance

Figure 1: Tensile test specimen mold and finite element model. (a) Specimen dimensions and test points, (b) mold structure, (c) finite element model.

4  Jun-Hui Liu et al.



ranges for Figures 1(a) and 2(a) are 11.02 ± 0.06 and 13.38 ±

0.06 g, respectively. The other material was Mitsubishi
Chemical's TFX 210, for which the recommended mold sur-
face temperature is 50°C and the melt temperature is 230°C.
Due to differences in material density, the weight tolerance
ranges for Figures 1(a) and 2(a) were adjusted to 10.71 ±

0.06 and 12.92 ± 0.06 g, respectively.

3.2 Optimization of screw stroke and
injection velocity

In Moldflow 2022, the process settings were configured as
follows: fill control was set to “Absolute Screw Speed
Curve”, V/P switch was set to “Screw Position”, pack control
was set to “Fill Pressure vs Time”, and cooling time was set

to 10 s. To investigate the complete filling process, the V/P
switchover point was set at screw position x = 10 mm, with
the initial injection speed set to 60 mm·s−1. The screw posi-
tion x for the start of material feeding was set at 55 mm.

Through simulation experiments, the pressure at the
near-gate position A and the corresponding screw position
are shown in Figure 3. When the screw advanced approxi-
mately 0.57 s, the melt filled the runner and began entering
the mold cavity, causing a sudden rise in cavity pressure.
At this moment, the screw position x was 43.82 mm. When
the screw reached x = 22.85 mm (injection time about 1.77 s),
a turning point in pressure was observed, as marked “M” in
Figure 3, indicating that the cavity was fully filled with
polymer and the melt was under significant compression.
At a screw position of x = 15 mm (injection time about 2.18 s),
the polymer continued to be slowly compressed into the
cavity, with the pressure peaking at 38.35 MPa.

Figure 2: Test specimen and finite element model. (a) Specimen dimensions and test points and (b) finite element model.

Figure 3: Pressure at point A vs screw position.
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Subsequently, the screw was slightly retracted to 21.6 mm
andmaintained a holding pressure of 10MPa. Therefore, the
total screw displacement for complete filling (including the
runner) was 55 – 15 = 40 mm, while the screw displacement
for cavity filling alone was 43.82 – 15 = 28.82 mm.

Injection speed significantly impacts product quality and
molding cycle time. Tomaintain stable polymermelt viscosity
and ensure smooth flow, a minimum injection speed must be
set. However, excessively high speeds should also be avoided.
Otherwise, it may lead to excessive pressure variations across
different sections of the mold cavity, compromising dimen-
sional accuracy or even causing shear-induced overheating,
material degradation, and defects such as PVC discoloration
or jetting marks. In this study, based on the aforementioned
simulation results, the V/P switchover point was preset at a
screw position of 22.85 mm. The injection speed was tested
within a range of (60, 120) mm·s−1, incremented in 10 mm·s−1

intervals. To investigate the pressure difference (ΔP) between
the near-gate (point A) and far-gate (point D) regions, pres-
sure data were extracted at two key time points: t₁ = 4 s
(screw position about 56.43 mm) and t₂ = 8 s (screw position
about 41.36 mm). The resulting pressure differentials are illu-
strated in Figure 4.

At both 4 and 8 s injection times, ΔP exhibited a consistent
trend of initially decreasing, then increasing, and finally
stabilizing as the injection speed increased. The minimum
pressure difference between cavities A and D occurred at
an injection speed of 80 mm·s−1, with ΔP measuring 3.61
MPa at 4 s and 6.63 MPa at 8 s. Polymer melt experiences
heat dissipation within the mold cavity. At lower injection
speeds, increased melt freeze-layer thickness significantly
amplifies the pressure differential between near-gate and
far-gate regions. Higher injection speeds effectively reduce
this freeze-layer thickness. However, thin-wall injection
molding inherently implies high flow resistance. Although
excessively high injection pressure enables rapid filling, it
forces the melt to flow through narrow spaces at extremely

high speeds, leading to a sharp increase in polymer viscous
dissipation and significant consumption of pressure energy.
Simultaneously, the resistance effect is amplified exponen-
tially, exacerbating flow imbalance. The superposition of these
effects causes the pressure energy gradient to become extre-
mely steep from the gate to the end of the product, ultimately
resulting in a substantial pressure difference between dif-
ferent regions of the product. Based on these findings, an
injection speed of 80 mm·s−1 was selected for this study.

3.3 Dynamic optimization of V/P switchover
point

First, a simulation experiment was conducted on the pro-
duct in Figure 1(a). In the process settings, a single-stage
holding pressure was applied, with the holding pressure
set at 80% of the peak injection pressure. The V/P switch
was configured using “% filled volume” as the criterion,
tested at 2% intervals from 85% to 99% (8 total experi-
ments). For each trial, product weight (wt), along with
width (w) and thickness (t) at points A and D, was recorded.
As shown in Figure 5(a) and (b), the tolerance ranges for
wt, wA, tA, wD, and tD are indicated by dashed lines. Results
demonstrate thatwt,w, and t increased with delayed filling
volume percentage, confirming that higher cavity fill per-
centages before switching allow more melt to be packed
into the cavity, consequently increasing all three measured
parameters.

Figure 5(a) demonstrates that the product weight exhi-
bits broad tolerance to V/P switchover point variations, with
all experimental conditions meeting product specifications.
Figure 5(b) reveals that for products with significant relative
length, pressure propagation to far-gate regions becomes
challenging during the holding phase, resulting in inadequate
melt compensation. While the width and thickness at the

Figure 4: Pressure difference between near-gate and far-gate regions.
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far-gate (D) remain within tolerance despite delayed V/P
switching, the near-gate (A) experiences melt over-compen-
sation. Dimensions progressively deviate toward upper toler-
ance limits as switching is delayed. As discussed in Section 2.1,
this confirms that far-gate dimensional quality is primarily
controlled by V/P switchover point, whereas near-gate quality
can be regulated through multi-stage holding pressure.

Using far-gate (D) width and thickness as quality tar-
gets, we identified the optimal V/P switchover position by
minimizing the Euclidean distance to the origin in error
space. The experimental data forwD and tD were converted
to corresponding screw positions (x) based on cavity fill
percentage, yielding an operational range of (27.01, 18.76)
mm for 85–99% filling. Through regression analysis, we
derived second-order polynomial, Eqs. 1 and 2:

( ) = × − × +− −
w x x x2.36 10 1.269 10 21.7023 2 1 (5)

( ) = × − × +− −
t x x x1.514 10 7.834 10 4.9673 2 2 (6)

The constructed w(x) and t(x) models showed statisti-
cally significant results in error analysis (p-value <0.05),
with the width of the prediction confidence intervals being
less than 10% of the tolerance band (0.02 mm). Their R²
values reached 0.94 and 0.92, respectively. As shown in
Figure 6(a), the residual distribution of the width model
satisfies the assumptions of normality and homoscedasti-
city. The fitted value plot in Figure 6(b) further confirms
the reliability of the model predictions. Similarly, the thick-
ness model t(x) is also reliable.

By substituting Eqs. 5 and 6 into 3 and 4, respectively,
the designed width wdesign and designed thickness tdesign
are determined to be 20 and 4 mm. This yields the error
plane Ψ(εw, εt). The optimal V/P switchover point screw
position can be calculated using the least squares method.

Figure 5: Variation trends of injection molding product indicators. (a) Weight vs filling volume percentage and (b) width and thickness vs filling
volume percentage.
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Through the constrained optimization function “fmincon”
in MATLAB, the optimal position is obtained as ′x = 21.7
mm, as shown in Figure 7. At this point, the width and
thickness at location D are approximately 20.06 and 3.98
mm, respectively, with relative errors of 0.3% and 0.5% for
width and thickness. The same method was repeated for
the product as Figure 2. The second-order polynomial
models for width, thickness, and V/P switch-over screw
position also demonstrated high accuracy, meeting engi-
neering requirements. Using the least squares method,
the optimal V/P switch-over screw position was calculated
to be 20.4 mm.

When the screw position at the V/P switchover point is
21.7 mm, the above research indicates that the product
weight meets the tolerance requirements, and the dimen-
sional quality at the far-gate area is optimal. However,
as shown in Figure 5(b), when the volume filling rate at
the V/P switchover point is only 85% at the beginning, the
dimensions at the near-gate area A meet the requirements.
As the V/P switch point is delayed, the over-compensation
of the melt at area A leads to excessive dimensions,
exceeding the upper limit. Consequently, there is a significant
discrepancy between areas A and D of the product. The
dimensional imbalance between the near-gate and far-gate
areas is primarily caused by the pressure difference between
the two regions during the pressure-holding phase.

As shown in Figure 8, five points were selected for
pressure variation analysis. The first is the inlet of the
main runner (node N2781), whose pressure change repre-
sents the pressure setting of the injection molding machine
– 80% of the peak pressure, using a single-stage pressure-
holding method. The remaining four points are evenly

distributed from the near-gate to the far-gate areas, from
node N818 to N795, corresponding to areas A, B, C, and D in
Figure 1(a). From Figure 8, it can be seen that when the
molding time is approximately 5 s, the pressures at the
near-gate and far-gate areas are 36.7 and 33.05 MPa, respec-
tively. The pressure difference between them remains
nearly stable at around 3.65 MPa throughout most of the
pressure-holding phase. Therefore, the pressure difference
across different areas of the product inevitably leads
to lower overall dimensional accuracy. To balance the

Figure 6: Residuals vs fitted values plot of the width model. (a) Scatter plot of residuals and (b) fitted values plot.

Figure 7: Optimal screw position solution in error plane Ψ(εw, εt).
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pressure distribution in the mold cavity during the molding
cycle, this study investigates multi-stage pressure holding to
reduce the pressure difference.

3.4 Analysis of multi-stage pressure holding
control

Compensating for shrinkage defects in the far-gate area of
the mold with a higher holding pressure often leads to
overfilling in the near-gate area, increasing geometric
deviations in that region. To address this issue, this study
proposes a multi-stage gradient pressure-holding process:
first, a higher holding pressure is applied, followed by a
stepwise pressure reduction to gradually release the resi-
dual cavity pressure in the near-gate area before the gate
solidifies, thereby effectively reducing the residual pres-
sure gradient between the near-gate and far-gate areas.

The specific parameters of this multi-stage pressure-
holding scheme are as follows: the initial holding pressure
was set at 90% of the peak injection pressure. The freezing
time, which is defined as the moment when the frozen
layer factor reaches 0.8, was obtained through Moldflow
simulation. The freezing times for points D to A were deter-
mined as 4.22, 6.15, 8.21, and 9.38 s, respectively. The total
holding duration corresponds to the freezing time of point
A (9.38 s), ensuring that the holding phase concludes before
gate solidification. Subsequently, the segmented holding
times are calculated based on the difference in regional
solidification times. Each holding segment corresponds to

the time window between the solidification of adjacent
regions, gradually releasing pressure before the near-gate
area solidifies to avoid over-packing. The melt solidifica-
tion times are 9.38, 8.21, 6.15, and 4.22 s for points A to D,
respectively. Time segmentation calculation is as follows:
as shown in Figure 3, the injection time was 2.18 s, and
point D solidifies at 4.22 s. Thus, the packing time for stage
1 is 4.22–2.18 s = 2.04 s. Similarly, the holding times for
stages 2–4 are 1.93, 2.06, and 1.17 s, respectively.

The holding pressure was then progressively reduced
to 80%, 60%, and 30% in the subsequent three phases. This
gradient pressure reduction strategy not only ensures
molding quality near the gate region but also facilitates
rapid residual stress release. For the test samples in
Figures 1(a) and 2(a), the screw positions at the V/P switch-
over point were set at 21.7 and 20.4 mm, respectively. This
corresponds to performing the V/P switch when the mold
cavity volume filling rates reached 97.6% and 98%. A com-
parative analysis was conducted between single-stage and
multi-stage pressure holding, with the results shown in
Table 1. Here, SP1 and SP2 represent the test samples
from Figures 1(a) and 2(a), respectively, while Mat.1 and
Mat.2 denote the polymer materials Trinseo CALIBRE IM
401-18 and Mitsubishi Chemical TFX 210.

Due to the reduced melt compression effect of the four-
stage holding pressure on the near-gate region A, the
dimensions of region A decreased significantly compared
to the far-gate region D. In the case of Figure 1(a) specimen
fabricated with Trinseo CALIBRE IM 401-18 material, the
width wA and thickness tA decreased to 20.06 and 4.04 mm,
respectively, both meeting the product tolerance

Figure 8: Pressure path diagram of single-stage pressure holding.
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requirements. The width fluctuation decreased from 0.12 mm
with single-stage holding pressure to 0.03 mm with four-stage
holding pressure, a reduction of 58.3%. The thickness fluctua-
tion decreased from 0.16 to 0.07 mm, a reduction of 56.3%.
Additionally, the product weight (11.03 g) met the quality
requirements and was closer to the design weight of 11.02 g.
For the Figure 1(a) specimen fabricated with Mitsubishi
Chemical TFX 210 material, the width wA and thickness tA
decreased to 20.07 and 4.05 mm, respectively, while still fully
complying with product tolerance requirements. Notably, the
dimensional variation in width was reduced from 0.13 mm
(single-stage packing) to 0.02 mm (four-stage packing), and
thickness variation improved from 0.13 to 0.04 mm. The pro-
ductweight (10.72 g) also approached closer to the design target
of 10.71 g.When conducting simulation tests with both polymer
materials for the Figure 2(a) specimen, Table 1 demonstrated
consistent improvement patterns, effectively enhancing the
dimensional accuracy of injection-molded products in both
cases. These results confirmed that the optimization method
proposed in this study exhibits excellent robustness.

Figure 9 shows the pressure path diagrams at the
sprue entrance and regions A, B, C, and D of the product
shown in Figure 1(a). The pressure-time curves for various
parts of the product almost overlap, with a pressure dif-
ference of only 0.36 MPa between regions A and D. In
contrast, the mold cavity pressure difference with single-
stage holding pressure reached 3.65 MPa. Therefore, the
four-stage holding pressure adopted in this study ensures
a more uniform pressure distribution in the mold cavity,
thereby improving the dimensional quality of the product.

4 Injection molding experiment
validation

This article only conducts actual injection molding experi-
ments on the product in Figure 1(a) based on its simulated
injection process parameters. The injection molding machine
used in the experiment was a Fanuc α-S50iB, with a

Table 1: Comparison of dimensions and weight between two pressure holding methods

Holding method SP. Material wA (mm) wD (mm) tA (mm) tD (mm) ΔwA–D ΔtA–D wt (g)

Single stage SP1 Mat.1 20.18 20.06 4.17 4.01 0.12 0.16 11.06
Mat.2 20.17 20.04 4.15 4.02 0.13 0.13 10.68

SP2 Mat.1 20.2 20.07 4.18 4.03 0.13 0.15 13.41
Mat.2 20.18 20.08 4.19 4.04 0.1 0.15 12.96

Four stage SP1 Mat.1 20.06 20.03 4.04 3.97 0.03 0.07 11.03
Mat.2 20.07 20.05 4.05 4.01 0.02 0.04 10.72

SP2 Mat.1 20.08 20.05 4.06 4.03 0.03 0.03 13.37
Mat.2 20.07 20.06 4.05 4.04 0.01 0.01 12.93

Figure 9: Pressure path diagram of four-stage holding pressure.

10  Jun-Hui Liu et al.



maximum clamping force of 500 kN, a screw diameter of 22
mm, a maximum injection speed of 350 mm·s−1, and max-
imum injection and holding pressures of 290 MPa. The
polymer material selected was consistent with the simulation
experiment, namely Trinseo CALIBRE IM 401-18. The melt
density of the material was 1.0477 g·cm−3, with a volumetric
shrinkage rate of 0.5–0.7%. The mold temperature range was
80–120°C, and the melt temperature range was 280–320°C.
For the injection experiment, the mold surface temperature
and melt temperature were set to 100°C and 300°C, respec-
tively. The injection mold was designed based on Figure 1(b),
as shown in Figure 10(a). To validate the accuracy of the
simulation experiment, two batches of actual injection
molding experiments were conducted, employing single-
stage and four-stage holding pressures, respectively. The
holding pressures were the same as those in Sections 3.3
and 3.4, with the V/P switch point set at a screw position
of 21.7 mm. The remaining injection process parameters
were consistent with the simulation experiment. For each
batch of experiments, injection molding trials were con-
ducted. To ensure the stability of the injection molding
machine, the first 10 molded products were discarded, and
only the average dimensions of the subsequent 10 products
were recorded for statistical analysis. The results are pre-
sented in Table 2. Figure 10(b) shows the injection-molded
product under four-stage holding pressure.

The results in Table 2 indicate that the product formed
by the single-stage holding method did not meet the dimen-
sional tolerance requirements at point A. However, when
the four-stage holding method was adopted, all indicators
of the injection-molded product were within the tolerance
range. Under single-stage holding pressure, the average
width and thickness at the near-gate region A were 20.2
and 4.18 mm, respectively, with standard deviations of
0.016 and 0.006 mm. Compared to the simulation results
in Table 1, the actual injection-molded products had
width and thickness errors of only 20.2 – 20.18 = 0.02
and 4.18 – 4.17 = 0.01 mm at region A. The errors for other
dimensions were also within a very small range, demon-
strating the high accuracy of the simulation experiment.

5 Conclusion

In the injection molding process, selecting appropriate pro-
cess parameters is crucial to ensuring product quality.
However, for products with a high length-to-thickness
ratio, it is often challenging to achieve dimensional unifor-
mity between the near-gate and far-gate regions after the
holding pressure stage, as the injection pressure struggles
to effectively transmit to the flow-end region. The

Figure 10: Test platform: (a) injection mold and (b) injection-molded product.

Table 2: Dimensional and weight statistics of two holding pressure methods

Holding method w'A (mm) w'D (mm) t'A (mm) t'D (mm) Δ'wA–D Δ'tA–D wt′ (g)

Single stage Avg. 20.2 20.09 4.18 4.03 0.11 0.15 11.07
Std. 0.016 0.01 0.006 0.005 — — 0.011

Four stage Avg. 20.07 20.05 4.05 4.01 0.02 0.04 11.05
Std. 0.015 0.013 0.005 0.005 — — 0.013
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geometric accuracy of the far-gate region is primarily con-
trolled by the screw position at the V/P switchover point.
Based on the width and thickness tolerance requirements
of the plastic product, a three-phase dynamic optimization
strategy for the V/P switchover point was proposed, and
the dimensional uniformity was improved using a multi-
stage holding pressure method.

This study employed a plastic tensile part with a high
length-to-thickness ratio as a validation case for injection
molding. Using mold flow simulation technology, the volu-
metric fill rate was incrementally increased from 85% to
99% in 2% steps to obtain width and thickness data for the
far-gate region. A second-order polynomial regression ana-
lysis was applied to derive precise second-order functions
correlating the screw position x at the V/P switch point
with the width w and thickness t. Finally, the least squares
method was used to determine the optimal V/P switch
point screw position x = 21.7 mm, corresponding to the
minimum Euclidean distance between the point (w, t)
and the origin. This ensured the dimensional requirements
of the far-gate region, with relative errors in width and
thickness of only 0.3% and 0.5%, significantly improving
the dimensional quality of the far-gate region.

To balance the pressure difference between the far-
gate and near-gate regions, a four-stage holding pressure
method with a gradient reduction was adopted. The
holding pressures were set at 90%, 80%, 60%, and 30% of
the peak injection pressure, respectively. The holding times
were determined based on the freeze layer factors of the
four regions from the gate to the far end, set at 2.04, 1.93,
2.06, and 1.17 s, respectively. This approach reduced the
pressure difference between the near-gate and far-gate
regions from 3.65 to 0.36 MPa, a decrease of 3.29 MPa.
Compared to single-stage holding pressure, the four-stage
method reduced width fluctuations in the near-gate region
by 58.3% and thickness fluctuations by 56.3%.
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