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Simulation of an Injection Process Using a CAE Tool: Assessment of Operational Conditions 
and Mold Design on the Process Efficiency
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The present work developed an experimental and simulation study to evaluate the influence of 
some operational conditions and mold design on the efficiency of an injection process used to produce 
polystyrene parts. The software SolidWorks Plastic was used to simulate the injection process and assess 
the performance of the mold considering the absence and the presence of venting. Experimental results 
obtained by varying the injection pressure, injection temperature as well as the mold temperature were 
used to validate the simulation data generated considering both mold designs. The findings revealed air 
entrapment at the end of the mold cavity and low process efficiency when the mold was operated with 
no venting, regardless the processing conditions. Simulation results indicated a remarkable increase 
of the process efficiency when vents were included on the parting line of the mold. In addition, the 
range of processing conditions which led to the highest process efficiency was virtually identified and 
tested in the real modified mold (with venting system). The findings revealed that the injection cycle 
time reduced in approximately 35% and the waste generation diminished from 65% to less than 1% 
when venting was included in the mold design and the optimal operational conditions were used.

Keywords: Injection molding, polystyrene, simulation, air entrapment, venting.

*e-mail: diegoalves_klx@hotmail.com

1. Introduction
In the last decades, the consumption of thermoplastics has 

grown according to the demand for innovative products and 
due to the increase in the development of parts and components 
for the automotive, household and furniture industries1. The 
constant growth of the worldwide consumption of plastics 
products made by injection molding, associated with the 
strong market competition, has motivated engineers and 
researchers to sought to optimize the processing conditions 
aiming to reduce costs and enhance the quality of the product2.

Nowadays, engineering projects are capable to guarantee 
high precision in the manufacturing of injection molds mainly 
due to the availability of computational tools capable to 
simulate the injection process of thermoplastics3. The usage 
of CAE (Computer Aided Engineering) packages can lead to 
results that remarkably contribute for the suitable manufacture 
of injection molds4. The computational analysis using 
commercial software is a strategy more and more accepted 
and applied by the plastics transforming industries before the 
manufacturing of injection molds. Computational simulation 
of injection processes is a powerful tool that can be used to 
identify and correct mistakes in injection molds as well as 
to include new characteristics to the product in the phase 
of the project. In this way, the designers are able to develop 
new ways to manufacture injection molds with extremely 

high precision5. The numerical simulation of the filling 
process in injection molding is a valuable tool for the project 
engineer to predict potential defects and optimize the process6. 
Engineers can also virtually evaluate alternative materials 
without physically use the real material and compromise 
the machine time available for production7. Therefore, it is 
possible to reduce the risks of mistakes in the manufacturing 
of the mold, avoid injection problems and minimize the 
costs associated to the production of the mold2,8. Moreover, 
simulations can also be useful to optimize the project of the 
mold and the processing parameters, leading to better quality 
processes and products. Although the inherent advantages, 
only a few companies in the field of plastics processing and 
mold manufacturing use computational simulation. One factor 
that inhibits the wide spreading of computational simulation 
by such industries is the cost of the software license. The 
more accurate are the desired simulation results, the more 
expensive is the software and more complex is the setting 
up of the physics of the problem, mainly in packages based 
on computational fluid dynamics techniques.

At the academic filed, many studies regarding the use 
of computational simulation of injection processes were 
developed and can be found in the literature. Kim and Turng 
published a topical review regarding the development of 3D 
CAE simulations for injection molding7. The authors stated 
that computer simulation is an efficient and cost-effective 
tool to analyze the complicated physical phenomena involved 
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in injection molding when compared with the experimental 
approach of trial and error.

Moayyedian analyzed the influence of an elliptical cross-
sectional shape of the runner system on the behavior of an 
injection molding process by using the package SolidWorks 
Plastic9. As reported by the authors, it was possible to reduce 
the waste (25%) and the cycle time (2.5%) when compared to 
the traditional round cross section. In another study, Huszar 
used the Moldflow Insight’s “Fill+Pack+Warpage” analysis 
sequence to investigate the molding characteristics with a 
partially symmetrical and hollow geometry using four potential 
gates locations10. According to the authors, the simulations 
revealed that the careful selection of materials and the gate 
location can optimize the mold design and minimize the 
production of waste and the energy costs. Oliaei employed 
the Autodesk Moldflow to minimize warpage and volumetric 
shrinkage for three different biodegradable polymeric systems11. 
The authors concluded that such problems are significantly 
influenced by the melting temperature, cooling temperature 
and packing time. Guerrier used the software Moldex 3D Solid 
R13 with the model Cross WLF to understand the influence 
of processing parameters on the filling process during the 
injection molding of ABS (acrylonitrile-butadiene-styrene) 
and PC (polycarbonate)12. The authors could compare the 
evolution of the simulated filling front with the real one by 
using a special mold containing a glass window.

Among the distinct problems that may appear when the 
mold is under operation, the air trapped inside the mold is 
of major relevance. According to Kapila, the problem of gas 
entrapment is related to the air that remains retained inside 
the mold cavities, once the air cannot suitably escape through 
the mold vents or inserts as the polymer front flows across 
the cavities13. This problem occurs mostly at the end of the 
mold cavities, leading to an inefficient filling by the polymer. 
Consequently, the parts produced might present voids or 
incomplete regions, bubbles inside the polymer parts, short 
shot or even superficial defects as stains or burned marks. 
Such authors used the Moldflow software (version 2013) to 
simulate the behavior of the injection molding of an ABS part 
by varying the size and location of two different gates. They 
studied the effect of such parameters on the air entrapment, 
clamp force and fill time. According to the findings, the 
authors reported that the air trapped depend upon the type and 
size of the gate at the point of filling. Kumar and Nagaraja 
used a plastic flow adviser software to simulate the process 
varying some operating parameters aiming to optimize the 
process and reduce problems associated to the quality of the 
injected parts14. After simulating the process under distinct 
conditions, experimental tests were performed in the designed 
mold with the optimized gate location. The experimental 
results proved that the optimization of the gate location 
through simulation tests improved the process performance, 
leading to a reduction of the filling time, shrinkage and air 

entrapment. Tada used the injection molding CAE system 
PLANETS to perform 3D simulations of the filling flow 
behavior into micro and nanosurface features by comparing 
the numeric results with experimental data15. As observed by 
the authors, the simulation and experimental results showed 
the possibility of the occurrence of air entrapment in the 
filling stage. Moreover, the air trapped showed to have a 
strong interaction with the replication shape.

Griffiths stated that one important design solution for 
reducing air entrapment is venting, ideally located at the mold 
split lines16. The researchers proposed an experimental setup 
to monitor the air flow behavior during the filling stage of a 
microinjection molding by using a microelectromechanical 
gas sensor mounted inside the mold cavities. The findings 
showed that the maximum air flow, the air flow over time 
and the injection speed are the most influential parameters 
on the air evacuation from the cavity during the filling stage. 
In this case, the air evacuation was improved by raising the 
speed of the polymer entering the cavity due to the increase 
of the maximum air flow rate. In addition, it was possible to 
reduce the resistance to the air evacuation by increasing the 
temperature of the melt polymer and tool temperature. As a 
consequence, an increase of the flow length was achieved.

As observed, different experimental and mathematical 
approaches and distinct CAE software can be used to 
investigate the characteristics of injection molding processes. 
The present work used a relatively low-cost CAE software 
(SolidWorks Plastic), associated to an experimental study, 
to evaluate the influence of operational conditions and mold 
design on the efficiency of an injection process used to produce 
polystyrene parts. Firstly, the mold was designed with no 
venting to evaluate the process performance by varying 
three different operational parameters (injection pressure and 
temperature, and mold temperature). Then, computational 
simulations were performed to assess the model capability 
to reproduce the process behavior under distinct operational 
conditions. In the second step, simulations and experimental 
runs considering venting in the mold design were performed 
and the results were compared with those generated with 
the mold with no venting system. Based on the obtained 
results, the optimal range of operational conditions could 
be determined, improving the process efficiency.

2. Materials and Methods

The methodology applied in this work was divided into 
two steps. The first one comprises an analysis of the product, 
exploring the main aspects involved in the initial phase of 
the project of the product to be manufactured by injection 
molding. In the second step, the experimental methodologies, 
as well as the simulation procedures adopted to study the 
injection process of GPPS parts are comprehensively presented.
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2.1 Product and mold project

The product used as a case study in this work is a cup 
with a twisted geometry. The complete project of such 
cup was executed in the CAD (Computer Aided Design) 
SolidWorks (version 2016). An image of the product model 
and the real product are shown in Figure 1. The General 
Purpose Polystyrene (GPPS 1921 from Innova, Brazil) was 
the material selected to inject the product (cup) due to its 
excellent processability, transparency and good fluidity even 
when submitted to fast injection cycles17. The values of the 
main physical and processing parameters of the GPPS used 
in this work, according to the manufacturer of the resin, are 
presented in Table 1.

According to the product project, the volume of each 
cup is 66.56 cm3, which lead to an injected mass of 71.75 g, 
considering the density value of the GPPS shown in Table 1. 
The mold, manufactured with steel P-20, is composed by two 
cavities, and the total injection volume and mass are 133.12 
cm3 and 143.50 g, respectively (Figure 2). Figures 2.a and 
2.b presented de details of the virtual and real mold cavities. 
As observed in Figure 2.c, the melt polymer enters the mold 
cavities by the bottom part of the product through the injection 
gates located at the central point of the inferior cavity. Two 
mold designs were evaluated in the study: the first one did 
not consider the use of air vents (venting system), as seen 
in Figure 2; the second mold design took into account for 
the presence of a venting system composed of channels 

(air vents) distributed along the parting line of the inferior 
cavity of the mold (female cavity). The virtual project of 
the air vents and the real modifications of the mold can be 
visualized in Figure 3. The vents were machined with 20 mm 
length, 10 mm width and 0.025 mm depth. As commented 
by Menges, the depth of the machined grooves should not 
exceed 0.03 mm to avoid the leakage of hot polymer from the 
mold33. Venting channels with 1.0 mm depth were machined 
at the end of the 20 mm length of the vents to increase the 
gas flow rate outwards the mold and avoid the return of the 
gases through the vents.

The nozzles were located inside a thermal gating 
system, with a short hot runner. In this way, such nozzles 
were positioned directly in the feed channels, which were 
designed with 1.0 mm diameter. The details of the mold 
cooling system are shown in Figure 4. The injection machine 
HAITIAN PL 860/270 C was used in the experimental tests. 
Such equipment has a capacity to inject up to 181 cm3 and 
165 g of polymer per cycle.

2.2 Processing methodology

All the experimental tests were performed ten (10) times, 
resulting in twenty (20) samples of the injected product 
(GPPS cup) for each operational condition tested. The masses 
of the injected cups were measured and used to estimate 
the average injected masses with their respective standard 
deviations in order to evaluate the process variability. These 
results were used to investigate the process performance 
when operated under distinct conditions. In the first set of 
experiments, using the mold with no vents, the injection 
pressure, injection temperature and mold temperature were 
varied according to the values presented in Table 2. Although 
the holding pressure (value and time) generally affect the 
injected polymer mass, such parameter was maintained 
constant in the present study (Table 2). The same operational 
conditions tested experimentally were simulated in the CAE 
package SolidWorks Plastic and the injected masses were 
compared with the experimental data aiming to validate the 
model. Details of the simulation procedures will be discussed 
in the next section. For the second set of experiments, 
simulations of the injection process with the modified mold 
were performed by using the same operational conditions 
tested in the first set of experiments to compare the process 
behavior observed in the mold with no venting. Hereafter, 
the modifications were executed in the real mold and the 
second set of experiments was performed in the same way 
than in the first set of experiments.

According to the processing data provided by the 
GPPS manufacturer, parts smaller than 200 cm3 should be 
processed by using an injection pressure lower than 60 MPa 
and a holding pressure between 30 and 60% of the injection 
pressure (Table 1). Although the maximum injection and 
holding pressure allowable by the machine is 220 MPa and 
80%, respectively, the values of the processing parameters 

Figure 1. Details of the product project: a) product model developed 
in the SolidWorks CAD; b) injected product. 

Table 1. Operational range of the main processing parameters and 
physical properties of the GPPS (data provided by the manufacturer17).

Processing Parameter Values Unit

Injection Temperature 190 – 240 °C

Injection Pressure 5 – 60 MPa

Holding Pressure 30 – 60 MPa

Mold Wall Temperature 20 – 50 °C

Physical Property Values Unit

Density 1.078 g.cm-3

Polymer Contraction 0.3 – 0.6 %
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identify the suitable range of values of each parameter in 
order to optimize the injection process studied.

The mold temperature was monitored by 4 thermocouples 
(type J) installed in each cavity wall. Each thermocouple 
was installed in different positions along the mold cavities 
to acquire a more reliable average temperature throughout 
the mold walls. The thermocouples were connected to an 
automated control system to adjust and maintain the mold 
average temperature the closer as possible to the desired value. 
The values measured by each of the eight thermocouples for 
the distinct mold temperatures tested are presented in Table 3. 
As seen, once the mold average temperatures were very close 
to the desired one, the theoretical values shown in Table 2 
were considered in the simulations of the injection process.

The mass of the products (cups) was the main physical 
property used to evaluate the efficiency of the injection 

Figure 2. Details of the injection mold: a) inferior cavity virtually developed by using SolidWorks and inferior cavity of the real mold; b) 
superior cavity virtually developed by using SolidWorks and superior cavity of the real mold; c) position of the injection gates. 

Figure 3. Mechanical modifications in the inferior cavity of the mold: air vents in the virtual project and real mold. 

Figure 4. Cooling system and gating design. 

Table 2. Values of the processing parameters used in the experimental 
and simulation tests.

Variable Processing Parameters Fixed Parameter

Twall(°C) Tinjection (°C) Pinjection
(MPa)

PHolding
(% of Pinjection)

20, 30, 
40, 50

190, 200, 
210, 220, 
230, 240

5, 10, 15, 
20, 25, 30, 
35, 40, 45, 
50, 55, 60

45

used in the present study have respected the range contained 
in the technical data sheet provided by the GPPS manufacturer 
(Table 1). The injection rate considered was a consequence 
of the injection pressure used in all experimental tests. The 
experimental and simulation results obtained by using the 
operational conditions gathered in Table 2 were used to 
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process. In this way, the experimental average masses 
( M inj - measured from 20 products obtained in 10 injection 
cycles for each operational condition tested) were compared 
with the theoretical mass of the product determined in the 
project ( MT ). The efficiency of the mold filling (ni) was 
calculated using the experimental and theoretical masses 
in equation 1. Equation 1 was used to evaluate the process 
performance and identify the operational conditions in which 
the process was capable to totally fill the mold cavities. This 
simple methodology to evaluate the process performance 
was selected due to the facility to weight the injected parts 
according to the operational condition used and compare 
the masses with the theoretical one predicted by the project 
of the part.

            (1)

2.3 Mathematical model

The computational package SolidWorks Plastic performs 
simulations of the injection of thermoplastics in mold cavities 
by calculating simultaneously the mass, momentum and 
energy conservation equations19. The software uses the classic 
Generalized Newton’s Model based on the conservation 
laws as follows:

• Continuity Equation - Mass Conservation:

            (2)

• Momentum Conservation:

            (3)

• Energy Conservation:

            (4)

From the above equations, η is the apparent viscosity, xi 
and xj are the generic spatial coordinates, ui is the velocity in 
the i-direction and uj is the velocity in the j-direction, T is the 
temperature, P is the pressure, ∅ is the viscous dissipation 
term, ρ is the specific mass, c is the heat capacity and k is 
the thermal conductivity. The viscous dissipation term is 
represented by the following equation:

            (5)

The term co  represents the shear rate and is written as 
follows19:

            (6)

The apparent viscosity of the polymer (η), represented 
by the software through the Power-law equation, is used 
to describe the rheological behavior of the melt polymer. 
This equation is a function of the shear rate (co ), the flow 
consistency index (m) and the Power-law index (n), as seen 
in the equation below19:

            (7)

Once the wet pathway in the mold cavity is filled in a 
short period of time, the term m can be represented according 
to equation 8:

            (8)

From equation 8, Tm is the polymer melting temperature, 
and m0 , a0 and T0 are constants provided by the software as a 
function of the material injected. The momentum conservation 
equation is intrinsically associated to the viscosity constitutive 
relation. The software considers some linear correlations to 
estimate the viscosity and density at the interface between 
the melt polymer and the air trapped inside the mold:

            (9)
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Table 3. Temperature measured by the thermocouples for each mold temperature considered in the tests. 

Thermocouple 
Position (cavity)

Desired Mold 
Temperature (oC)

Thermocouple Measurements

T1 (° C) T2 (° C) T3 (° C) T4 (° C)

Inferior
20

20.58 19.82 20.21 18.92

Superior 19.87 20.02 20.09 20.18

Inferior
30

30.62 29.81 30.18 29.98

Superior 29.94 30.05 30.15 30.04

Inferior
40

40.75 39.86 40.26 39.91

Superior 39.98 40.06 40.08 40.01

Inferior
50

50.77 49.92 50.25 49.96

Superior 50.02 50.02 50.12 50.01
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In equation 9, ρa and µa are the specific mass and the 
dynamic viscosity of the air, while ρp and µp are the specific 
mass and dynamic viscosity of the polymer. The function 
representing the volumetric fraction phase F is defined by 
the following transport equation:

            (10)

Equation 10 determines the displacement of the interface 
positions between the air and the melt polymer, and the 
volumetric fraction function F assumes the following values 
depending on the position of the interface:

            (11)

Once the density and the dynamic viscosity of the air 
phase are much smaller than the same physical properties 
of the polymer, it is assumed that the interfacial tension has 
no relevant effects over the flow. In this way, the superficial 
tension at the interface region is neglected and the air flow 
in the empty region of the mold is considered to behave as 
an incompressible flow. Moreover, it is assumed that the air 
can escape from the mold without restrictions, assuming 
that venting exists, and the pressure over the interface 
is considered almost the same of the atmospheric one. 
Therefore, in the numerical analysis, the air is substituted 
by a pseudo-fluid with physical properties greater than the 
real ones. It is important to point out that the numerical 
resolution over the whole computational domain considers 
the following conditions:

• the influence of the air trapped is not considered 
once the pressure and velocities are not computed 
and coupled to the fluid flow because the flow is 
considered incompressible;

• the model is not able to precisely solve multiphase 
problems;

• in order to indicate the most probable points in the 
cavity at which air entrapment is possible to occur, 
the software performs a statistical analysis just after 
the computation of the polymer flow throughout the 
cavity with all temperature and pressure gradients 
defined. This analysis takes into account the results 
obtained in the simulations, the gap between the 
mold walls as well as the polymer pathway, besides 
the last points at which the polymer stopped to flow.

The mathematical model composed by equations 2 to 11 
was solved by the software using the finite element method 
(FEM). The formulations for such equations are presented 
in the study published by Hétu20.

2.4 Simulation procedures

Computational simulations of the GPPS injection were 
performed considering only one mold cavity by using the CAE 

software SolidWorks Plastic 2016. The simulation domain 
was defined as the pathway in which the melt polymer flows. 
In the present work, a shell domain was selected to be used 
in the simulations (Figure 5.a). The volumetric shrinkage 
of the polymeric material was taken into account to create 
the shell of the mold cavities. In this way, it was possible 
to guarantee that the final volume of the injected product 
was equal to the volume of the designed product model. The 
volumetric shrinkage factor selected for the simulations was 
the average value of the polymer contraction range provided 
by the GPPS manufacturer, i.e. 0.45% (Table 1). Therefore, 
after the mold filling, cooling and solidification of the 
polymer, the injected volume should reach 133.12 cm3 for 
the two cavities in the situations of complete mold filling.

The scaled shell domain was discretized in triangular 
elements to generate the numerical mesh. A mesh independency 
study (mesh convergence) was performed once the size of 
the mesh elements influences the reliability of the simulated 
results. As verified in Figures 5.b to 5.f., the smaller is the 
element size, the more defined (rounded) and reliable is the 
geometry of the simulation domain. The simulations were 
performed with a mesh containing triangular elements with 
vertices of 0.5 mm, which resulted in 1,174,846 elements 
and 9,055,256 nodes. The simulations considered the filling, 
packing and cooling phases. The boundary conditions for the 
energy conservation equation used a prescribed temperature 
at the mold wall. Such consideration was used based on the 
experimental measurements of the wall temperature along 
the cavity, which showed that this variable had practically 
the same value in the eight different positions experimentally 
evaluated (Table 3).

After defining the numerical mesh, the material to be 
injected (GPPS) was selected in the SolidWorks Plastic 
database. The physical and processing properties of the 
GPPS contained in the software database were very similar 
to those provided by the manufacturer (data not shown). The 
Steel - P20 was the material selected for the mold cavities 
from the software database. The operational conditions tested 
in the simulations were the same used in the experimental 
runs, as shown in Table 2.

As in the experimental tests, the masses of the products 
(cups) were used to evaluate the efficiency of the injection 
process simulated (capability to fill the mold cavities). The 
injected masses (Msim) estimated in the simulations were 
compared with the experimental ones ( M inj ) and the 
deviations between the data (δs) were calculated according 
to the equation 12. Such procedure was used to evaluate 
the accuracy of the mathematical model used to simulate 
the injection process of the GPPS before and after the mold 
modifications.
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3. Results and Discussion

The results are presented and discussed in this section 
according to the design of the mold, i.e. before and after 
its modifications. Firstly, the experimental and simulation 
results obtained with the mold with no venting system are 
shown. Hereafter, the experimental and simulation results 
generated with the modified mold (considering air vents) 
are displayed and discussed.

3.1 First set of experimental runs: mold with no 
venting system

The first set of experimental runs was performed by 
varying the injection temperature, the injection pressure 
and maintaining the mold temperatures fixed at 20, 30, 40 
and 50 ºC, as displayed in Table 2. The results obtained for 
the injection efficiency (percentage of the mold filling), 
calculated with equation 1, are shown in Figure 6, in which 
each graph represent the process operated at a specific mold 
temperature. The complete data regarding the average masses 
injected in the mold with no air vents and their respective 
standard deviation of weight are presented in the supporting 
information (Table S.1). According to such data, the values 
of the standard deviation of the injected masses varied from 
0.1 to 10 g. In general, as observed in Figure 6, the injection 
efficiency improved as the injection pressure increased. Such 
behavior was observed for all mold temperatures tested. 
However, above a certain value of the injection pressure, the 
process efficiency decreased. As seen, the intensity of such 
decreasing depends on the temperatures of the injection and 
mold. Siegmann reported that a high-pressure gradient should 
buildup depending on the flow rate of the melt polymer, and 
in this case the filling time should be increased in order to 
complete the mold cavity with the material21. According 
to the authors, the injection pressure at which the stresses 
achieve their maximum values are related to the distance 
from the gate. Thus, in situations of high pressures, high 
compressive stresses might appear also at the core region, 
hindering the melt flow.

According to Guevara-Morales and Figueroa-Lópes, the 
viscoelastic characteristics of polymers and the high shear 
and pressures which they are submitted during an injection 

process, resulting in a complex flow of the melt polymer inside 
the mold22. Such conditions lead to a complex deformation, 
orientation, stretching and relaxation of the polymer chains. 
Consequently, the residual stresses might result in warpage 
and shrinkage of the injected part. Xie reported that when the 
mold is operated with high pressures, high residual stresses 
might appear depending on the geometry and size of the 
gate23. The results obtained by the authors showed that the 
use of undersized gates and high injection pressures might 
lead to the appearance of the defect of short shot due to a 
compromised filling behavior inside the mold cavities. Kosík 
mentioned that when high injection pressures are used, the 
gases trapped inside the mold might not be suitably expelled, 
causing a compression between 2 to 5% of the original 
volume and leading to an additional pressure inside the 
cavity24. Such situation increases the temperature above to 
the values considered suitable for an injection process, and 
the problem of local ignition (diesel effect) might appear 
in the molded parts.

Based on the information reported by some authors, the 
reduction of the injection efficiency when high injection 
pressures are used might be a consequence of the stresses 
profiles across the mold cavities, excessive residual stresses, 
undersized gate and also due to the diesel effect21,22,23,24. More 
detailed studies should be performed to identify the real 
factors that led to the reduction of the injection efficiency 
at higher injection pressures. In general, when low injection 
pressures were tested, the stresses exerted by the injector 
thread were insufficient to overcome the stresses generated 
by the cavities walls25. Moreover, once the injection pressure 
tends to decrease toward the end of the mold cavity, the 
counter-pressure exerted by the trapped gas might be higher 
in some region of the cavity, stopping the front flow. Under 
such conditions, the melt polymer is unable to fill the mold, 
leading to lower process efficiencies. Huszar reported that if 
an insufficient injection pressure is available, the filling and 
packing of the cavity might not be possible under specific 
process conditions10.

According to the data shown in Figure 6, the process 
efficiency increased by raising the injection temperature, 
but the usage of a temperature higher than 230 ºC (i.e. at 
240 ºC) did not contributed for the mold filling. In this case, 

Figure 5. Details of the simulation domain and mesh (triangular elements): a) shell domain; b) details of the domain boundaries and 
corners; c) mesh element of 5.0 mm; d) mesh element of 2.0 mm; e) mesh element of 1.0 mm; f) mesh element of 0.5 mm. 
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Figure 6. Injection efficiencies obtained with the original mold (no venting system) by varying the injection pressure and temperature 
for distinct situations of mold temperatures: a) 20 ºC; b) 30 ºC; c) 40 ºC; d) 50 ºC. 

too high injection temperatures resulted in a reduction of the 
injected masses, which can be related to the decrease of the 
polymer density. Therefore, less polymer mass is charged in 
the screw antechamber. In other words, increasing too much 
the system temperature lowered the polymer mass available 
for injection. In addition, increasing the temperature of the 
melt polymer also decreases the viscosity of the material, 
thus the inner resistance of the polymer to deformation falls 
and the flow length increases even at a constant injection 
pressure. While the inner resistance might dominate the 
flow length at low temperatures, the same behavior might be 
expected at too high injection temperatures due to a higher 
deformation rate and, consequently, the development of high 
stresses in core flow. At high temperatures, the entrapped 
and compressed hot air, which is in the cavity before the 
polymer enters, might disrupt the flow of the melt polymer 
due to excessive shear stresses, leading to an incomplete mold 
filling and, in some cases, to the diesel effect (dieseling)26. 
Lopez verified that the increase of the injection temperature 

only resulted in a reduction of the injected mass in the first 
half of the mold27. The opposite behavior was observed in 
the second half of the cavity. In contrast to such findings, 
the authors reported that the references used by them stated 
that an increase in the injection temperature might lead to a 
reduction of the injected mass.

Regarding the mold temperatures, the findings shown in 
Figures 6.a to 6.c revealed that the injected masses increased 
by raising the mold temperature from 20 to 40 ºC. As reported 
by Chen, the higher are the temperatures close to the mold 
walls, the smaller is the heat flow between the molten polymer 
and the mold walls, resulting in a hot polymer less viscous 
in these regions28. A consequence of this phenomenon is the 
reduction of the frozen layer thickness, which contributes 
to an easier flow of the molten polymer toward the final 
boundary of the mold cavities. When the mold temperature 
raised from 40 to 50 ºC (Figure 6.d), the injection efficiency 
decreased. In fact, rising the mold temperature lowers the 
residual stresses, minimizing problems such as shrinkage. 
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But, if too high mold temperatures are used in the processes, 
the growth of the frozen layer reduces and the remaining 
cross section for polymer flow becomes thicker. This should 
reduce the flow front velocity and the stresses generated 
inside the melt polymer. Nevertheless, the decrease of the 
polymer viscosity due to a higher temperature along the 
cross section might compete with this phenomenon. Such 
behavior may lead to the arising of residual stresses in the 
polymer flow due to high shear rate values associated with 
the reduction of the molten polymer viscosity, as in the case 
of too high injection temperatures29,30. Another factor that 
should be considered in this analysis is the constant and 
slow cooling of the melt polymer. In this case, the higher 
temperature of the polymer in the solidification phase was 
followed by an increase in the density of the material, reducing 
the injected mass31. As stated by Hassan, the raising of the 
holding pressure time during the cooling phase is a strategy 
that might overcome this problem, providing an injected part 
with a higher weight31,32.

It is clearly observed from Figure 6 that the process 
presented a better performance when the mold was operated 
at injection pressure and temperature in which high injection 
efficiencies were obtained, the mold could not be totally filled 
by the GPPS (efficiencies slightly lower than 100%). Even the 
mold operating with the most suitable operational conditions, 
only an average value of seven (7) injected samples from 
twenty (20) presented a weight close to the specified in the 
project of the product. In such cases, the samples presented 
an average weight approximately 1.0% lower than the 
specified one. Visually, the samples showed characteristics 
of a “perfect” product, in which the mold was apparently 
totally filled by the melt polymer. However, some of these 
products still presented friezes and air bubbles trapped, as 
shown in Figures 7.a and 7.b. The presence of an engraving 
at the base of the cup generated stresses opposite to the melt 
polymer front flow (compressive stresses), hindering the mold 
filling and contributing for the formation and entrapment 
of air bubbles18. As mentioned by Manrich, friezes appear 
when the molten polymer is submitted to high shear stresses 
to overcome flow restrictions25.

Figure 7. Injection failures observed in the products: a) incomplete filling; b) friezes due the high polymer shear stress; c) air bubbles trapped. 

The findings obtained in the first set of experimental 
runs indicated that the mold containing no venting system 
would cause problems of inefficiency in a real process, even 
operating with the most suitable operational conditions. 
Imagining a common day of production, the mold designed 
with no venting system would generate around 65 % of 
rejected parts (i.e. waste).

3.2 Simulation results: mold with no venting 
system

A mesh convergence study was performed to improve 
the reliability of the simulated data and to obtain results 
independent of the mesh size. The suitable size of the 
triangular elements of the mesh was defined by investigating 
the effect of the vertex size of the triangular elements on 
the injected masses for two distinct situations. The first case 
considered the situation of the lowest process efficiency, and 
the second case used the situation of the highest efficiency, 
both considering the mold with no venting system. The 
operational condition simulated in the first case considered 
a mold temperature of 20 ºC, an injection temperature of 190 
ºC and an injection pressure of 5 MPa. In the second case, the 
mold temperature was 40 ºC, the injection temperature was 
220 ºC and the injection pressure was 40 MPa. The simulated 
results were compared to the respective experimental data 
obtained with the same operational conditions. As previously 
mentioned, the experimental mass injected was obtained by 
calculating the average value of the masses injected in 10 
cycles, totalizing 20 samples (parts) for each operational 
condition. As observed in Figures 8.a and 8.b, the simulated 
masses converged to constant values for vertex sizes smaller 
than 0.5 mm, regardless the case considered (i.e. conditions 
of lowest and highest injection efficiency). In addition, the 
simulated results overestimated the experimental data for 
both cases. However, the lower was the efficiency the higher 
was the simulation deviation. Based on the mesh refinement 
data, a triangle vertex size of 0.5 mm was selected to perform 
the simulations used to evaluate the process performance 
under distinct operational conditions.
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Figure 8. Influence of the mesh element size on the simulation data obtained considering the mold with no venting system: a) condition 
of lowest injection efficiency; b) condition of highest injection 

The average values of the injected masses obtained in 
the first set of experimental runs were used to evaluate the 
accuracy of the simulation data generated with the same 
operational conditions (as shown in Table 2). The simulation 
deviations related to the experimental data were calculated 
according to equation 12. From Figures 9.a to 9.d, comparing 
to the experimental data, it is noticeable that the deviation 
of the simulation results significantly increased by lowering 
simultaneously the injection pressure and temperature. The 
simulation deviation also increased when too high injection 
pressures were considered. According to the findings presented 
in Figure 6, such situations represent those ones of low 
efficiency, i.e. incomplete filling of the mold. Therefore, the 
mathematical model could not reproduce with reliability the 
real injected masses when unsuitable operations conditions 
were considered, especially those ones of low injection 
pressure and temperature were used. It means that the 
model was unable to accurately reproduce the viscoelastic 
behavior of the polymer flow under situations of too low or 
too high shear stresses.

On the other hand, the simulation findings revealed that 
when suitable operational conditions were used, leading to 
an increase in the process efficiency, the simulation deviation 
diminished. This behavior can be visualized by raising the 
mold temperature, especially at 40 ºC, and also by raising 
the injection pressure and temperature up to 40 - 45 MPa 
and 220 - 240 ºC, respectively. The combination of these 
values for the respective processing parameters represents 
the operational conditions in which the mold with no venting 
system produced parts with the highest injected masses, as 
seen specifically in Figure 6.c.

As observed in Figures 9.a to 9.d, the model overestimated 
all the injected masses (positive deviations) regardless the 
operational conditions simulated. Such behavior might be 
associated to the model limitations to deal with situations 

of air entrapment, once the computational strategy used by 
the software does not solve the phenomenological equations 
related to fluid dynamics associated to the air phase. Although 
the software identifies situations of air entrapment, as shown 
in Figure 10.a, it is unable to suitably treat the phenomenon 
from the mathematical point of view. According to Figure 
10.a, the problem of air entrapment occurred at the top of 
the product, which is located at the end of the mold cavity 
(identified by the spheres on the rim of the cup). Such findings 
revealed that the inefficiency of the injection process was 
related to the air trapped inside the mold cavities instead of 
the usage of unsuitable processing conditions. Figures 10.b 
and 10.c show a qualitative representation of a situation 
of incomplete filling of the mold, in which the simulated 
mass was 138.76 g and the real injected mass was 131.45 
g. A close view of the rim of the incomplete cup is shown 
Figure 10.d, from which it is possible to observe the lack 
of material due to incomplete mold filling and the presence 
of air bubbles and friezes. The operational condition used 
to generate the results presented in Figure 10 considered an 
injection pressure of 25 MPa, an injection temperature of 
230 ºC and a mold temperature of 30 ºC.

As the melt polymer flows toward the end of the mold, 
the air inside the unfilled region of the mold is compressed, 
making an opposite pressure to the flow. If there are no vents 
in the mold, the pressure of the polymer flow might be unable 
to overcome the counter pressure, which hinders the flow of 
the molten polymer and result in an incomplete filling of the 
mold30. As mentioned by Kazmer, the lack of venting can 
form a short shot in the molded product and may cause the 
phenomenon known as “dieseling” and defects known as 
“burn marks”1. Moreover, the formation of v-notches due 
to the interference of the air on the welding lines of two 
converging melt fronts might also happen in the absence 
of air vents in the mold.
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Figure 9. Simulation deviations considering the original mold varying the injection pressure and temperature for distinct situations of 
mold temperatures: a) 20 ºC; b) 30 ºC; c) 40 ºC; d) 50 ºC. 

Figure 10. Identification of problems related to the air entrapment for an operational condition of 25 MPa for the injection pressure, 
230 ºC for the injection temperature and 30 ºC for the mold temperature: a) location of the air trapped inside the mold cavities identified 
by the software; b) simulated incomplete filling of the mold; c) incomplete filling of the mold in the real situation; d) close view of the 
cup rim showing the lack of material due to incomplete mold filling and the presence air bubbles and friezes. 
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3.3 Mold considering a venting system: 
simulation and experimental results

According to the experimental and simulated results, there 
were regions in the mold in which the thermoplastic faced 
difficulties to flow, leading to an incomplete filling of the 
cavities (inefficient injection). The simulation results indicated 
that the main reason for such behavior was the air trapped 
at the top rim of the cup (end part of the mold cavity) that 
hindered the flow of the melt polymer throughout the mold.

In order to overcome this problem and improve the 
injection efficiency, venting was proposed to be executed 
on the parting line of the original mold. In this way, the 
gas contained in the unfilled region of the cavity would be 
released outwards the mold as the polymer front advances 
toward the end of the cavity. Consequently, it was expected 
that the melt polymer flows easily inside the mold cavities 
up to their complete filling1,30,33. As the mathematical model 
used to simulate the behavior of the mold with no venting 
reproduced reasonably well the real process, the modifications 
were firstly executed in the virtual project of the mold using 
the software SolidWorks. Then, simulations with the modified 
mold were performed using the package SolidWorks Plastic 
to evaluate the impact of the venting system in the process 
performance. All the operational conditions presented in 
Table 2 were simulated and the results demonstrated an 
increase of the injected masses (results not shown). Once the 
simulated findings showed an improvement of the process 
performance, the vents were machined in the real mold 
and a second set of experimental tests was carried out. The 
complete data regarding the average masses injected with 
the modified mold and their respective standard deviations 
of weight are presented in the supporting information (Table 
S.2). According to such data, the standard deviation of the 
injected masses drastically reduced from 101 - 10-1 g for the 
original mold (with no venting) to 10-2 - 10-3 g when using 
the modified mold (with venting). The experimental results 
obtained with the modified mold operating with the same 
conditions tested in the original mold (shown in Table 2) 
are depicted in Figure 11.

Although the results displayed in Figure 11 showed that 
the process efficiencies obtained with mold temperatures of 
20 and 30 ºC were higher than those obtained with the same 
conditions in the mold without vents (Figures 6.a and 6.b), 
the efficiencies values were still low. Nevertheless, there 
was a significant improvement of the injection efficiency by 
raising the mold temperature to 40 and 50 ºC if the results 
are compared to those ones obtained with the original mold 
(Figures 6.c and 6.d). For both mold temperatures (40 and 
50ºC), it was possible to completely fill the mold with the melt 
polymer, leading to injection efficiencies of 100%. Observing 
the results for the mold temperature of 40 ºC, it is noticeable 
that the mold could be completely filled with hot polymer in 
a wide range of injection pressures and temperatures. The 

range of such values reduced when the mold was operated 
at 50 ºC, but it was still possible to produce parts with good 
quality, specifically between 40 and 50 MPa. Such findings 
proved that the problem of low efficiency, characterized by an 
incomplete mold filling, could be overcome by machining air 
vents on the parting line of the mold. According to Kazmer, 
venting is frequently neglected in mold design until molding 
trials indicate inadequacies related to venting, as the case 
of the mold studied in this work1.

The difficulties to completely fill the mold with melt 
polymer in the situations of low mold temperatures (20 and 
30 ºC), mainly when injection pressures and temperatures 
were too low or too high, are a consequence of unsuitable 
operational conditions. Low mold temperatures contributed 
to a high heat exchange between the melt polymer and the 
mold wall, thickening the frozen layer and narrowing the 
flow pathway of the hot polymer28. If an insufficient injection 
pressure is used, the filling and packing of the cavity may not 
be possible under certain operational conditions10. Moreover, 
when low pressures are used, the velocity of the flow front 
is also low, allowing a faster solidification of the polymer. 
This phenomenon raises the frozen layer thickness and, in 
the worst case, may result in an incomplete filling of the 
mold due to a premature cooling and solidification of the 
polymer at the inner flow34.

The injection efficiency was low when using too high 
injection pressures and temperatures in a similar way that one 
verified in the situations using the mold with no venting. Such 
results may suggest that the venting might have not been well 
designed. At high injection pressures and/or temperatures, 
the flow front velocity increases and the filling time should 
reduce. In this case, the air trapped might had not enough 
time to escape from the cavity and the counter pressure 
due to the trapped gas hindered the advance of the melt 
polymer toward the end of the mold cavity. Consequently, 
lower masses were injected when compared to the masses 
injected with intermediate pressures and temperatures. In 
such specific conditions (too high injection pressures and/or 
temperatures), the filling and/or the packing time should be 
increased as an attempt to improve the injection efficiency 
by expulsing all the air trapped in the mold.

By comparing the simulation deviation of the injected 
masses considering the original and the modified mold 
(Figures 9 and 12, respectively), it possible to observe that 
there was an increase of the capability of the mathematical 
model to predict the injected masses when the simulations 
were performed with the mold with a venting system. As 
seen in Figure 12, there was a reduction of the simulation 
deviation by increasing the mold temperature from 20 to 
40 ºC. When the mold temperature increased from 40 to 
50 ºC, the mathematical model diminished its capability 
to predict the injected masses. As seen in the panel located 
inside Figure 12.c (mold temperature of 40 ºC), the simulation 
deviations were very low (~ 0.1%) in the range between 20 
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Figure 11. Injection efficiencies obtained with the modified mold (with venting system) varying the injection pressure and temperature 
for distinct situations of mold temperatures: a) 20 ºC; b) 30 ºC; c) 40 ºC; d) 50 ºC. 

and 60 MPa regardless the injection temperature. On the other 
hand, the panel located inside Figure 12.d (mold temperature 
of 50 ºC) revealed that the best simulation results presented 
a deviation around 0.5%.

For all mold temperatures considered, the mathematical 
model had difficulty to provide reliable values for the 
injected mass when conditions of low injection pressures 
and temperatures were simulated. When too high injection 
pressures and temperatures were simulated, the model 
reliability slightly reduced. Such behaviors at low injection 
pressures and temperatures and at too high values for such 
parameters might be a consequence of the model limitations 
to suitably represent the viscoelastic behavior of the melt 
polymer, mainly at low values of such process parameters. 
As observed through the experimental results shown in 
Figure 12, the mold could not be completely filled by the 
molten polymer when the process was operated with such 
operational conditions. When suitable processing conditions 

were used, and the mold was completely filled (experimental 
results shown in Figure 12), the mathematical model 
accurately represented the injected masses and, therefore, 
the process behavior. As observed, the mathematical model 
used by the software SolidWorks Plastic still overestimated 
the injected masses even considering the presence of venting 
at the parting line of the mold. This numerical inaccuracy 
might be a result of the calculus strategy employed by the 
software to deal with situations of air entrapment.

In addition to the increase of the process efficiency, 
the use of venting resulted in a significant reduction of the 
cycle time from 19 to 12 seconds (~35% of reduction), 
as displayed in Figure 13. The use of venting practically 
eliminated the problem of incomplete filling, reducing the 
waste generation from ~ 65% to less than 1.0%. The image 
of a real part (GPPS cup) obtained with the considered “best 
operational condition” was shown in Figure 1.b.
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Figure 12. Simulation deviations considering the modified mold (with venting system) varying the injection pressure and temperature 
for distinct situations of mold temperatures: a) 20 ºC; b) 30 ºC; c) 40 ºC; d) 50 ºC. 

Figure 13. Time spent by the steps of the injection cycle before and after the mold modifications. 
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4. Conclusions

The present work has evaluated experimentally and 
through computational simulations the effect of the processing 
conditions in the efficiency of an injection molding process 
designed to produce GPPS parts. In addition, the study 
quantified the impact of the process performance when using 
a mold with no venting and a mold with vents machined on 
its parting line. Firstly, the mold with no venting was tested 
under distinct operational conditions and hereafter simulated 
using the package SolidWorks Plastic. As the mathematical 
model used was capable to represent reasonably well the 
process behavior, modifications of the mold were proposed 
and simulated in order to evaluate the effect of a venting 
system in the process performance.

As shown through experimental tests and simulations, 
the process operating with low injection temperatures and 
pressures led to serious problems of incomplete filling of 
the mold with melt polymer, regardless the presence of a 
venting system. Such operational conditions contributed to a 
faster growth of the frozen layer than when higher injection 
temperatures and pressures were used, hindering the flow of 
the polymer front. Problems of incomplete filling were also 
identified when too high injection pressures and temperatures 
were tested. The increase of the mold temperature contributed 
to the improvement of the process efficiency. However, even 
using a suitable combination of process parameters, the 
mold with no venting system presented serious problems 
of incomplete filling due to the air entrapment.

As predicted by computational simulations, the process 
performance was significantly improved when the real mold 
with a venting system was tested. In addition, the simulations 
provided important information regarding to the suitable range of 
operational conditions in which the process should be operated 
to achieve the highest efficiency. The mathematical model 
used by the software showed a good capacity to accurately 
predict the behavior of the injection process with the mold 
containing vents at the parting line. Moreover, the model 
provided with good accuracy the optimum range of values 
for the injection temperature, injection pressure and mold 
temperature in which the process was capable to produce 
high-quality parts. Although the good performance of the 
mathematical model, the simulated injected masses were 
slightly overestimated when compared to the experimental 
results (~ 0.1% higher when simulating the mold with a 
venting system). Based on the obtained results, it was possible 
to reduce the injection cycle by approximately 35% and the 
waste generation from 65% to less than 1.0% when using air 
vents in the mold and the optimized processing condition. 
The findings demonstrated that computational simulations 
can be a powerful decision-making and optimization tool 
to be applied in injection molding processes.
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