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Abstract. The definition of the gate location in injection molding is one of the
most important factors in achieving dimensionally accuracy of the parts. This
paper presents an optimization methodology for addressing this problem based
on a Multi-objective Evolutionary Algorithm (MOEA). The algorithm adopted
here is named Reduced Pareto Set Genetic Algorithm (RPSGA) and was used
to create a balanced filling pattern using weld line characterization. The optimi-
zation approach proposed in this paper is an integration of evolutionary algo-
rithms with Computer-Aided Engineering (CAE) software (Autodesk Moldflow
Plastics software). The performance of the proposed optimization methodology
was illustrated with an example consisting in the injection of a rectangular part
with a non-symmetrical hole. The numerical results were experimentally as-
sessed. Physical meaning was obtained which guaranteed a successful process
optimization.
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1 Introduction

Injection molding is a complex but efficient polymer processing technique for produc-
ing a variety of plastics parts. It is especially adequate to produce products with low
dimensional tolerances and complex shapes. It consists in reproducing the required
geometry previously machined in the mold by injecting molten polymer into the mold
cavity. The quality of the injection moulding parts are affected by different processing
parameters, machine control system (e.g., injection cycle times and injection and
holding pressures), cooling system (e.g., cooling channels geometry and cooling lig-
uid temperature), gates and runners (e.g., geometry and location) and cavities (e.g.,
geometry and total flow length). An important factor is the gate location, since it influ-
ences the way the polymer flows into the mold cavity, affecting the existence or not of
weld lines and its eventual location, the shrinkage, mold filling pattern, dimensional toler-
ances, degree and direction of orientation, pressure distribution in the cavity, sink marks,
gas traps and short shots, warpage and residual stress. Thus, the definition of the number,
type, and location of the gate(s) is of high importance. These concepts will be explained in
section 2.
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For optimizing gate location it is necessary the integration of tools, such as, simula-
tion software able to take into account the referred processing parameters and optimi-
zation methodologies. There are in the literature various optimization strategies using
different methodologies to optimize gate location in injection molding.

Pandelidis and Zou (1990) optimized gate location based on the combination of
simulated annealing with a hill-climbing method [1]. The optimization effect is re-
stricted by the determination of some weighting factors used by the authors. Young
(1994) used a genetic algorithm to optimize gate location for the case of the molding
of a liquid composite based on the minimization of the mold-filling pressure, the un-
even-filling pattern and the temperature difference during mold filling [2]. Lee and
Kim (1996) proposed an automated selection method for gate location, in which a set
of initial gate locations were proposed by a designer and, then, the optimal location of
the gate was defined using the adjacent node evaluation method [3]. The scheme can
be used for complicated parts, but it requires an extensive number of design evalua-
tions to obtain the best gate location. In their work, Douglas et al. (1998) designed a
mold by combining process modelling and sensitivity analysis [4]. The gate location
and injection pressure profile were optimized through minimizing the filling time.
The extension of the proposed methodology to more complicated geometries is not
obvious. Lam and Jin (2001) proposed the optimization of gate location based on the
flow path concept [5]. For complicated parts, such as ones including holes, ribs and/or
boss, the appropriate boundary is not easy to select automatically by computer being
the user input required. Courbebaisse and Garcia (2002) suggested a shape analysis to
estimate the best gate location of injection molding [6]. This methodology can only be
used for simple flat parts with uniform thickness but it is easy to use and is not time-
consuming. Shen et al. (2004) optimized the gate location by minimizing a weighted
sum of filling pressure, filling time difference between different flow paths, tempera-
ture difference and over-pack percentage [7]. A hill-climbing algorithm was used to
search the optimal gate location. Zhai et al. (2005) developed an efficient search me-
thod based on pressure gradient (PGSS) to optimize the location of two gates for a
single molding cavity [8]. The weld lines were subsequently positioned to the desired
location by varying runner sizes [9]. Li et al. (2007) proposed a different objective
function to evaluate the warpage of injection molded parts [10]. The quality of the
warpage was defined from the “flow plus warpage” simulation outputs of Moldflow
software and the optimization is made by using simulated annealing. Wu et al. (2011)
developed a study where the combination of different classes of design variables are
considered simultaneously, together with both the length and the position of the weld
line as design constraints [11]. This study adopted an enhanced genetic algorithm,
called Distributed Multi-Population Genetic Algorithm (DMPGA), combining with a
commercial Moldflow software and a master—slave distributed architecture. However,
only runner size, molding conditions and part geometry are taken into consideration.

The above methodologies proposed to optimize gate location have some important
limitations, namely, the capacity to handle with multi-objectives simultaneously, the
linkage with the simulation codes and the complexity of the part geometry.

Therefore, in the present work an automatic optimization methodology based on
Multi-Objective Evolutionary Algorithms (MOEA) is used to define the processing
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conditions and the gate location in injection molding of a complicated part containing
a hole [12]. For that purpose a MOEA is linked to an injection molding simulator
code (in this case Moldflow). The proposed optimization methodology was applied to
a case study where the processing conditions and the gate location are established in
order to create a balanced filling pattern, achieved by weld line length minimization,
to maximize part quality, guaranteed by difference between the shrinkage at the end
of the flow and the pre-defined design value and to minimize the cycle time to pro-
vide low costs on part production. Finally, the optimization results were assessed
experimentally. This article follows two previous papers [14, 15] with additional con-
tribution subjected to the following tasks. First, Moldflow substituted C-Mold as the
simulator program used in the other studies. Also, the way to connect Moldflow to the
RPSGA algorithm is more sophisticated than with C-Mold. In this case Autolt pro-
gram was used to mimic human interface with MoldFlow because input variables and
output results are not allowed to be changed/saved by command line. Second, the
robustness of the optimization methodology was tested by using injection molding
gate location as a case study. Finally, to our knowledge, the experimental assessment
of the gate location optimization results is a relevant step in the literature.

This paper is organized as follows: first the optimization methodology used is de-
scribed, specifying how the MOEA interacts with the simulation software Moldflow;
second, a case study based on the use of a rectangular part to be injected with a non-
symmetrical hole is presented and, finally, gate location optimization results are
shown and compared with experimental measurements.

2 Optimization Methodology

2.1 Injection Molding Process

Injection molding is a process of polymer transformation involving several steps,
which are performed in an order that is repeated at each cycle, such as plasticizing,
packing and cooling. A typical injection molding machines (see Figure 1) have four
units: power supply unit, injection unit, clamping unit and control unit. The main
concern in injection molding is to produce plastic parts of the desired quality, which
are related with mechanical characteristics, dimensional conformity (shrinkage, war-
page) and appearance (sink marks, weld lines).

For this study it is important to clarify the concepts of shrinkage, warpage and
weld lines. Shrinkage is defined as the reduction in the size of a molded component in
any direction after it has been ejected from the mold do to the cooling. Warpage oc-
curs when there are variations of internal stresses in the material caused by a variation
in shrinkage. A weld line is formed when separate melt fronts travelling in opposite
directions meet. Instead, a meld line occurs if two emerging melt fronts flow parallel
to each other and create a bond between them. Thus, the meeting angle is used to
differentiate weld lines and meld lines. If the meeting angle is smaller than 135 de-
grees produces a weld line. If the angle is greater than 135 degrees it will produce
a meld line. In the first case, a weld line surface mark will appear in the part, but
when the meeting angle reaches 120 - 150 degrees it will disappear. Weld lines are
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considered to be of lower quality than meld lines, since relatively less molecular dif-
fusion occurs across a weld line after it is formed. Therefore, weld lines are the weak-
est areas on the part and are the potential failure locations (Moldflow reference [13]).

The major factors affecting part quality are polymer properties, mold design and
operating conditions. Some of these variables will be considered later in the optimiza-
tion methodology.

Clamping unit

Mold

Injection unit Hopper

. =
J @

ey

')

Control unit

Power supply unit

Fig. 1. Functional units of the injection molding machine

2.2  Integrated Methodology

A methodology, integrating modelling of the injection molding process and an opti-
mization strategy based on MOEA, is proposed [14, 15]. The aim being to define the
best injection gate location and injection molding operating conditions in order to
minimize the cycle time, the differential shrinkage and the weld line location and
length, using as example the production of an injection part with a hole (see Figure 3).

EAs are based on the principles of natural selection of survival of the fittest indi-
vidual by mimicking some of the concepts of this natural process. The selection, cros-
sover and mutation concepts are used by the EA to explore the search space in order
to find an optimal solution or a set of optimal solutions. The initial population of
chromosomes represents the gate location and/or the set of operative processing va-
riables, which is generated randomly within the feasible search space. Then, these
solutions are evaluated using the modelling routine (Autodesk Moldflow 2010 soft-
ware). The performance of each one of the solutions (chromosomes) proposed by
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the MOEA is quantified using as objectives the minimization of the cycle time, the
differential shrinkage and the length and location of the weld line. A MOEA was used
to optimize the process [16]. The Reduced Pareto Set Genetic Algorithm (RPSGA)
proposed previously was used for that purpose. First, the population is random initia-
lized, where each individual (or chromosome) is represented by the binary value of
the set of all variables. Then, each individual is evaluated by calculating the values of
the relevant objectives using the modeling routine. Finally, the remaining steps of a
MOEA are to be accomplished. To each individual is assigned a single value identify-
ing its performance on the process (fitness). If the convergence objective is not satis-
fied (e.g., a predefined number of generations), the population is subjected to the
operators of reproduction (i.e., the selection of the best individuals for crossover
and/or mutation) and of crossover and mutation (i.e., the methods to obtain new indi-
viduals for the next generation). The solution must result from a compromise between
the different objectives. Generally, this characteristic is taking into account using an
approach based on the concept of Pareto frontiers (i.e., the set of points representing
the trade-off between the objectives) together with an MOEA. This enabled the simul-
taneously accomplishment of the several solutions along the Pareto frontier, i.e., the
set of non-dominated solutions. The performance of this algorithm was tested in a set
of problems and its efficiency well demonstrated [12].

Figure 2 shows the interface for integrating Autodesk Moldflow 2010 and the GA-
based optimization routine. First, coordinates of injection point are sent to Moldflow
Adviser by an Autolt script which mimics the user interface with computer. Next,
geometric Moldflow Adviser file is renamed to geometric Moldflow Synergy file and
an Autolt script is executed to remesh the part and define processing conditions to be
used in the simulation. A Fill+Pack+Warp analysis is done through command files
provided by Moldflow Synergy software. When the analysis is finished, an Autolt
script is executed in order to obtain differential shrinkage in two different locations
and weld line/meld line results files are saved. The optimization routine will use these
results to calculate the cycle time, the dispersion of differential shrinkage and the
length of the weld plus meld line, as described in next section.

Define gate location Gate locations
(Moldflow Adviser 2010) and
Processing conditions
(variables to be optimized)
Process parameters

Injection Moulding Modelling

Polymer properties | (Moldfiow Insight 2010) <—|

Fill+Pack+Warp analysis
Mesh part geometry : l Multi-Objective ‘;Ew\;gl;:]ona!y Algorithm

Evaluation criteria
- Cycle time
- Warpage
- Lenght of weld plus meld line ‘

Optimal Solutions

Fig. 2. Interfacing between optimization routine and Moldflow software
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3 Case Study

3.1 Problem Description

To demonstrate the validity of the proposed optimization methodology, the study of
the gate location of a rectangular molding with a hole, as represented in Figure 3, was
used. The molding has a thickness of 1.5mm, a width of 60 mm and a length of 140
mm. The finite element mesh used has 940 triangular elements and 525 nodes (see
Figure 3). The part is molded in a polypropylene, PPH 5060, from TOTAL Petro-
chemicals. The polymer properties used in the simulations were obtained from the
Moldflow database (Moldflow 2010): melt density of 0.73406 g/cm®, solid density of
0.90032 g/cm’, melting temperature of 230 °C, ejection temperature of 60 °C, maxi-
mum shear stress of 0.25 MPa, maximum shear rate of 100000 1/s, specific heat of
2700 J/kg °C, thermal conductivity of 0.17 W/m °C, elastic module of 1400 MPa and
Poisson ratio of 0.42. The material selected for the mold was a P20 steel. Concerning
the processing conditions only the mold open time was maintained constant and equal
to 5 seconds.

Fig. 3. Injection molding part to be used

The simulations in Moldflow are based on a hybrid finite-element/finite-difference/
control-volume numerical solution of the generalized Hele-Shaw flow equation of a
compressible viscous fluid under non-isothermal conditions. The polymer rheological
and PVT behaviors were modelled by a Cross-WLF and the Tait modified equations,
respectively. More details about the software are described in literature [17, 18, 19]. The
simulations phases considered when using Moldflow are Fill, Pack and Warp analysis,
including melt flow, packing, residual stress calculations and structural analysis.

3.2  Decision Variables

Two type of decision variables were considered in this study, design and operating
conditions. The design variables are the injection gate location, that are defined by x
and y coordinates of the node points in the mesh were they are located. Due to existing
experimental restrictions only the left, right and upper boundary nodes were admitted
as injection gate location. Six operating conditions were considered, filling time, melt
and mold temperatures, holding time, holding pressure and cooling time. Table 1
summarizes the design variables selected and the corresponding range of variation.
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Table 1. Range of variation of the decision variables

Decision variables Range of variation
X coordinate (mm) — x [0,140] subject to constraint
Y coordinate (mm) — y [0, 60] subject to constraint
Fill time (s) - ¢f [1, 5]
Melt temperature (°C) - Tip; [190, 270]
Mold temperature (°C) - T, [10, 50]
Holding pressure (MPa) - P, [30, 60]
Packing time (s) - t,, [1, 20]
Cooling time (s) - t. [5, 20]

The RPSGA uses a real representation of the variables, a simulated binary crossov-
er, a polynomial mutation and a roulette wheel selection strategy [12]. The following
RPSGA parameters were selected: 10 generations, crossover rate of 0.8, mutation rate
of 0.05, internal and external populations with 30 individuals, limits of the clustering
algorithm set at 0.2 and NRanks at 30. These values resulted from a carefully analysis
made in a previous work [12]. The computation time required by the MoldFlow soft-
ware to evaluate a single candidate solution is approximately 5 minutes. Thus, the
time necessary for a complete optimization is circa of 25 hours. This multi-objective
problem used a ‘budget’ of 300 evaluations because of the expensive nature of eva-
luating candidate solutions, namely, the time taken to perform one evaluation, only
one evaluation can be performed at one time and also the dimensionality of the search
space is low-to-medium [20]. The proposed optimization methodology will be used
for setting the injection location and to define the selected processing conditions that
satisfy the objectives defined.

3.3  Objective Functions

The optimization problem consists in defining the values of the decision variables that
allow the production of a part with the minimum cycle time, to minimize the produc-
tion costs, the minimum of warpage due to the anti-symmetric shrinkage and the min-
imum of weld plus meld line length, so that weakest areas are minimized.

These objectives are defined as follows:

e Minimize cycle time, CT:

minCT =ty + t, +t. + ¢, (1)

where t; is the filling time, ¢, is the packing time, ¢, is the cooling time and ¢, is the
mold open time.
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e Minimize warpage, WARP:

2 2
min WARP = |*sitds2” 2)
2

where ds; and ds, are the differential shrinkage values measured in longitudinal and
transversal directions, respectively.

e Minimize length of weld plus meld line, LWML:

min LWML = 3, ; J(xi ) + (=) +(z—z) )

where (x,, Y., z,) represents the coordinates of the nodes in the finite element mesh
were the weld and meld lines are located as calculated by Moldflow.

4 Results and Discussion

4.1 Optimization Results

Figure 4 shows the results obtained for an optimization run considering simultaneous-
ly the three objectives defined before (minimization of cycle time, length of weld plus
meld line and warpage), the aim being to define the best values for the decision va-
riables presented in Table 1. The figure represents all solutions of the initial popula-
tion and the non-dominated solutions of the final population (10th generation). The
operating conditions and objectives of the optimal solutions found are presented in
Table 2.

Table 2. Solutions for gate location optimization

Variables Objectives
fl‘(’)ll‘l‘s T, Tw 1 {;’; f ‘, CT  WARP LWML
cC O ) (s) (s) (s) (%) (m)
Pl 46 268 220 42 1.16 500 1336 0815 0.0331
P2 28 268 430 56 127 10.1 | 3206 0800 0.0216
P3 46 269 284 44 657 639 ] 2080 0.800 0.0219
P4 38 265 261 47 149 530 | 1420 0820 0.0103
PS5 40 265 244 46 100 535)| 1379 0820 0.0216
P6 46 268 227 42 121 5401|1388 0815 0.0216
P7 44 264 137 44 302 623)| 1562 0815 0.0106

There is a clear improvement from the initial population to the 10th generation,
since the optimal solutions found have better values for the objectives considered.
Also, there is not a solution that, simultaneously, provides the better (minimum) val-
ues for all three objectives. Therefore, three cases will be analyzed considering each
one of the objectives as the most important.
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If cycle time is considered the most important objective, the solution with lower
cycle time is P1 in Figure 4. In this case CT is equal to 13.36 s, WARP is equal to
0.815 % and LWML is equal to 0.0331 m that is the highest value found for the length
of weld plus meld line. Therefore, this solution is unsatisfactory when the length of
weld plus meld line is considered. The injection molding machine must operate with a
fill time of 2.2 s, melt and mold temperatures of 268 °C and 46 °C, respectively, hold-
ing pressure of 42 MPa, packing time of 1.16 s and cooling time of 5 s.

Figure 5 (A) shows the gate location and the filling pattern, while Figure 5 (B)
shows weld line location for solution P1 as calculated by Moldflow. Since gate loca-
tion is positioned in the top left corner of the part the two melt fronts will meet in the
bottom right corner of the hole (were the weld line is plotted in Figure 5 (B)). In this
case, the flow pattern design does not reach the top, bottom and left cavity boundaries
uniformly, as shown by the filling pattern in Figure 5 (A). However, no weld lines
were formed, since the meeting angles of the flow fronts are kept higher than 135 °.
The line shown in Figure 5 (B) represents both a weld and a meld line, but that does
not represent a problem for the molded part since the weld line does not reach the
external boundary of the part. Figure 5 (C) shows the warpage distribution for solu-
tion P1. The value of WARP represents the standard deviation of differential shrin-
kage values measured on the boundary midpoints in horizontal and vertical directions.
For the present case means that the distances between these points after part produc-
tion only differs of 0.815 % when compared with the distances in the mold cavity.

@ [nitial Population
@ Final Population

50

40

30

CT (s)

20

0 0.035
0. 00?5 0.030
" oso 0.025 &
0.020
“’4 'v\
0015 W

100 0.010

Fig. 4. Optimization results for three objectives in the objectives domain. Black symbols: Pare-
to frontier at 10th generation; grey symbols: initial population (CT — cycle time, WARP — war-
page, LWML — length of weld plus meld line).
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Fig. 5. Filling pattern (A), weld/meld line position (B) and warpage distribution (C) for solution P1
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Fig. 6. Weld/meld line position for solution P2
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When warpage is considered the most important objective to satisfy, two solutions
were obtained with lower warpage values, i.e., solutions P2 and P3. The main differ-
ence between these two solutions is related with the cycle time, which is 32.06 s for
P2 and 20.80 s for P3. Since the values of WARP and LWML are very similar, it is
clear that P3 is a much better solution than P2. Concerning solutions P2, P3 and P4,
only the location of the weld plus meld lines are represented, since these are the re-
sults used in the experimental assessment. Figures 6 and 7 represents the location of
weld plus meld line, respectively for P2 and P3. In both cases, the gate is located in
the top right corner of the part and thus the weld plus meld line appear in the bottom
left corner of the hole. Also, only meld lines are formed for these two solutions in the
external boundary of the part. Figure 8 presents the modelling results for solution P4,
i.e., the solution with lower length of weld plus meld line. In this case only a weld line

Fig. 7. Weld/meld line position for solution P3
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Fig. 8. Weld/meld line position for solution P4

forms on the bottom surface of the molded part (as all the meeting angles of the flow
fronts are lower than 135 °), which, due to the reasons referred above, makes this a
bad solution concerning this aspect. Simultaneously, this solution has the higher value
for WARP (0.820 %).

4.2  Experimental Assessment

The optimization results presented in the last section were experimentally compared
using solutions P1 to P4 analyzed in the previous sections (Figure 4). The mold used
for the experimental studies was built with four different gate locations corresponding
to each of the solutions P1 to P4 (Figure 5 to 8). For the part weld lines characteriza-
tion a crossed polarizer was used to obtain the locations of the weld lines. To be poss-
ible to perform experimentally the optimization/modelling results, the total cycle time
was fixed in the machine. Figure 9 shows the experimental weld lines locations for
the four solutions chosen. The weld lines are identified in the figure with arrows to
better understand their location. As can be seen the experimental results confirm the
location of the weld lines predicted by the optimization methodology (Figure 5 to 8).
Figure 10 shows the simulation vs. experimental warpage measurements. The re-
sults are graphically represented in two different plots to better distinguish the shapes
of the curves due to differences in warpage scale. As can be seen the experimental
results follow the same tendency of the simulated ones. Solution P1 is the only one
that has a different pattern comparing to the simulated one, due to the use of a lower
packing pressure in few packing time (see Table 2). In agreement with the simulation
results the experimental solutions P2 and P3 have similar values. Moreover, those
values are the lowest ones for warpage criteria. This can be explained by the use of a
packing pressure during more time than in solutions P1 and P4. Quantitative differ-
ences between experimental and numerical results are explained by the fact that in the
numerical warpage calculation the effect of differential shrinkage, differential cooling
and orientation effects are taken into consideration. Simultaneously, the experimental
measurements were made considering only the differential shrinkage effect.
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Fig. 9. Experimental weld lines location for solution P1 (A), solution P2 (B), solution P3 (C)
and solution P4 (D)

4 0,85 -
= (A) 2,86 < (B) 0,815 os os 0,82
<3 2,38 < ) )
S 173 1,94 o 08 ——
g’ ’ g
54 20,75
S 3
0+ T T T J 0,7 T v T T \
0 1 2 3 4 5 0 1 2 3 4 5
Conditions Conditions

Fig. 10. (A) Experimental and (B) optimization warpage results for solutions P1 to P4

5 Conclusions

In this work, a multi-objective optimization methodology based on Evolutionary Al-
gorithms (MOEA) was applied to the optimization of processing conditions and gate
location of a rectangular molding with a hole in order to minimize the cycle time, the
warpage and the length of weld plus meld line.

The methodology proposed was able to produce results with physical meaning. The
optimization algorithm is able to minimize simultaneously the three objectives
defined through the generation of optimal Pareto frontiers showing the trade-off
between the solutions found. This allows the user the comparison between these solu-
tions to select the best that corresponds to their design purposes.

Finally, the optimization results were assessed experimentally. The experiments

obtained in an injection machine available shows identical behavior when compared
with the computational ones.
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