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Abstract
Rapid heat cycle molding (RHCM) that actively controls the mold temperature is an innovative plastic injection molding 
(PIM) technology. The melt plastic smoothly flows into cavity due to the high mold temperature, and weldline reduction can 
be achieved. The overall mold heating in the conventional RHCM leads to long cooling time, which makes the cycle time 
long. To shorten the cycle time as well as weldline reduction, the RHCM using a heater called the heater-assisted RHCM is 
developed. It is easy to install the heater in the mold, and the local region around which the weldline is observed is heated 
up. Consequently, the weldline will be reduced. Since the mold is locally heated up, short cycle time will be expected. Since 
the process parameters in the heater-assisted RHCM are unknown in advance, design optimization is used to determine the 
process parameters. The numerical simulation is computationally so expensive that sequential approximate optimization 
that response surface is repeatedly constructed and optimized is adopted to determine the optimal process parameters. It is 
found from the numerical result that the weldline and the cycle time are well reduced. Based on the numerical result, the 
experiment using the PIM machine (MS100, Sodick) is conducted. It is confirmed through the numerical and experimental 
result that the heater-assisted RHCM is effective to the weldline reduction and the short cycle time.

Keywords Plastic injection molding · Heater-assisted rapid heat cycle molding · Multi-objective optimization, Numerical 
simulation · Sequential approximate optimization

1 Introduction

Many plastic products are produced by plastic injection 
molding (PIM) and have several advantages such as light-
weight, high gloss appearance, high anticorrosion, and high 
productivity. Conventional PIM process mainly consists 
of (1) filling phase that melt plastic is injected into the 
cavity, (2) packing phase that the melt plastic is packed 
with packing pressure, and (3) cooling phase that the melt 
plastic is cooled down for the solidification. In the above 
phases, the melt temperature, the injection time, the pack-
ing pressure, the packing time, the cooling time, and the 
cooling temperature are the major process parameters, and 
warpage, volume shrinkage, sink mark, and weldlines are 
the major defects in the PIM. For high product quality, the 
process parameters are conventionally adjusted through 
the trial-and-error method. Among the defects, weldlines 
that are formed when two or more melt fronts meet affect 
not only the strength but also the surface appearance of a 
product, and it is important to reduce the weldlines as much 
as possible for high surface quality. The process parameter 
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optimization is valid to the weldline reduction [1], and sev-
eral papers have been published.

Li et al. investigated the effect of process parameters on 
weldline by using the Taguchi method [2], in which they 
clarified that high melt temperature and high injection speed 
led to the weldline reduction. Wu and Liang also investi-
gated the effect of process parameters on the weldline using 
the Taguchi method [3], from which it was clarified that the 
melt temperature, the mold temperature, the injection veloc-
ity, and the packing pressure were influential to the weldline 
strength. Ozcelik optimized the process parameters (the melt 
temperature, the packing pressure, and injection pressure) 
for high mechanical properties by the Taguchi method [4]. 
Kim et al. also optimized both the process parameters (the 
injection time, the melt temperature, and the mold tempera-
ture) and the gate locations for the weldline reduction of an 
automobile front bumper using Taguchi method [5]. Deng 
et al. optimized several process parameters (mold tempera-
ture, melt temperature, and injection time) for minimizing 
warpage, weldline, and air trap of a power outlet plastic 
product [6], in which multi-objective particle swarm optimi-
zation (MOPSO) was adopted to identify the Pareto frontier. 
Note that this paper directly optimizes the process parame-
ters without using the response surface. Kitayama performed 
the process parameter optimization for minimizing weldline 
and clamping force [7], in which it was reported that the 
trade-off between the weldline and the clamping force was 
clarified and high clamping force led to the weldline reduc-
tion. Unlike Refs. [2, 4, 5], sequential approximate optimiza-
tion (SAO) that response surface was repeatedly constructed 
and optimized was adopted for the design optimization. Feng 
and Zhou determined the optimal process parameters for 
minimizing the warpage, the shrinkage, and the weldline of 
an air-conditioner vent [8], in which radial basis function 
was adopted for constructing the response surface of each 
objective function and the multi-objective genetic algorithm 
(MOGA) was used to identify the Pareto frontier. Zhou et al. 
optimized the process parameters in PIM for minimizing 
four objectives (the warpage, the weldline, the clamping 
force, and the cycle time) [9], in which the quadratic polyno-
mial approximation was adopted for the response surface. In 
this paper, the sensitivity information at the sampling points 
was considered for highly accurate response surface. These 
papers perform the process parameter optimization for weld-
line reduction using the conventional PIM consisting of the 
filling, packing, and cooling phase. However, it has been 
well recognized that rapid heat cycle molding (RHCM) that 
actively controls the mold temperature is more effective to 
weldline reduction [10].

The concept of RHCM is explained using Fig. 1, in which 
the mold temperature profile is shown with the solid line, 
and th, tinj, tp, and tc represent the heating time, the injection 
time, the packing time, and the cooling time, respectively. 

Unlike the conventional PIM, the mold is rapidly heated 
above the glass transition temperature of a material before 
the filling phase (this phase is called the heating phase), and 
then, the melt plastic is injected into the cavity. After the 
packing phase, the mold is cooled down for the solidifica-
tion. The melt plastic smoothly flows into the cavity due to 
the high mold temperature, and the weldline will be reduced.

Chen et al. adopted an electromagnetic induction heat-
ing for the RHCM and investigated the effect on weldline 
reduction [11], from which it was found that the mold sur-
face was uniformly heated by the induction heating and the 
weldline could successfully be reduced. Chang and Hwang 
developed an infrared rapid surface heating system [12]. The 
mold surface temperature could rise from 83 ◦C to 188 ◦C 
with 15 s, and the filling ability enhanced. Li et al. optimized 
the layout of heating/cooling channels of a steam-assisted 
RHCM [13], in which the distribution of mold temperature 
was minimized for uniformity and the experiment for a LCD 
TV panel was also conducted. It was found from the experi-
ment that high surface quality product could be obtained, but 
the weldline and the cycle time were not discussed. Electric-
assisted RHCM was conducted by Zhao et al. [14], in which 
the mold was heated through the heating rod and was cooled 
down with the cooling channel. It was reported that the cycle 
time of electric-assisted was almost the same as that of con-
ventional PIM. The authors also compared the steam- and 
the electric-assisted RHCM [15], from which it was found 
that the latter could improve the heating speed with large 
energy consumption and the cooling efficiency could also 
be enhanced, compared with the steam-assisted RHCM. The 
layout optimization of heating/cooling channels for minimiz-
ing the distribution of mold temperature and the heating time 
in steam- and electric-assisted RHCM was performed [16, 
17], from which it was found that the heating/cooling chan-
nels played an important role for the short heating time as 
well as the temperature distribution uniformity. These papers 
mainly discuss the distribution of mold temperature or the 
layout of heating/cooling channels, and the effect of RHCM 
on the surface appearance and weldline is not discussed. 
Wang et al. investigated the effect of mold temperature on 
the weldline using an electric-assisted RHCM [18], in which 
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Fig. 1  Typical mold temperature profile of RHCM
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it was clarified that the high mold temperature during the 
filling phase was effective to the weldline reduction and the 
weldline was completely eliminated by the proposed RHCM 
unlike the conventional PIM. However, the effect of other 
process parameters such as the melt temperature, the injec-
tion time, the packing pressure, and the packing time on the 
weldline reduction was not discussed. Wang et al. devel-
oped a water-assisted RHCM that water was used to control 
the mold temperature [19]. The layout of heating/cooling 
channels was determined so as to minimize both the heating 
time and the distribution of mold temperature, and the high-
gloss and weldless panel product was obtained. However, 
the process parameters were not discussed. The layout opti-
mization of the heating rod for an electric-assisted RHCM 
was performed by Xiao and Huang [20, 21], in which the 
heating time and the distribution of mold temperature were 
minimized like Ref. [19]. Other applications using steam- 
and electric-assisted RHCM can be found in Refs. [22, 23], 
but these are mainly focused on the cooling channel design. 
Unlike the above papers, Kitayama et al. performed the pro-
cess parameter optimization using a water-assisted RHCM 
[24], in which the mold temperature was maximized for the 
weldline reduction whereas the cycle time was minimized 
for the high productivity. The water-assisted RHCM success-
fully reduced the weldline, but required long heating/cooling 
time. As the result, the productivity was low in comparison 
with the conventional PIM. The temperature controllers to 
control the coolant temperature were also required, and the 
system was expensive. Kirchheim et al. developed a con-
formal cooling channel using additive manufacturing based 
on laser powder bed fusion and investigated the tempera-
ture distribution of a product [25], in which the mold was 
heated and cooled like the RHCM. It was found from the 

numerical result that the temperature was more uniformly 
distributed by the cooling channel and the cooling time was 
well reduced. However, the mold temperature profile was 
determined by the engineer’s experience. Xiao et al. devel-
oped an RHCM using electric heating and investigated the 
effect on the surface appearance of a product [26, 27], from 
which it was found that high mold temperature improved 
the surface quality. Wang et al. investigated the effect on the 
mechanical strength of weldline with and without RHCM 
using electric heating [28], in which the mold temperature 
before the filling phase (heat temperature in Fig. 1) was dis-
cussed. It was reported that the tensile strength increased 
as the mold temperature rose. Unfortunately, the mold tem-
perature profile in Fig. 1 and the cycle time were not well 
discussed in these papers [26–28].

The representative papers on the RHCM are listed in 
Table 1, from which the process parameter optimization 
is rarely discussed in the literature. This implies that the 
process parameters in RHCM are completely determined 
by engineer’s experience. In addition, many papers 
mainly focus on the layout of heating/cooling channels 
so as to minimize the temperature distribution or the 
heating time. In particular, the temperature distribution 
uniformity leads to not only high gloss appearance, but 
also warpage reduction [29]. However, the conventional 
RHCM heats the mold globally, and long cooling time is 
required. Consequently, the cycle time is long. To shorten 
the cooling time, it is effective to heat the mold locally. In 
the case of weldline reduction, it will be effective to heat 
the local region around which the weldline is observed. 
The local heating has already been proposed by Nian 
et al. [30], in which the cooling channels were designed 
based on the neutral axis theory. Therefore, the cooling 

Table 1  Representative papers on RHCM

Authors Year Ref RHCM Process parameter 
optimization

Objective function(s)

Chen et al 2006 7 Induction heating Not performed N/A
Chang and Hwang 2006 8 Infrared Not performed N/A
Li et al 2009 9 Steam-assisted Not performed Mold temperature distribution is minimized
Zhao et al 2011 10 Electric-assisted Not performed N/A
Wang et al 2011 12 Steam-assisted Not performed N/A
Wang et al 2011 13 Electric-assisted Not performed Heating time is minimized

Mold temperature distribution is minimized
Wang et al 2013 15 Water-assisted Not performed Heating time is minimized

Mold temperature distribution is minimized
Xiao and Huang 2014 16, 17 Electric-assisted Not performed Heating time is minimized

Mold temperature distribution is minimized
Wang et al 2014 18 Steam-assisted Not performed N/A
Wang et al 2018 19 Electric-assisted Not performed N/A
Kitayama et al 2019 20 Water-assisted Performed Mold temperature is maximized

Cycle time is minimized
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channels with the product shape were designed, and 
different temperature to each cooling channel was set. As 
the result, it was reported that warpage of a portable cover 
was well reduced. The idea of local heating is applicable 
to the weldline reduction using the RHCM, but it is also 
necessary to consider the cycle time for high productivity. 
In other words, the process parameter optimization in 
RHCM considering the product quality and productivity 
should be performed.

Here, the objective of this paper is summarized as 
follows.

1. Heater-assisted RHCM that a heater is installed in the 
mold is proposed. The heater is installed to a region 
around which the weldline is observed. The mold is 
locally heated up for smoothly flowing the melt plastic, 
and consequently, the weldline will be reduced.

2. The mold is locally heated up, and the cooling time will 
then be shorter than one using the conventional RHCM 
that the mold is uniformly heated. As the result, high 
productivity will be expected.

3. The process parameters in heater-assisted RHCM 
strongly affect the weldline and the cycle time. High 
mold temperature is valid to the weldline reduction, 
whereas long cooling time is generally required. Con-
ventionally, these are determined by engineer’s experi-
ence. In this paper, design optimization is performed 
to determine the optimal process parameters. Based on 
Refs. [2, 3, 5–7], it is considered that the injection time 
is an effective process parameter for weldline reduction. 
In addition, considering the characteristics of RHCM, 
the mold temperature is also an effective process param-
eter for surface appearance [11, 24, 26]. A novel objec-
tive function for weldline reduction considering both 
process parameters is proposed in this paper.

4. As Shayfull et al. suggested in Ref. [31], the conformal 
cooling channels can heat and cool the mold uniformly, 
and it is desirable to use it for the heater-assisted RHCM. 
Recently, it is possible to fabricate the conformal cool-
ing channels by using metal 3D printer, and the confor-

mal cooling channels attract attention [32–34]. Then, the 
conformal cooling channel is used in this paper.

5. The experiment using the heater-assisted RHCM is 
conducted to examine the validity. The PIM machine 
(MS100, Sodick) is used in the experiment.

The rest of this paper is organized as follows. The target 
product and the numerical simulation model are shown in 
Sect. 2. Section 3 describes the design optimization prob-
lem for the weldline reduction and the short cycle time 
using the heater-assisted RHCM. The numerical and exper-
imental result is shown in Sect. 4. Finally, the experimental 
result using PIM machine (MS100, Sodick) is presented.

2  Target product and numerical simulation 
using heater‑assisted rapid heat cycle 
molding

The target product and the numerical simulation model are 
shown in Figs. 2 and 3, respectively. Moldex3D (2021R3) 
is used for the numerical simulation. As show in Fig. 3, the 
heater is installed in the mold, and the conformal cooling 
channel is used to uniformly cool down the mold. The flow 
process without the heater is shown in Fig. 4, in which 
the initial process parameters listed in Table 2 are used. 
It is found that the thickness of side wall is different and 
then the weldline is observed around the center of side 
wall. The weldline length is 7.1 mm when the conventional 
PIM (without using the heater) using the initial process 
parameters is performed. Then, as shown in Fig. 3, the 
heater is installed around which the weldline is observed. 
The polyacetal resin is used as the material, and the 
material property is listed in Table 3.

The numerical simulation of heater-assisted RHCM is 
carried out as follows. First, the mold is heated above the 
glass transition temperature of the material using the heater 
in the heating phase, and the heating time (th in Fig. 1) is 
the major process parameter. Note that the heat temperature 

Fig. 2  Target product
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in Fig. 1 completely depends on the performance of heater 
and the performance in this paper is shown in Fig. 5, from 
which it is found that the longer the heating time is, the 
higher the mold temperature is. It is possible to rise the 
mold temperature from 86 ◦C to 150 ◦C with 10 s.

The melt plastic is injected into the cavity after the 
heating phase, and the melt plastic is finally cooled down 
for the solidification. The process of heater-assisted 
RHCM is so simple, but the heating time strongly affects 

the surface appearance of the product. The flow of melt 
plastic and the weldline is shown in Fig. 6, in which the 
temperature distribution at the end of heating phase is 
shown in this figure.

As shown in Fig. 6a, the weldline is long due to the low 
mold temperature when the heating time is short. On the 
other hand, high temperature makes the weldline short, 
but the burn will often be observed on the surface in the 
experiment (unfortunately, it is difficult to simulate the 
burn in the current numerical simulation). It is also found 
from Fig. 6 that the flow of melt plastic is completely 
different due to the local heating. It is reported that the 
flow of melt plastic is so closely related to the weldline 
[35], and it is expected that the weldline will be reduced 
by introducing the local heating.

Fig. 3  Conformal cooling chan-
nel and heater
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Table 2  Initial process parameters without heating

Melt tem-
perature 
(°C)

Injection 
time (s)

Packing 
pressure 
(MPa)

Packing 
time (s)

Cooling 
tempera-
ture (°C)

Cooling 
time (s)

190 3.0 50 5 70 20

Table 3  Material property of polyacetal resin

Melt density (g/cm3) 1.19

Eject temperature (°C) 135
Elastic module (GPa) 2.8
Poisson ratio 0.38
Specific heat (J/(kg・°C)) 2503
Melting temperature (°C) 155
Material characteristics Crystalline
Recommended mold temperature (°C) 60–80
Recommended melt temperature (°C) 180–210
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Fig. 5  Performance of heater
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3  Process parameter optimization 
in heater‑assisted rapid heat cycle 
molding

3.1  Multi‑objective optimization

Multi-objective optimization problem is generally formu-
lated as follows.

where fi(x) is the i-th objective function to be minimized 
and K represents the number of objective functions. 
x = (x1, x2,⋯ , xn)

T denotes the design variables, xi denotes 
the i-th design variable, and n represents the number of 
design variables. xi

L and xi
U are the lower and upper bounds 

of the i-th design variable. gk(x) denotes the k-th design 
constraint, and ncon represents the number of design con-
straints. To determine the process parameters (design vari-
ables), a multi-objective optimization is solved. Therefore, 
a set of Pareto optimal solutions is identified.

3.2  Process parameters (design variables)

The process parameters in heater-assisted RHCM are sum-
marized as follows.

In heating phase: the heating time (th).
In the filling and packing phase: the melt temperature 

(Tmelt), the injection time (tinj), the packing pressure (p), and 
the packing time (tp).

In the cooling phase: the cooling temperature (TC) and 
the cooling time (tc).

(1)
(f1(x), f2(x),⋯ , fK(x)) → min

xL
i
≤ xi ≤ xU

i
i = 1, 2,⋯ , n

gk(x) ≤ 0 k = 1, 2,⋯ , ncon

⎫⎪⎬⎪⎭

Therefore, the process parameters x is given as 
x = (th, Tmelt, tinj, p, tp, Tc, tc)

T , and the range of the process 
parameters is defined by Eq. (2).

The range of process parameters is determined for the 
following reasons.

(1) The heating time (th): the upper bound is determined 
by considering the performance of heater (see Fig. 5).

(2) The melt temperature (Tmelt) and the cooling tempera-
ture (Tc): the recommended value of Moldex3D is 
directly used.

(3) The injection time (tinj): referring to Table 2, the upper 
bound is set to 3.0 s.

(4) The packing pressure (p): the mold will be damaged 
over 70 MPa, and the upper bound is set to 70 MPa.

(5) The packing time (tp): considering the gate seal time, 
the upper bound is set to 10 s.

(6) The cooling time (tc): considering the performance of 
heater and the recommended value of Moldex3D, the 
upper bound is set to 30 s.

3.3  Objective functions

To reduce the weldline using the heater-assisted RHCM, the 
mold temperature ( Tmold ) is maximized [24]. The illustrative 
example is shown in Fig. 7, from which it is clear that the 
higher the mold temperature is, the shorter the weldline is. It is 
also reported that the short injection time leads to the weldline 
reduction [2, 5, 36]. It is preferable to consider the effect of 

(2)

5 ≤ th ≤ 30[s] 180 ≤ Tmelt ≤ 210[◦C] 0.5 ≤ tinj ≤ 3.0[s]

10 ≤ p ≤ 70[MPa] 1 ≤ tp ≤ 10[s] 60 ≤ Tc ≤ 80[◦C]

1 ≤ tc ≤ 30[s]

⎫⎪⎬⎪⎭

[er
utare

p
me

T
℃

] 146

65

133℃ (a) In the case of low temperature

146℃ (b) In the case of high temperature
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Fig. 6  Flow of melt plastic and weldline
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the mold temperature and the injection time on the weldline 
reduction, and then, the ratio between the mold temperature 
and the injection time is maximized [37]. Therefore, the first 
objective function is given by Eq. (3).

For high mold temperature, long heating time is required 
in the heater-assisted RHCM. Many papers consider the heat-
ing time as listed in Table 1, and it is important to minimize 
the heating time for high productivity. However, short heating 
time makes the mold temperature low. As shown in Fig. 6, the 
low mold temperature results in the long weldline. To consider 
the productivity, the cycle time should be taken into account. 
Then, the cycle time is taken as the second objective function 
to be minimized, which is given by the explicit form of the 
design variables as shown in Eq. (4).

3.4  Design constraint (short shot)

The target product has different thickness, and the flow of melt 
plastic in the side wall is also different. Inappropriate process 
parameters easily lead to short shot that the melt plastic is not 
filled into the cavity. The illustrative example of short shot 
in the numerical simulation and the experiment is shown in 
Fig. 8. The short shot should strongly be avoided in the PIM 
and is handled as the design constraint.

To evaluate the short shot, the following equation is used [7].

where V and V0 represent the melt plastic volume and the 
cavity volume, respectively. The positive value of Eq. (5) 
indicates the short shot. The design constraint g1(x) is then 
evaluated as follows:

(3)f1(x) =
Tmold

tinj
→ max

(4)f2(x) = th + tinj + tp + tc → min

(5)Vs = 1 −
V

V0

(6)g1(x) =

{
Vs Vs > 0

0 otherwise

3.5  Sequential approximate optimization

To identify the Pareto frontier between mold temperature 
and cycle time, the SAO using radial basis function (RBF) 
network in Ref. [38] is used. By using this system, we have 
already resolved several engineering issues such as sheet 
metal forming using servo press [39–41], process parameter 
optimization in cold forging [42], and energy management 
system and optimization for hybrid electric vehicle [43]. 
Then, this is used as the design optimization tool. See Ref. 
[44] for the details of RBF network. The numerical proce-
dure is briefly described.

(STEP1) The Latin hypercube design (LHD) is used to 
generate several sampling points (the combination of process 
parameters).

(STEP2) The numerical simulation for heater-assisted 
RHCM is conducted at the sampling points. Through the 
numerical simulation, the objective functions (Eqs. (3) and (4)) 
and the design constraint (Eq. (6)) are numerically evaluated.

(STEP3) The response surface using the RBF network is 
constructed. Here, the response surface of objective functions 
and design constraint is described as f̃1(x) , f̃2(x) , and g̃1(x).

(STEP4) The weighted lp norm defined by Eq. (7) is used 
to determine the Pareto optimal solutions.

where wk ( k = 1, 2 ) represents the weight of the k-th objec-
tive function and p is the parameter. According to Refs. 
[39–43], p is set to 4. Various weights are assigned in order 
to determine a set of Pareto optimal solutions.

(STEP5) If a terminal criterion is satisfied, the SAO algo-
rithm will terminate. Otherwise, the Pareto optimal solutions in 

(7)

�∑2

k=1

�
wkf̃k(x)

�p�1∕p
→ min

xL
i
≤ xi ≤ xU

i
i = 1, 2, , n

g̃1(x) ≤ 0

⎫⎪⎬⎪⎭

Tmold =129℃

Weldline: 12.8mm

Tmold =163℃

Weldline: 8.4mm

y

z

x

Fig. 7  Weldline with different mold temperatures
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Fig. 8  Short shot (left hand: numerical simulation, right hand: experi-
ment)
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STEP4 are added as the new sampling points for improving the 
accuracy of Pareto frontier. As the result, the number of sam-
pling points increases. Then, the algorithm returns to STEP2.

As the terminal criterion, the error between the numerical 
simulation and the response surface at the Pareto optimal solu-
tions is considered. When the error is within 5%, the algorithm 
terminates. The flow of the SAO algorithm is shown in Fig. 9.

4  Numerical and experimental result

4.1  Numerical result

Twenty initial sampling points are generated by the LHD, 
and the Pareto frontier between f1(x) and f2(x) is identified. 
The result is shown in Fig. 10 with the weldline, in which 
the black circles denote the Pareto optimal solution. Note 
that the white circle denoted as “conventional PIM” is the 
result using the process parameters in Table 2. Among the 
Pareto optimal solutions, two points (A and B) are selected 
for the comparison, and the optimal process parameters at 
these points are listed in Table 4.

It is found from Fig.  10 that the weldline can 
successfully be reduced, compared with the one using the 
conventional PIM. In particular, there are no weldline at A, 
and 6.8% improvement of the cycle time can be achieved 
at B. In Fig. 10, the weldline is observed in the region 
enclosed by the solid line, whereas no weldline is observed 
in the region enclosed by the dashed line. It is also found 
from Fig. 10 that the Pareto frontier is disconnected. The 
optimal process parameters plotted in Fig. 10 are listed in 
Table 5. It is found from Table 5 that (1) the smaller th is, 
the shorter the weldline is, (2) Tmelt is high in the region 
enclosed by the dashed line, whereas the one in the region 

enclosed by the solid line is low, (3) tinj, p, and tp are 
almost constant in each region but the optimal values exist, 
and (4) the weldline is eliminated with high Tc. tc is small 
in the region enclosed by the dashed line, whereas the 
one in the region enclosed by the solid line is large. It is 
difficult to determine the process parameters for weldline 
reduction in advance, but it is possible to predict the ones 
for weldline reduction based on Table 5 after the Pareto 
optimal solutions are determined.

The history of mold temperature at A and B is shown 
in Fig. 11 with the solid and dashed line, from which it 
is clear that the longer the heating time is, the higher the 
mold temperature is. As the result, as shown in Fig. 10, the 

Fig. 9  Flow to identify the 
Pareto frontier using sequential 
approximate optimization

Pareto-frontier between mold temperature and cycle time is identified

N

Y

Several initial sampling points are generated by the LHD

Numerical simulation is carried out at the sampling points

� Mold temperature  (f1(x)) and cycle time (f2(x)) are evaluated

� Short shot (g1(x)) is also evaluated

Terminal criterion

Pareto-optimal solutions 

are added as the new 
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Response surface (                                ) is constructed and optimized
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weldline at A is completely eliminated. The temperature 
distribution is also shown in Fig.  12. The temperature 
distribution at A is higher than that at B, and consequently, 
the weldline is eliminated. However, long cycle time is 
required for cooling down the mold. The temperature 
distribution at B after the cooling phase is more uniform 
than that at A, and this result indicates that the conformal 
cooling channel is effective to uniformly cooling down the 
mold. On the other hand, the temperature distribution at 
A is not uniform due to the high temperature around the 
weldline. The heating time at A is 21 s, and the maximum 
mold temperature at the heating phase is approximately 160 
◦

C . Under this condition, it is difficult to uniformly cool 
down the mold using the conformal cooling channel.

Next, the cycle time listed in Table 4 is compared. As 
pointed out in Refs. [10, 45], long cycle time is generally 
required in the RHCM compared with the conventional PIM, 
but the cycle time at B is improved. The heating time and the 
cooling time mainly affect the cycle time. The sum of heat-
ing and cooling time at B is 21 s, whereas the cooling time of 
20 s is required in the conventional PIM. This result shows 
that the heater-assisted RHCM is effective PIM technology 
for the weldline reduction without increasing the cycle time.

Finally, the flow of melt plastic is shown in Fig. 13. Com-
pared with the flow of conventional PIM, the one of the 
heater-assisted RHCM is completely different. In the case 
of Fig. 13a, c, the separated melt plastic flows denoted by 

Table 4  Optimal process 
parameters at A and B

th (s) Tmelt (°C) tinj (s) p (MPa) tp (s) Tc (°C) tc (s) Cycle time (s)

A 21 205 0.51 12 8.5 76 7 36.9
B 10 193 0.56 29 4.8 62 11 26.1
Conven-

tional 
PIM

N/A 190 3.00 50 5.0 70 20 28.0

Table 5  Optimal process 
parameters in Pareto frontier

th (s) Tmelt (°C) tinj (s) p (MPa) tp (s) Tc (°C) tc (s)

Region 
enclosed by 
dashed line

21 205 0.51 12 8.5 76 7  ← A
19 205 0.51 12 8.5 74 6
18 205 0.54 12 8.4 73 5
18 205 0.55 12 8.4 73 5
18 205 0.57 12 8.4 72 5

Region 
enclosed by 
solid line

12 194 0.52 28 5.2 63 11
11 193 0.54 28 5.0 62 11
10 193 0.56 29 4.8 62 11  ← B

50

70

90

110

130

150

170

0 10 20 30 40

[
er

ut
ar

e
p

m
et

dl
o

M
℃

]

Time [s]

A

B

Filling & PackingHeating Cooling

Fig. 11  History of mold temperature at A and B
(c) After cooling phase

[
er

ut
ar

e
p

m
e

T
℃

]

95

70

(b) After heating phase

[
er

ut
ar

e
p

m
e

T
℃

]

160

70

(a) Weldline

A BConventional PIM

7.1mm 2.4mmNo weldline

y

z

x

Fig. 12  Comparison of temperature distribution



5644 The International Journal of Advanced Manufacturing Technology (2023) 128:5635–5646

1 3

the black arrow meet around the center of the side wall and 
the long weldline is formed. On the other hand, as shown in 
Fig. 13b, the melt plastic is not separated, and consequently, 
the weldline is not generated. Therefore, the heater-assisted 
RHCM can vary the flow of melt plastic and the weldline 
reduction can successfully be achieved.

4.2  Experimental result

The experiment using PIM machine in Fig. 14a (MS100, 
Sodick) is carried out to examine the validity of heater-
assisted RHCM. The die and the enlarged view around the 
heater are also shown in Fig. 14b. The firerod cartridge 
heater (Watlow) is used in the experiment and the specifica-
tion is listed in Table 6. Figure 5 shows the performance of 

the cartridge heater. The experimental results at three points 
listed in Table 4 are shown in Fig. 15, in which the black 
line denotes the weldline. It is found from Fig. 15 that the 
weldline at B is very short. The weldline at A is completely 
eliminated but the burn is observed in the experiment. Thus, 
the weldline is successfully reduced, but it is impossible to 
avoid the burn in the experiment. As described in Sect. 2, 
it is difficult to predict the burn in the current numerical 
simulation. To avoid the burn, the upper bound of heating 
time should be shortened.

5  Conclusions

The RHCM that actively controls the mold temperature 
has recently attracted attention for weldline reduction. This 
paper proposes the heater-assisted RHCM that locally heats 
the mold for weldline reduction and short cycle time. The 
heater is installed in the mold, and the RHCM can easily 
be conducted. However, it is difficult to determine the pro-
cess parameters. High mold temperature and short injection 
time can reduce the weldline, and then, the ratio between 
the mold temperature and the injection time is maximized. 
On the other hand, the cycle time is minimized for high 
productivity. Therefore, multi-objective design optimization 
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Fig. 14  PIM machine (MS100, Sodick), die and enlarged view

Table 6  Specification of firerod cartridge heater (Watlow)

Voltage (V) Capacity (W) Heat generation den-
sity (W/cm2)

Diameter (mm)

240 225 60.5 6.25

Conventional PIM B

1.9 mm7.7 mm

A

7.1 mm 2.4 mmNo weldline

(a) Numerical result

(b) Experimental result

Burn

Weldline

Weldline

Fig. 15  Experimental results of heater-assisted RHCM
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is performed to determine the optimal process parameters 
in the heater-assisted RHCM. The numerical simulation is 
computationally so expensive that sequential approximate 
optimization using radial basis function network is adopted 
to determine the optimal process parameters. It is found 
through the numerical result that the weldline reduction 
can successfully be achieved. Weldline is generally formed 
when two or more melt fronts meet, and it is important to 
vary the flow of melt plastic for the weldline reduction. It is 
clarified through the numerical result that the local heating 
can vary the flow of melt plastic that results in the weldline 
reduction. Based on the numerical result, the experiment 
using the PIM machine (MS100, Sodick) is conducted. The 
weldline is well reduced in the experiment, whereas the burn 
is also observed. It is important to carefully select not only 
the range of process parameters but also the specification of 
heater. Through the numerical and experimental result, the 
validity of the heater-assisted RHCM has been confirmed.
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