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ABSTRACT 

Injection Molding (IM) is a mass-production method for plastic products. Warpage is the lancinating 

defect of plastic parts that occurs during the IM process. The defect can be controlled through an optimal 

set of processing parameters during the IM process, such as melt temperature, mold temperature, packing 

pressure, and cooling time. This study presents a method to reduce the warpage of IM products using the 

Response Surface Method (RSM) based on the Box-Behnken technique. This study used Polyamide-6 

(PA6), a semi-crystalline thermoplastic with lightweight, wear resistance, hardness, strength, damping, and 

toughness characteristics. Experiments were simulated and analyzed using a Moldex3D simulation tool, 

and the effect of each processing factor on the warpage was investigated using ANOVA. The results show 

that RSM is effective in finding the best combination of processing parameters to minimize warpage 

defects during the IM process. 
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I. INTRODUCTION  

Injection Molding (IM) is a mass-production technique 
used in approximately one-third of plastic production around 
the world [1]. IM produces plastic parts with complicated 
structures, complex shapes, high precision, and low cost [2]. 
Polyamide-6 (PA6) is a semi-crystalline thermoplastic with 
lightweight, wear resistance, hardness, strength, damping, and 
toughness characteristics [3]. The IM process can be divided 
into three basic stages: filling, post-filling, and mold opening. 
In the filling stage, the IM machine injects molten polymer into 
the desired cavity. In post-filling, the hot material is solidified 
by a cooling procedure. In mold opening, the molded part is 
ejected from the mold [4]. Warpage is a lancinating defect that 
directly affects the quality of the molded product. In particular, 
as thin-shell parts have thin, light, and small features developed 
for electronic products, it is crucial to reduce warpage to 
enhance product quality. Warpage can be minimized by 
changing the design of parts, modifying the mold structure, and 
controlling processing factors [5]. Some can be adjusted by 
machines during the fabrication process, such as the design and 
modification of the mold structure. The processing parameters 
during the IM process can be adjusted, such as melt 
temperature, mold temperature, packing pressure, and cooling 
time. During the manufacturing process, the plastic material 
suffers a high variation of temperature and pressure that causes 
deformation and residual stress, leading to warpage on the 
plastic product. It is not easy to determine the optimal 
parameters to eliminate warpage. Optimization methods have 
the benefits of improving production efficiency and reliability 
and reducing the IM process cost [6]. Simulation tools are an 
effective method to analyze the warpage of IM products [7]. 

Response Surface Methodology (RSM) is an outstanding 
method for solving technical problems, especially those with 
many processing parameters, such as optimizing the 
characteristics of a tunnel lining [8], the design of the 
disconnectors of insulated switchgears [9], improving mortar 
strength [10], investigating the residual stress and surface 
roughness of a turning process [11], optimizing the shrinkage 
of plastic parts during the IM process [12, 13], minimizing the 
sink mark with genetic algorithm methods [14], optimizing the 
warpage by additionally integrating GA and FA techniques 
[15], and enhancing the product surface quality using GA 
during the IM process [16-20]. Box-Behnken is an effective 
experimental method to analyze problems, offering the benefits 
of using minimum experiments, mathematical models, and 
sequential designs [21]. 

This paper presents a method for reducing the warpage of 
IM products using RSM based on the Box-Behnken technique. 
Experiments were simulated and analyzed using a Moldex3D 
simulation tool. The effect of processing factors on the warpage 
was investigated using ANOVA. The results show that RSM is 
effective in finding the best combination of processing 
parameters to minimize warpage defects during the IM process 
of PA6. The optimal processing parameters are a melt 
temperature of 250°C, a mold temperature of 60°C, a packing 
pressure of 125 MPa, and a cooling time of 16 s. The predicted 
warpage was 1.01 mm, corresponding to a reduction of 19.97% 
and 55.76% compared to the minimum and maximum 
warpages, respectively. The results show that RSM is an 
effective method to reduce defects and optimize processing 
parameters to control the actual IM process. 
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II. EXPERIMENTAL PROCEDURE 

Figure 1 shows the design and testing steps of the RSM-
based Box-Behnken technique. The Box-Behnken design and 
RSM were performed using the Minitab software. PA6 was 
used, with the important physical properties taken from the 
Moldex3D material database. Its basic physical properties 
include an ejection temperature of 169°C, a freezing 
temperature of 192°C, a specific heat capacity of 1.40E+07 
Erg/G/(G*°C), a shear modulus of 3.00E+11 dyne per cm

2
, and 

a Poisson ratio of 0.4. A SE180EV-A C450M IM machine was 
used for experiments, with a maximum clamp force of 184 Tf, 
a maximum screw stroke of 160 mm, a maximum screw 
diameter of 40 mm, a maximum injection stroke of 450 mm, 
and a maximum injection pressure of 209 MPa, respectively. 
Figure 2 shows the injection-molded product used in the 
simulation. The dimensions shown are typical dimensions of a 
tensile test specimen with a total length of 189 mm, a large 
width of 19 mm, and a thickness of 3.2 mm. 

 

 

Fig. 1.  Design and experimental procedure. 

 

Fig. 2.  Drawing view of the plastic product. 

The process parameters selected for the IM process were 
the melt temperature (A), mold temperature (B), packing 
pressure (C), and cooling time (D). The parameters were 
according to RSM, each one including codes, minimum value, 
and maximum value as shown in Table I. Table II shows the 
order of experiment execution for the parameter sets. Figure 3 

shows the layout arrangement of the cavities in the mold for the 
simulation process. The mold is designed with two cavities to 
produce plastic products. The simulation was set up in 
Moldex3D software. 

TABLE I.  PROCESSING PARAMETERS AND CODES 

Factor Units Codes 
Values 

Minimum Mean Maximum 

A °C -1 0 +1 250 265 280 

B °C -1 0 +1 60 75 90 

C MPa -1 0 +1 75 100 125 

D s -1 0 +1 6 11 16 

TABLE II.  ORDER OF EXPERIMENT EXECUTION FOR 
PARAMETER SETS 

Run Processing parameters 

RunOrder PtType Blocks A B C D 

1 2 1 265 60 100 16 

2 2 1 280 75 125 11 

3 2 1 250 60 100 11 

4 0 1 265 75 100 11 

5 2 1 250 90 100 11 

6 2 1 265 90 75 11 

7 2 1 265 90 125 11 

8 2 1 265 75 125 16 

9 2 1 250 75 100 6 

10 2 1 250 75 125 11 

11 2 1 250 75 100 16 

12 2 1 280 90 100 11 

13 2 1 265 90 100 16 

14 2 1 280 75 100 6 

15 2 1 280 75 100 16 

16 2 1 265 90 100 6 

17 2 1 265 60 100 6 

18 2 1 280 60 100 11 

19 2 1 250 75 75 11 

20 2 1 265 75 125 6 

21 2 1 280 75 75 11 

22 0 1 265 75 100 11 

23 2 1 265 60 75 11 

24 2 1 265 60 125 11 

25 2 1 265 75 75 6 

26 0 1 265 75 100 11 

27 2 1 265 75 75 16 

 

III. RESULTS AND DISCUSSION  

Table III shows the warpage results after 27 tests according 
to the Box Behnken design in the response surface method. 
Figure 4 shows the warpage values of the product simulated in 
the Moldex 3D software. 

Table IV shows the results of the ANOVA for the 
interaction of factors on warping. The p-value < 0.05 implies 
that the influence of the factor on warping is significant. The 
table shows that factor A has a significant influence of 3.53%, 
factor B has an influence of about 42.55%, and factor D has an 
influence of 46.71%. The remaining factors have almost no 
significant influence on warping. The total model has an R

2
 

value of 97.94%, indicating that it is highly reliable. 



Engineering, Technology & Applied Science Research Vol. 15, No. 3, 2025, 22355-22359 22357  
 

www.etasr.com Trinh: Reducing Warpage of Injection Molding Products using Response Surface Methodology 

 

 

Fig. 3.  The layout of the injection mold. 

 

Fig. 4.  The warpage results of the testing process. 

TABLE III.  WARPAGE MEASUREMENT RESULTS  

Run Parameters Results 

RunOrder PtType Blocks A B C D Warpage (mm) 

1 2 1 265 60 100 16 1.262 

2 2 1 280 75 125 11 1.895 

3 2 1 250 60 100 11 1.384 

4 0 1 265 75 100 11 1.786 

5 2 1 250 90 100 11 2.021 

6 2 1 265 90 75 11 2.1 

7 2 1 265 90 125 11 2.1 

8 2 1 265 75 125 16 1.455 

9 2 1 250 75 100 6 2.09 

10 2 1 250 75 125 11 1.678 

11 2 1 250 75 100 16 1.435 

12 2 1 280 90 100 11 2.171 

13 2 1 265 90 100 16 2.088 

14 2 1 280 75 100 6 2.209 

15 2 1 280 75 100 16 1.532 

16 2 1 265 90 100 6 2.283 

17 2 1 265 60 100 6 2.04 

18 2 1 280 60 100 11 1.598 

19 2 1 250 75 75 11 1.678 

20 2 1 265 75 125 6 2.146 

21 2 1 280 75 75 11 1.895 

22 0 1 265 75 100 11 1.786 

23 2 1 265 60 75 11 1.48 

24 2 1 265 60 125 11 1.48 

25 2 1 265 75 75 6 2.146 

26 0 1 265 75 100 11 1.786 

27 2 1 265 75 75 16 1.455 

TABLE IV.  ANOVA ANALYSIS RESULTS  

Source DF Seq SS Contribution Adj SS 
Adj 

MS 

F-

value 

p-

value 

Model 14 2.37545 97.94% 2.37545 0.16967 40.75 0.000 

Linear 4 2.25046 92.79% 2.25046 0.56262 135.12 0.000 

A 1 0.08568 3.53% 0.08568 0.08568 20.58 0.001 

B 1 1.03195 42.55% 1.03195 1.03195 247.83 0.000 

C 1 0.00000 0.00% 0.00000 0.00000 0.00 1.000 

D 1 1.13283 46.71% 1.13283 1.13283 272.06 0.000 

Square 4 0.03887 1.60% 0.03887 0.00972 2.33 0.115 

A*A 1 0.00499 0.21% 0.00081 0.00081 0.19 0.668 

B*B 1 0.00638 0.26% 0.00868 0.00868 2.08 0.174 

C*C 1 0.01012 0.42% 0.00259 0.00259 0.62 0.446 

D*D 1 0.01738 0.72% 0.01738 0.01738 4.17 0.064 

2-way 

interaction 
6 0.08612 3.55% 0.08612 0.01435 3.45 0.032 

A*B 1 0.00102 0.04% 0.00102 0.00102 0.25 0.629 

A*C 1 0.00000 0.00% 0.00000 0.00000 0.00 1.000 

A*D 1 0.00012 0.00% 0.00012 0.00012 0.03 0.867 

B*C 1 0.00000 0.00% 0.00000 0.00000 0.00 1.000 

B*D 1 0.08497 3.50% 0.08497 0.08497 20.41 0.001 

C*D 1 0.00000 0.00% 0.00000 0.00000 0.00 1.000 

Error 12 0.04997 2.06% 0.04997 0.00416     

Lack of fit 10 0.04997 2.06% 0.04997 0.00500 * * 

Pure error 2 0.00000 0.00% 0.00000 0.00000     

Total 26 2.42542 100.00%         

 
Figure 5 shows the percentage of influence of processing 

parameters on warping, indicating that factors B and D have 
the highest influences on warping. The remaining factors have 
insignificant influence. 
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Fig. 5.  Main factors affecting the warpage. 

Table IV shows the warpage results before and after 
optimization by the RSM. Before optimization, the warpage 
had a lowest value of 1.262 mm and a maximum value of 2.283 
mm, respectively. The predicted warpage value was reduced to 
1.01 mm, corresponding to approximately 19.97% and 55.76% 
reduction compared to minimum and maximum warpages, 
respectively. The optimal parameter set is a melt temperature of 
250°C, a mold temperature of 60°C, a packing pressure of 125 
MPa, and a cooling time of 16 s, respectively. 

TABLE V.  OPTIMAL PRE- AND POST-WARPING RESULTS 

Warpage before 

optimization (mm) 
Warpage after 

optimization 

(mm) 

Optimal processing 

parameters 

Minimum Maximum  A B C D 

1.262 2.283 1.01 250 60 125 16 

 

IV. CONCLUSIONS 

IM is a technique for the mass production of plastic 
products and warpage is a lancinating defect that occurs during 
the process. Warpage can be minimized using an optimal set of 
processing parameters, such as melt temperature, mold 
temperature, packing pressure, and cooling time. This study 
investigated the reduction of warpage in IM plastic products 
using the RSM with Box-Behnken design. This study used 
PA6, which is a semi-crystalline thermoplastic with 
lightweight, wear resistance, hardness, strength, damping, and 
toughness characteristics. The experiments were carried out 
and analyzed using Moldex3D. ANOVA was used to 
determine the factors that influence warpage, showing that 
mold temperature and cooling time have a significant 
influence. The optimal parameter set was determined based on 
the regression results with a melt temperature of 250°C, a mold 
temperature of 60°C, a packing pressure of 125 MPa, and a 
cooling time of 16 s. The predicted warpage was minimized to 
1.01 mm, corresponding to a reduction of 19.97% and 55.76% 
compared to the minimum and maximum warpages, 
respectively. The results proved that RSM is an effective 
method to reduce defects and optimize processing parameters 
to control the actual IM process. 
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