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1. Introduction

  Warpage[1,2] is one of the most common quality defects 

in injection molded products. In general, when the design 

factors related to parts, mold cavities, cooling channels, 

and process conditions are improperly designed, residual 

stresses may be unevenly distributed inside the parts after 

molding, eventually resulting in warpage. If the molded 

product has significant warpage, its appearance may be 
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ABSTRACT

  The purpose of the cover housing component of a car door is to protect the terminals of the plug housing that 

connects the electric control unit on the door side to the car body. Therefore, for a smooth assembly with the plug 

housing and to prevent contaminants from penetrating into the gaps that occur after assembly, the warpage of the 

cover housing should be minimized. In this study, to minimize the warpage of the cover housing, optimization was 

performed for design factors related to the mold and processes based on the injection molding simulation. These 

design factors include gate location, gate diameter, injection time, resin temperature, mold temperature, and packing 

pressure. To optimize the design factors, Taguchi’s approach to the design of experiments was adopted. The optimal 

combination of the design factors and levels that minimize warpage was predicted through -orthogonal array 

experiments and main effects analysis. Moreover, the warpage under the optimal design was estimated by the additive 

model, and it was confirmed through the simulation experiment that the estimated result was quite consistent with the 

experimental result. Additionally, it was found that the warpage under the optimal design was significantly improved 

compared to both the warpage under the initial design and the best warpage among the orthogonal array experimental 

results, which numerically decreased by 36.9% and 23.4%, respectively.
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degraded, and in particular, the ability to assemble with 

other components may be lost.

  Therefore, minimizing the warpage of injection-molded 

products is desirable. This requires an optimal design of 

the parameters that affect the warpage. Until recently, 

injection molding simulations have been widely used to 

predict and quantify warpage in injection-molded products 

and optimize the relevant design factors for minimal 

warpage[3-8].

  The cover housing for an automotive door is a 

cover-shaped part assembled into a connector that connects 

the electric control device installed on the door side to the 

vehicle body. The cover housing protects the connector 

from external impact and prevents foreign substances from 

entering the gap after assembly and contaminating the 

connector terminal. This study aims to minimize the 

warpage of automotive door cover housing to prevent 

functional problems due to excessive warpage during and 

after assembly with connectors.

  To this end, an integrated injection molding simulation 

and statistical optimization approach was utilized to 

perform an optimal design for injection molding factors 

relevant to warpage. These design factors include gate 

position, gate diameter, and several important process 

conditions. To optimize the design factors, an experimental 

design method based on Taguchi's orthogonal array[9,10]

was applied.

  Finally, this study determines the optimal design for the 

feed system and process conditions through the 

optimization procedure and compares the optimal design 

with the two selected design alternatives for warpage. The 

results confirm that warpage is significantly improved in 

the optimal design.

2. Cover Housing Model and Warpage

  Fig. 1 shows the shape of the cover housing for an 

automotive door, an injection-molded part to be considered 

in this study. The dimensions of this part are a length, 

width, height, and thickness of 72.5 mm, 19 mm, 25 mm, 

and 1.5 mm, respectively. The resin used for the 

simulation was PBT-GF10 supplied by Albis Plastic.

  The molding goal for this part is to minimize the 

warpage caused by the inward deformation of both 

parallel walls of the part after injection molding. An 

increase in the warping deformation between the two 

sidewalls of the cover housing can cause two problems; 

first, it can make assembly cumbersome because the two 

curved walls must be pried apart to mate with the 

connector. Second, the gaps between the assembled walls 

allow foreign matter to penetrate the interior of the 

assembly. The warpage was measured as the maximum 

displacement in the inward direction observed at the 

finite element nodes on the two sidewalls after injection 

molding, as shown in Fig. 2.

Fig. 1 Geometric shape of automotive door cover housing

section profile before deformation

section profile after deformation

Fig. 2 Warpage measurement

(a)
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(b)

(c)

Fig. 3 Three alternative designs of feed system: (a) 

type-1, (b) type-2, and (c) type-3

3. Optimization of Gate and Process 

Design Factors by Orthogonal 

Array-Based Design of Experiments

3.1 Design factors and levels

Based on empirical judgment, the gate location was 

selected as the design factor that could have the greatest 

influence on the warpage of the cover housing. In this 

study, we considered three resin feed systems, as shown 

in Fig. 3, that can be applied to a two-plate mold 

system to determine the optimal gate position.

Table 1 Design factors and their levels

Design factor Level

Symbol Description Unit 1 2 3

A Gate position - type-1 type-2 type-3

B Gate diameter mm 0.8 1.0 1.2

C Fill time sec 0.8 1.0 1.2

D Melt temperature ℃ 250 260 270

E Mold temperature ℃ 40 60 80

F Packing pressure % 60 80 100

  For the injection molding simulations, finite element 

models were generated for each of the three feed system 

alternatives, as shown in Fig. 3. In total, 55,056 

triangular elements and 27,516 nodes were created in a 

dual-domain[11] type for multi-cavity products. To create 

a finite-element model of the cover housing, the mesh 

size was set to 1.0 mm. This was determined by 

considering both the reliability of the warpage prediction 

and computation time from warpage simulation results 

for mesh sizes of 0.5 mm to 2.5 mm. For the feed 

system composed of gates, runners, and sprue, 39 41 –

one-dimensional beam-type elements were constructed. 

  In addition to the gate location, the gate diameter is 

included as a design factor. Injection time, resin 

temperature, mold temperature, and packing pressure 

were considered as design factors for process conditions. 

Table 1 presents the six design factors selected for the 

orthogonal array experiment and the three-level design 

values for each factor. On the other hand, the initial 

design conditions for the design factors were given as a 

combination of the second-level values of each design 

factor.

3.2 Orthogonal array experiment and optimal 

factors combination 

The Taguchi's  × -orthogonal array[9,10] was 

chosen to estimate the optimal design conditions for the 

six three-level design factors presented in Table 1 with 

the minimum number of experiments. In the 

Table 2 L18(2
1X37) orthogonal array and warpage 

simulation results

Run
1 2 3 4 5 6 7 8 Warpage 

(mm)- A B C D E F -

1 1 1 1 1 1 1 1 1 1.0264

2 1 1 2 2 2 2 2 2 0.9030

3 1 1 3 3 3 3 3 3 0.8609

4 1 2 1 1 2 2 3 3 0.8754

5 1 2 2 2 3 3 1 1 1.1795
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orthogonal array, the six design factors were arranged 

sequentially from the second to the seventh column, 

where three-level factors can be placed. 

  Table 2 lists the warpage results estimated by 

performing simulations under 18 different design 

conditions. Fill+Pack+Warp analyses in Autodesk 

Moldflow Insight[11] were performed to predict the 

warpage of the cover housing. The packing time and 

cooling time, which were not considered as design 

factors, were set to 6 and 15 s, respectively. In addition, 

cooling analysis was not performed separately, assuming 

uniform mold cooling.

  The average warpage value at each design factor level 

was calculated, and the analysis of means(ANOM)[9,12] 

results are shown in Table 3. Fig. 4 is a graphical 

representation of the main effect of the average warpage 

based on the analysis of the means presented in Table 

3. In the means analysis, the design factor with a large 

difference in the average warpage levels corresponds to 

the design factor with a large influence on warpage. 

Accordingly, as shown in Table 3 and Fig. 4, A(gate 

position) is the design factor that has the greatest 

influence on warpage, followed by F(packing pressure), 

E(mold temperature), C(fill time), D(melt temperature), 

and B(gate diameter).

  Because warpage in injection-molded products must be 

minimized, the optimal design condition for the design 

factors can be seen as a combination of the levels at 

which the warpage is the smallest. Therefore, based on 

the main effect, the optimal combination of design 

factors and their levels that minimize warpage is 

   . The design factor levels and their 

values under the optimal design conditions were as 

follows: gate position at level 1(type-1), gate diameter at 

level 2(1.0 mm), injection time at level 3(1.2 s), melt 

temperature at level 1(250℃), mold temperature at 

level 1(40℃), and packing pressure at level 3(100% 

of the maximum injection pressure).

3.3 Confirmation experiment

  It can be seen that the optimal design condition 

predicted by the main effect analysis does not match 

one of the experiments in the -orthogonal array in 

Table 2. Therefore, it is necessary to estimate the 

warpage under optimal design conditions, and a 

simulation experiment was required to confirm the 

reliability of the estimated value.

  In this study, the warpage estimate under the optimal 

design condition was calculated using the additive 

model[9,13] given by the following equation:

         

                       

                         (1)

6 1 2 3 3 1 1 2 2 0.8792

7 1 3 1 2 1 3 2 3 1.2836

8 1 3 2 3 2 1 3 1 0.9452

9 1 3 3 1 3 2 1 2 1.5084

10 2 1 1 3 3 2 2 1 0.8912

11 2 1 2 1 1 3 3 2 0.8194

12 2 1 3 2 2 1 1 3 1.0056

13 2 2 1 2 3 1 3 2 0.8491

14 2 2 2 3 1 2 1 3 1.0524

15 2 2 3 1 2 3 2 1 1.0780

16 2 3 1 3 2 3 1 2 1.4865

17 2 3 2 1 3 1 2 3 1.2802

18 2 3 3 2 1 2 3 1 1.0394

Table 3 Levels average warpage for main effects 

Factor
Level A B C D E F

1 0.9178 1.0687 1.0980 1.0167 0.9976 1.2098

2 0.9856 1.0299 1.0434 1.0490 1.0450 1.0525

3 1.2572 1.0619 1.0192 1.0949 1.1180 0.8982

Δ
(Max-Min)

0.3395 0.0388 0.0787 0.0781 0.1204 0.3116

Rank 1 6 4 5 3 2
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Fig. 4 Main effects plot for warpage

Fig. 5 Warpage for optimal design

Where  is the average warpage for the 18 design 

conditions in the main experiment in Table 2, with a 

value of 1.0535 mm.  is the average warpage for 

design factor  and level .

  Using Equation (1), the warpage estimated for the 

optimal design condition,   , was 

0.6119mm.

  A confirmation experiment for the optimal design 

condition was conducted using Moldflow Insight. Fig. 5 

shows the simulated warpage under the optimal design 

condition as an image at three magnifications. The 

warpage obtained from the simulation is 0.6274mm.

Under optimal design conditions, the warpage difference 

between the experimental and estimated results was only 

0.0155mm, and the error was quite small(approximately 

2.5%), indicating that the experimental value of warpage 

is very close to the estimate. 

  To verify the reliability of the additive model for other 

design conditions, warpage was estimated for each of the 

18 design conditions listed in Table 2. The minimum, 

maximum, and mean errors between the estimated and 

experimental values were 0.2%, 4.2%, and 1.9%, 

respectively, confirming the high reliability of the 

established additive model.

3.4 Comparison of warpage results

The warpage under the optimal design condition was 

compared with the warpages obtained under two different 

comparable design conditions. 

  The design condition was the first to be compared, a 

combination of the design factors and their second 

levels, as shown in Table 1. The warpage under the 

initial design conditions is predicted to be 0.9946 mm. 

The second condition for comparison is the 11th design 

condition, with the smallest warpage among the 

experimental conditions in Table 2. The predicted 

warpage for this design condition was 0.8194 mm. Fig. 

6 shows the predicted warpage for each of the two
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(a)

(b)

Fig. 6 Warpages for two comparable designs: (a) initial 

design and (b) best design in   -orthogonal 

array experiments

compared design conditions as a three-magnification 

image.

  Table 4 summarizes a comparison between the optimal 

design condition and the other two design conditions. 

The warpage obtained under the optimal design condition 

was the smallest at 0.6274 mm, and it was found to be 

significantly reduced compared with the warpages under 

the two design conditions. Specifically, the warpage 

decreased by 0.3672 mm compared to the initial design 

condition and by 0.1920 mm compared to the 11th 

orthogonal array experiment. Reduction rates were 36.9% 

and 23.4%, respectively.

4. Conclusions

  In this study, design optimization based on injection 

molding simulation was performed for the design factors, 

including gates and process conditions, to minimize the 

warpage of the cover housing for automobiles. The 

conclusions of this study are as follows: 

1. As a result of the  ×-orthogonal array 

experiment and means analysis, the gate position was 

the most influential design factor on the warpage, 

followed by the packing pressure, mold temperature, 

fill time, melt temperature, and gate diameter.

2. Through analysis of the main effect, the optimal 

combination of the design factors and their levels that 

minimized the warpage was   , and 

the warpage for the optimized design condition was 

estimated to be 0.6119mm using the additive model.

3. Based on the simulation, a confirmation experiment 

was conducted on the optimal design condition, and 

the warpage was found to be 0.6274 mm. The 

difference between the experimental and estimated 

results was only 0.0155 mm(error of 2.5%), indicating 

that the experimental value of the warpage was very 

close to the estimated value. 

4. It was confirmed that the warpage under the 

optimal design condition was significantly improved 

compared to the initial design condition and the 

best design condition of the -orthogonal array 

experiment. Warpage reduction rates were 36.9% and 

23.4%, respectively.

Table 4 Comparison of warpages  

Design Initial
Best in 

-OA exp. Optimum

Level     

Warpage
(mm) 0.9946 0.8194 0.6274
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