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Abstract
Composite materials can be successfully applied to the manufacturing process in the consumer electronics field and can 
drastically reduce the weight of the several parts. For this reason, it is important to predict the shape change after carry-
ing out compression molding of composite material and to determine the key parameters of the manufacturing process. 
In this paper, the compression molding process of a notebook computer cover using composite materials was analyzed 
by the finite element method. In addition, the signal-to-noise ratio has been calculated for the warpage deformations 
that occurred on the surface of the notebook computer cover. The design of experiment method was applied to deter-
mine the optimal parameters in the process. Levels of the optimal process factors were selected for minimum warpage 
deformation and to verify the proposed method; a physical notebook computer cover was manufactured using these 
optimal conditions. Experimental results, including those on warpage deformations, show that the proposed method 
can be useful in the manufacturing of lightweight notebook computer covers using a compression molding machine.
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1  Introduction

Recently, the demand for light and robust components 
has exploded with the development of commercial port-
able electronic devices. For this reason, methods for manu-
facturing electronic components using light and durable 
composite materials as replacements for existing metal 
parts are widely used. In particular, a portable notebook 
computer cover is known to be an effective component 
that gives weight reduction through the introduction of 
composite materials, as exemplified in many industrial 
fields [1–3].

To make mechanical parts using composite materials, 
many manufacturing methods including autoclaving, 
injection molding, resin transfer molding, and prepreg 
compression molding have been used. These have several 
advantages and disadvantages in terms of productivity 

and part strength, respectively. Usually, the notebook 
computer cover has a thin, flat, and curved shape and is 
required to have a flat surface for mechanical rigidity. In 
addition, it should be easy to assemble for mass produc-
tion and have aesthetic characteristics. In order to sat-
isfy these conditions, the prepreg compression molding 
method can be applied to fabricate the notebook com-
puter cover. In this method, to manufacture a product, 
prepregs are stacked according to an arrangement, pres-
surized and cured through a mold (warm mold) heated 
by a hot plate, and finally cooled and demolded. Since 
this method uses a prepreg in which resin is probed on 
carbon fiber, it has the advantage of shortening the pro-
duction time and securing the mechanical strength of the 
product compared with using an autoclave or injection 
molding method. In addition, it is known to be an advan-
tageous method for mass production of mechanical parts 

 *  Ho‑Sang Kim, hoskim@iae.re.kr | 1Center for AI and Mechanical System Center, Institute for Advanced Engineering, Yongin, Korea.

http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-020-03416-4&domain=pdf
http://orcid.org/0000-0002-3644-1209


Vol:.(1234567890)

Research Article	 SN Applied Sciences (2020) 2:1619 | https://doi.org/10.1007/s42452-020-03416-4

having a relatively complicated shape since the mold can 
be molded into various shapes [4].

In order to apply the prepreg compression molding 
method to the actual product molding, it is necessary to 
investigate the effect of the control factors in the molding 
process including the various mold shapes and the process 
parameters such as mold temperature. Also, it is important 
to determine the process factors that can maximize the 
performance of the notebook computer cover. To this end, 
studies on the effects of flow modeling and related fac-
tors to describe the compression process using compos-
ite materials have been carried out by several researchers 
[5–7]. Also, many studies have been conducted to analyze 
the effects of several process factors [8–11]. The effects 
of the several process factors including filling time, mold 
temperature, gate dimensions, etc. in the plastic injection 
molding process were analyzed in the case of thin plate [8] 
and car switch button [9]. Also, the studies have been con-
ducted to analyze the effects of the process conditions on 
the shrinkage of injection molded polypropylene [10] and 
the hyper-elastic materials characterization [11]. Among 
these, various optimization approaches including the mul-
tiresponse surface methodology and machine learning 
were employed to find the conditions necessary to obtain 
an optimal performance index [12–15]. Various optimiza-
tion approaches including machine learning [12, 13], the 
response surface method [14, 15] and deep reinforce-
ment learning framework [16] were employed to find the 
conditions necessary to obtain an optimal performance 
index. Also, the Taguchi’s method has been adopted for 
machining aluminum composite [17] and weld line of 
polypropylene [18] for optimization of process parame-
ters. In addition, many studies have been conducted based 
on computation results from the finite element method, 
whereas few studies have considered the process variables 
necessary for actual mass production [16–23]. In addition, 
the warpage reduction with variable pressure profile has 
been studied by finite element analysis [19] and the exper-
imental visualization of the flow during mold closure has 
been reported [20]. Meanwhile, the compression mold-
ing of sheet mold has been studied with fluid dynamic 
approach [21]. Also, the finite element model has been 
applied to the several molded part with various shapes 
[22, 23], whereas few studies have considered the process 
variables necessary for actual mass production.

In this study, when the prepreg compression mold-
ing method was applied to the manufacturing of a note-
book computer cover, the design factors such as mold 
shape, mold pressure, mold temperature, and mold 
time were selected as the main factors. These are the 
process variables necessary for actual mass production 
using, for example, compression molding with compos-
ite materials. To find the optimal conditions, the design 

of experiment (DOE) method was applied. The levels of 
each design factor were selected considering as much as 
possible the experience of workers in a real factory. The 
signal-to-noise ratio (S/N ratio) of the warpage defor-
mation of the notebook computer cover generated dur-
ing the compression molding process conditions was 
selected as the objective function for DOE. Through the 
maximization of the S/N ratio of the warpage deforma-
tion, it is possible to make a notebook computer cover 
part that is as flat as possible and that can also be easily 
assembled with other mechanical parts. Through DOE, 
the optimum conditions for each factor were determined 
and the product at these conditions was manufactured 
in an actual compression molding machine. The S/N ratio 
for warpage deformation in the manufactured notebook 
cover was compared with the predicted result using the 
finite element method to confirm the applicability of the 
manufactured product to the actual electronic device.

In the following sections, compression molding 
machine for the notebook cover part is first introduced, 
followed by compression molding analysis and predic-
tion of optimal process parameters using DOE. Also, 
through the comparison of S/N ratios between finite ele-
ment method and actual compression molding process, 
the capability and limitation of the current models are 
evaluated. Discussion on the results and future works are 
then summarized.

2 � Compression molding machine 
for the notebook cover part made 
from composite material

To accomplish the compression molding process using 
a composite material, a thin plate-like composite mate-
rial or long-fiber prepreg sheet (LFPS) substrate is fixed 
to the compression molding apparatus and the mold is 
moved by a mechanical or hydraulic actuator as shown 
in Fig. 1. The mold assembly includes upper and lower 
molds that are located opposite each other. At the start 
of the process, the LFPS substrate is heated and main-
tained at the molding temperature set in advance for 
the hot plate. As shown in Fig. 1, the hydraulic cylinder 
can move the lower mold in the upward vertical direc-
tion by receiving hydraulic pressure from the reservoir 
and controlling the amount of flow through the solenoid 
valve. Figure 2 is a photograph of the actual compression 
molding machine and the user can set the pressure to 
the machine in order to move the lower die in an upward 
direction at a constant speed. The hot plate can heat the 
mold to 150 degrees. 
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3 � Determination of the control factor 
in the manufacturing of the notebook 
computer cover using DOE

The shape of the notebook computer cover in this 
research is shown in Fig. 3. The 360 mm wide, 265 mm 
long, and 3 mm thick flat plate was made from Lytex 4197 
(Engineered Structural Compound, ESC) manufactured 

by Quantum Composite, USA. Also, in order to fabricate 
the notebook computer cover, the upper and lower 
molds were manufactured as shown in Fig. 4. As a refer-
ence, the lower mold shape has a moat-like structure to 
smooth the flow of the substrate during compression 
molding. In terms of meshes, tetrahedron elements with 
12 layers along the thickness direction and estimated 
edge length of 1.4 mm were used to mesh the initial 
charge and mold space. The compression force was set 

Fig. 1   Schematic diagram of 
compression molding machine 
using composite material

Fig. 2   Photograph of the compression molding machine used in 
the experiments

Fig. 3   Dimensions (in millimeters) of notebook computer cover 
part
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to 66 kN and compression speed to 2 mm/s during the 
process, with a mold time of 510 s.

3.1 � Compression molding analysis

Flow analysis software was used in this study to analyze 
the compression mold process of the 3D Timon Compress 
mold module from Toray, Japan [24]. Flow, packing, fiber, 
and warping modules are included in this analysis module 
and the several parameters including the mold tempera-
ture, mold pressure, and mold time, among others, can be 

inputted to simulate the flow pattern, mechanical prop-
erties of the molded part, and the fiber densities in the 
analysis region [25, 26]. Also, the pressure–volume–tem-
perature (PVT) characteristics and viscous properties of 
the charged prepregs can be used to calculate a physical 
property database [27, 28]. As a result of mold analysis, 
filling time, fiber behavior, and warpage deformation, etc., 
are calculated. Filling time is a process variable represent-
ing the time that the front of the flow reaches each ele-
ment. Figure 5 shows the distribution of the filling time 
for each element of the notebook computer cover at 6.98 s 

Fig. 4   Molds for compression 
molding of notebook com-
puter cover part

Fig. 5   Mold analysis results for notebook computer cover part
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after the start of the compression molding process. Sub-
sequently, the substrate undergoes warpage deformation 
after hardening and releasing. As shown in the right side 
of Fig. 5b, the contour plot of the warpage deformation 
can be predicted. The warpage deformation is high at 
the left and right edges of the notebook computer cover 
and decreases toward the center, and thus appears to be 
saddle shaped. Also, Fig. 5c shows the temperature distri-
bution of the charge and mold space at the time of 1.0 s 
after the start of the compression molding. Initially, the 
temperature of the hot plate and mold were maintained at 
150 degrees and the temperature of the charge increased 
as the process continued because the heat was transferred 
from the hot plate. As a reference, Fig. 5d depicts the veloc-
ity pattern across the charge at the time of 1.0 s and it can 
be shown that the velocity at the center in the thickness 
direction is maximum and nearly zero at the wall side.

3.2 � Prediction of optimal process parameters 
in the compression molding using DOE

Using the finite element analysis results outlined in 
Sect. 3.1, DOE was applied to predict the optimal process 
parameters in the compression molding process [18, 29]. 
To this purpose, we set the four control factors of aspect 
ratio of the mold, compression force, mold temperature, 
and mold time. First, the aspect ratio is the proportion of 
the horizontal dimension H and vertical dimension V in 
the mold for the notebook computer cover as shown in 
Fig. 6a. After the substrate is inserted between the upper 
and lower molds, the molding process is started by provid-
ing a compression force from the hydraulic cylinder that 
is set by the operators. At this time, the lower mold has 
already warmed up to the mold temperature of the hot 
plate. Also, after the hydraulic cylinder has been moved 
down, the substrate is deformed according to the shape of 
the upper and lower molds. The mold time is the elapsed 
time from lowering of the hydraulic cylinder to taking out 
the base material from the mold.

For the effective mass production of notebook computer 
cover parts, the upper surface to which an assembly bolt 
is fastened should be as flat as possible for easier assem-
bly. Therefore, we selected the S/N ratio of the warpage 
deformations at several points on the upper surface of the 
notebook cover part as an objective function in DOE. Based 
on the operator’s experience, L9 orthogonal arrays can be 
configured for four control factors and three levels as shown 
in Table 1. By using the mold analysis results at 25 points as 
shown in Fig. 6b, the S/N ratio can be calculated as shown in 
Eqs. (1) and (2). A larger S/N ratio means a smaller deviation 
of the warpage deformations at 25 points from the mean 
value, so that the notebook computer cover part can then 
be more easily bolted to other parts.

Here, n is the number of measuring points, V is the 
variance of warpage deformations, y is the warpage 

(1)S/N ratio = 10 log
[

1

V

]

(2)V =

n
∑

i=1

(y − ȳ)2

(n − 1)

Fig. 6   Aspect ratio of mold and 
the data points for calculating 
the S/N ratio of the warpage 
deformation of the notebook 
computer cover part

Table 1   Orthogonal array table with four control factors and three 
levels

Case no. Factor A, 
aspect ratio 
(H/V)

Factor B, 
compression 
force (kN)

Factor C, 
mold tem-
perature (°)

Factor D, 
mold time 
(s)

1 1.04 54 144 300
2 1.04 60 160 510
3 1.04 66 176 720
4 1.28 54 160 720
5 1.28 60 176 300
6 1.28 66 144 510
7 1.56 54 176 510
8 1.56 60 144 720
9 1.56 66 160 300
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deformation at each measuring point, and ȳ is the aver-
age of the warpage deformations. In this study, the war-
page deformation calculated from the Warpage module 
of Timon 3D, was applied in each case to determine the 
optimal level for each factor.

Warpage deformation results of notebook computer 
cover part using an L9 orthogonal array is shown in Table 2. 
The main effect plots for each factor are shown in Fig. 7. 
For larger S/N ratios, we need to decrease the aspect ratio, 
compression force, and molding time in the compression 
molding of the notebook computer cover part. Also, a 
greater mold temperature can cause a larger S/N ratio. As 
a result of applying DOE, the optimal conditions for the 
maximum S/N ratio can be estimated as aspect ratio 1.04, 
compression force 66 kN, mold temperature 144 degrees, 
and mold time 300 s.

3.3 � Comparison of S/N ratios between finite 
element method and actual compression 
molding process

A notebook computer cover part (case 6 in Table 1) was 
manufactured in a compression molding machine. A 
picture of the manufactured part for warpage deforma-
tion is shown in Fig. 8a, b. To compare the results of the 
manufactured part with the one obtained by the finite 
element method, a height gauge was used to measure 
the height value δh in the vertical direction which is the 
distance between the contact point of the gauge to the 
notebook computer cover and the lowest point of the 
notebook computer cover based on a reference gran-
ite bed. As shown in Fig. 6b, height values were taken 
at 25 points on the surface of the molded notebook 
cover part. In addition, to account for the thickness of 
the part, the thickness value δt was measured for the 
same 25 points using the thickness gauge, and the war-
page deformation δ was calculated by subtracting the 
thickness value from the vertical height values measured 

using the height gauge. The reason why thickness val-
ues are subtracted by the vertical height values is that 
the thickness of the notebook cover part can vary at the 
measuring points. Also, the S/N ratios can represent the 
fluctuation characteristics of the surface of the molded 
mechanical part which has been deformed during the 
molding process. As shown in Table 3, it can be seen that 
S/N ratios for the analysis results and the measurement 
results are in close agreement with each other, within 
about 10%. 

4 � Conclusions

In this study, to minimize the variation of warpage 
deformation in the compression molding of a notebook 
computer cover, flow analysis has been performed and 
DOE was applied. First, as a result of flow analysis, it was 
found that the substrate properly reached the mold sur-
face during the compression process and the distribu-
tion of warpage deformation could be predicted. Sec-
ond, DOE was applied to investigate the effect of mold 
shape and representative process variables on warpage 
deformation. As a result of applying DOE, the control 
factors that affect the variation of warpage deformation 
were presented and the level of the factors for maxi-
mum S/N ratio of the warpage deformation have been 
determined. In addition, to confirm the validity of the 
proposed method, warpage deformation was measured 
through actual compression molding experiments and 
the measured results were within 10% of the analysis 
results, confirming the applicability of this proposed 
method for the optimization of the compression mold-
ing of a notebook computer cover part. Future studies 
will focus on providing the optimization method which 
can consider the fiber orientation characteristics of the 
molded part.

Table 2   Warpage deformation 
results (S/N ratio) of notebook 
computer cover part using L9 
orthogonal array

Nos. Factor A (ratio of 
length to width, 
H/V)

Factor B (com-
pression force, 
kN)

Factor C (mold tem-
perature, degrees)

Factor D 
(mold time, 
s)

Warpage defor-
mation (S/N 
ratio)

1 1.04 54 144 300 13.0
2 1.04 60 160 510 11.3
3 1.04 66 176 720 10.5
4 1.28 54 160 720 9.3
5 1.28 60 176 300 12.0
6 1.28 66 144 510 13.2
7 1.56 54 176 510 5.77
8 1.56 60 144 720 7.70
9 1.56 66 160 300 7.88
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Fig. 7   Main effects plot for warpage deformation of the notebook computer cover part
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