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ABSTRACT Mold flow simulations are performed to determine the processing conditions which optimize
the optical performance and geometry deformation of a plastic Fresnel lens manufactured using the injection-
compression molding (ICM) technique. Due to the quality requirements of plastic optical components in
ICMmanufacturing (it is hoped to achieve the goals of minimum deformation and minimum birefringence),
and pursuing the above two conflicting objectives and meeting the quality requirements at the same time
is the best product optimization. The analysis process is to optimize optical path difference and optical
axial displacement individually by Taguchi method, and two sets of processing parameters are obtained
respectively. Based on these data, a set of processing parameters that can optimize two objectives at the
same time is obtained by using the grey relational analysis. If the above process cannot obtain optimal
result, the fixed factor method can fix the most significant factor and continue to process the optimization
analysis of the remaining factors. The results show that the presented method can indeed solve the problems
of dual-objectives optimization and large differences in the influence of factors.

INDEX TERMS Fixed-factor, Fresnel lens, grey relational analysis, injection-compression molding, optical
axial displacement, optical path difference, Taguchi method.

I. INTRODUCTION
Injection compression molding (ICM) is one of the most
commonly used methods for the manufacturing of plastic
optical components. As shown in Fig. 1a, in the ICM pro-
cess, the mold is left partially open with a compression gap
during the filling stage. Compression gap is a processing
factor for injection compression molding, which is the dis-
tance between two molds before the nozzle injects a certain
amount of melt into the cavity through the runner. This
spacing is used to make the stroke that the mold will move
during the subsequent clamping process. However, once the
pre-set volume of melt has been injected into the cavity,
the mold is clamped (Fig. 1b); thereby producing a uniform
compression force throughout the cavity. The packing and
cooling stages of the molding cycle are then performed as
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usual (Fig. 1c). Finally, the mold is opened, and the finished
component (e.g., a Fresnel lens) is ejected (Fig. 1d) [1]–[4].
Compared to the traditional injection molding process, ICM
reduces the injection pressure required to fill the cavity and
improves the uniformity of the compression force within
the mold. As a result, it reduces the residual stress within
the final component, and hence improves the imaging qual-
ity by minimizing the birefringence and optical aberrations
[5]–[8]. However, the melt flow process of plastic molding is
highly complex, and involves the interaction between many
non-linear, non-stable, and time- or temperature-dependent
properties [9], [10]. Hence, determining the optimal process-
ing parameters for the ICM process using an experimental
trial-and-error approach is extremely time-consuming and
expensive. By contrast, mold flow analyses provide a cost-
effective solution for exploring the behavior of polymer melt
within even the most complex of molds through a process of
numerical simulation. Compared to traditional experimental
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FIGURE 1. Schematic illustration of injection-compression molding (ICM)
process. (a) Initial compression gap reserved in mold cavity before
injecting melt. (b) Melt injected into enlarged cavity. (c) Melt compressed
by mold movement. (d) Final part (Fresnel lens) ejected from mold.

techniques, mold flow analysis methods provide a far cheaper
and more systematic approach for exploring the effects of the
mold design and processing conditions on the characteristics
of the final part. Consequently, computer aided engineering
(CAE) software, such asMoldex3D,Moldflow, InspireMold,
ANSYS, Deform3D are widely used throughout the plas-
tic and metal manufacturing industry optimization analysis.
[11]–[14]. Fresnel lenses replace the curved surface of con-
ventional convex lenses with a series of concentric grooves
(see Figs. 2a and 2b). They are thus thinner and lighter than
their conventional counterparts, but retain a similar (if not
better) focusing and light collection performance.

As a result, they are used in many applications nowa-
days, including automobile headlamps, solar collection sys-
tems, overhead projectors, hand-held magnifiers, and so on
[15]–[17]. As with many other optical components, Fresnel
lenses are generally produced using the ICM process. How-
ever, the circular wave geometry of the lens poses significant
challenges to the molding process, and an appropriate design
of the processing parameters is thus essential in ensuring

FIGURE 2. Fresnel lens. (a) Geometry model. (b) Cross-sectional
dimensions of half-Fresnel lens (units: mm). (c) Numerical mesh and
measurement nodes. (Mesh nodes:1086054; Mesh elements: 1098120;
Measured nodes: 141).

the quality of the final part. In practice, it is desirable to
minimize both the birefringence properties of the lens and
the aberrations. Thus, in optimizing the molding process,
it is necessary to determine the processing conditions which
minimize the optical path difference (OPD) through the lens
(caused by residual stress) and the optical axis displacement
(OAD) (caused by warpage deformation) [18], [19].

In general, for the optimization of a single target (either
OPD or OAD), Taguchi method should be able to obtain
excellent results after proper selection of factors and lev-
els. However, for simultaneous optimization for two goals,
Taguchi method combined with gray relation theory can
also obtain good results in the similar quality tendency.
But, if Taguchi-GRA method is aimed at two goals with
conflicting qualities (for example: OAD and OPD in this
study), it is necessary to properly classify and deal with
special impact factors. Thus, in the present study, a sim-
ulation approach based on Moldex3D mold flow analysis
software [20] is used to determine the optimal settings of
the ICM processing conditions which minimize the OPD
and OAD of a molded plastic Fresnel lens. The simula-
tions consider three main optimization methods, including
the Taguchi analysis method, grey relational analysis (GRA),
and a fixed-factor (FF) Taguchi analysis method, where these
methods are used either alone, or in conjunction with one
another [21], [22].

II. MANUFACTURING QUALITY AND OPTICAL
PERFORMANCE OF ICM-PRODUCED
OPTICAL LENSES
For the manufacturing quality of optical lenses, the main
defect formation is due to surviving processing stresses after
demolding. During injection compression molding, molded
parts often have non-uniform cooling rates due to local
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differences in part thickness, geometric design,material prop-
erties, etc. As a result, the part exhibits uneven surviving
processing stress, leading to warpage in the final product.
On the other hand, a certain amount of stress (residual stress)
inevitably remains in the part and freezes in the part as it
cools, causing birefringence.

A. STRESSES AFFECTING MANUFACTURING QUALITY
Injection-molded plastic components undergo significant
thermal loads, mechanical loads, and phase change during the
molding cycle, and thus inevitably contain a certain degree
of surviving stress following cooling and removal from the
mold. Broadly speaking, the all processing induced stress
can be categorized as either flow induced stress or thermal
induced stress. Flow induced stress arises since the polymer
chains within the melt tend to align in a direction relative
to the flow direction during the filling stage of the mold-
ing cycle, and have insufficient time to relax and return to
their original configurations during the packing and cooling
stages. Meanwhile, thermally induced stress is caused by
rapid cooling rates (i.e., high temperature gradients) during
molding, resulting in uneven volumetric shrinkage of plastic
parts, or warping of parts after they are released from the
mold. In this paper, the stress contained in the final molded
product is called residual stress. Such residual stresses can
affect optical performance and are discussed further in the
following section.

B. BIREFRINGENCE
For an optical lens, the presence of residual stress causes
a change in the local refractive index, which induces an
optical path difference through the lens and leads to bire-
fringence [23]–[25]. In particular, for incident light consist-
ing of two orthogonally-polarized light waves, the light is
split into two components (referred to as the o-ray (ordi-
nary ray) and e-ray (extraordinary ray), respectively) at
the incident boundary, which then take slightly different
paths through the lens [26]. In practical applications, the
degree of birefringence depends on the orientation of the
molecules within the product, and is thus directly related to
the magnitude of the residual stress. According to the stress-
optic (Brewster’s) law, the magnitude of the birefringence is
given by [27]

n1 − n2 = CB (σ1 − σ2), (1)

where n1, n2 are the refractive indices along the principal
axes, CB is the relative stress-optic coefficient in Brewsters,
and σ1, σ2 are the principal stresses.

C. OPTICAL PATH DIFFERENCE (OPD) AND OPTICAL AXIS
DISPLACEMENT (OAD)
For an optical lens with birefringence, the optical path dif-
ference (OPD) or retardation is defined as the product of the
distance traveled by the light in the lens and the refractive
index difference for the two light rays. In other words, the

OPD is proportional to the thickness of the lens, and is given
mathematically as

112 = (n1 − n2) t = 2πCBt (σ1 − σ2)
/
λ, (2)

where 112 is the optical path difference (or retardation) and
t is the lens thickness.

The number of fringes for the birefringence effect is then
given by

N = 112/2π = CBt (σ1 − σ2) /λ, (3)

where N is the number of fringes and λ is the incident light
wavelength.

Meanwhile, the optical axis displacement (OAD) is defined
as the deformation (i.e., warpage) of the lens in the optical
axis direction and is computed as the average position offset
of all the calculation nodes of the analysis model relative
to the optical axis direction before and after processing,
respectively.

III. MOLD FLOW ANALYSIS AND OPTIMIZATION
METHOD
The present study combinesMoldex3D simulationswith opti-
mization theory to determine the ICM processing conditions
which minimize the OPD and OAD of a plastic Fresnel lens.
Fig. 3a shows the main steps in the proposed simulation
framework. As shown, four optimization schemes are con-
sidered, namely: (I) single-objective Taguchi optimization of
the OPD, (II) single-objective Taguchi optimization of the
OAD, (III) multi-objective Taguchi-GRA optimization of the
OPD and OAD, and (IV) multi-objective Taguchi-GRA-FF
optimization of the OPD and OAD. The details of each of the
main steps shown in Fig. 3a are described in the following.
Fig. 3b shows the flow chart of ICM simulation including the
CAD designing, the mold building, the boundary conditions
setting, the processing factors setting, the solver analyzing,
and the result analyzing.

A. GEOMETRY MODEL AND PLASTIC OPTICAL MATERIAL
The simulations considered the Fresnel lens shown in
Figs. 2a and 2b with a radius of 90 mm, a curvature radius of
113.16 mm and a thickness of 2 mm. A 3D model of the lens
was constructed in Rhinoceros andMoldex3DMesh software
with a total of 1086054 nodes and 1098120 elements. For
each set of molding conditions, the lens was sectioned in the
radial direction and the nodal displacement was measured
at 141 measurement nodes, as shown in Fig. 2c. The model
was then exported to Moldex3D mold flow analysis software
to design the corresponding mold cavity, gate, runner and
cooling system. In performing the simulations, the lens was
assumed to be fabricated of ACRYREX R©CM-205; a poly-
methyl methacrylate (PMMA) feedstock material produced
by Chi-Mei Corporation (Taiwan) with the material proper-
ties shown in Table 1.
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FIGURE 3. (a) Flow chart showing main steps in integrated Taguchi, Taguchi-GRA and Taguchi-GRA-FF Taguchi framework
for optimization of OPD and OAD of Fresnel lens. (b) Flow chart of Injection Compression Molding Simulation.

B. TAGUCHI OPTIMIZATION METHOD
(METHODS I AND II)
The OPD and OAD are taken as the quality characteristics
of the lens, while the ideal function is smaller. The opti-
mization experiments considered six control factors, namely
(A) the filling time, (B) the melt temperature, (C) the mold
temperature, (D) the compression gap, (E) the maximum
compression speed, and (F) the cooling time. In the des-
ignation of experiment, specific Orthogonal Array (OA) is
a type of general fractional factorial design. It is based on
an orthogonal design matrix, and allows user to consider a
selected subset of combinations ofmultiple factors atmultiple

levels. Orthogonal arrays are balanced to ensure that all levels
of all factors are considered equally in statistics. Since many
processing factors of the injection compression process must
be considered, the OA-L25(56) with 6 factors is selected.
As shown in Table 2, each control factor was assigned five
level settings. Consequently, the Taguchi trials were config-
ured in an L25(56) orthogonal array (OA), as shown in Table 3.
Calculate the S/N value through the Taguchi experiment
(larger is better), and convert it into a factor response graph.
Among them, the maximum S/N value of each factor is the
optimal level of the factor. After combining the factors, one
can get the best control factor (processing parameters) for the
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TABLE 1. Material properties of PMMA (ACRYREX R© CM-205, CHIMEI).

TABLE 2. Control factors and level settings for Taguchi analysis (OPD and
OAD).

target result. The aim of the simulation experiments was to
determine the ICM processing conditions which minimized
the OPD and OAD of the manufactured lens. Hence, the
quality of each experimental outcome in the Taguchi OA for
each objective criterion (OPD or OAD) was evaluated using
the following formula:

R = −10 log
(
ȳ2 + S2n

)
, (4)

Sn =

√∑n
i=1 (yi − ȳ)

2

n
, (5)

where R is the signal-to-noise ratio; yi is the OPD, OAD,
or grey relational grade (in the case of Methods III and IV);
ȳ is the average value of yi, and n is the number of measured
points in each trial [28]–[31].

C. TAGUCHI-GRA OPTIMIZATION METHOD (METHOD III)
Methods I and II are single-objective optimization methods
which yield the optimal processing conditions for either the
OPD (Method I) or OAD (Method II). However, there is no
guarantee that the optimal processing conditions for the OPD
are the same as those for the OAD. Hence, in Method III, the
S/N values obtained from the Taguchi experiments for the two
different objective criteria are further analyzed by GRA in
a two-objective optimization process designed to determine
the processing conditions which jointly minimize both the
OPD and the OAD. Grey relation analysis (GRA) is one of
the most widely used models of Grey system theory, and

TABLE 3. Configuration of Taguchi experiments in L25(56) orthogonal
array.

the degree of relationship between sequences is character-
ized using a metric referred to as the grey relational grade;
a positive number with a value less than or equal to 1, where
a higher value indicates the presence of a greater relevance
among the factors [32]–[36]. In the proposed method, the S/N
values obtained from Eq. (4) for the two optimization criteria
(i.e., the OPD and OAD) are first normalized to values in the
interval of 0 to 1 using the formula.

x∗i =
x(0)i (k)− min

{
x(0)i (k)

}
max

{
x(0)i (k)

}
− min

{
x(0)i (k)

} , (6)

where min
{
x(0)i (k)

}
is the smallest value of x(0)i (k); and

max
{
x(0)i (k)

}
is the largest value of x(0)i (k).

Having computed the normalized sequences, the grey rela-
tional coefficient is calculated between each sequence and the
reference sequence in accordance with

1ij (k) =
∥∥xi (k)− xj (k)∥∥, (7)

γ
(
xi (k) , xj (k)

)
=

min
{
1ij (k)

}
+ ξmax

{
1ij (k)

}
1ij (k)+ ξmax

{
1ij (k)

} , (8)

here i = 1, 2, 3, . . . ,m; j = 1, 2, 3 . . . ,m; k = 1, 2, 3, . . . , n;
1ij (k) is the absolute value difference between xi (k) and
xj (k); xi (k) is the reference series and xj (k) is the compari-
son series; γ

(
xi (k) , xj (k)

)
is the grey relational coefficient;

min
{
1ij (k)

}
is the smallest value of 1ij (k); max

{
1ij (k)

}
is the largest value of 1ij (k), and ξ is a distinguishing
coefficient with a value in the interval of ξ ∈ [0, 1]. The
distinguishing coefficient is an important parameter of GRA.
Scholars generally assume that ξ = 0.5, and good analysis
results have also been obtained in the field of engineering
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optimization. Some scholars believe that the change of ξ does
not affect the ranking of factors through GRA [37], [38].
Some scholars think it will affect the analysis results that
the distinguishing coefficient modifies the range of environ-
mental conditions and further controls the relative difference
between the gray correlation coefficients related to the prob-
lem [39]. Therefore, it can be inferred that ξ will change
according to the uncertainty of the data [40]. The smaller
the value of ξ , the greater the distinguishability between
data sequences, the larger the value of ξ , the smaller the
distinguishability. In this study, the distinguishing coefficient
ξ is 0.5, which is in line with the set value of most engineering
analysis. In general, the grey relational coefficient has a value
in the range of 0 to 1, where a value of 0 indicates that the
two sequences are completely unrelated, while a value of 1
indicates that the sequences are completely related. Having
calculated the grey relational coefficients of all the competing
alternatives, the grey relational grade of each alternative,
i.e., 0

(
xi, xj

)
, is evaluated as

0
(
xi, xj

)
=

1
n

∑n

k=1
γ
(
xi (k) , xj (k)

)
, (9)

D. TAGUCHI-GRA-FF OPTIMIZATION METHOD
(METHOD IV)
Since Method III is a multi-objective optimization process,
which aims to jointly minimize both the OPD and the OAD,
there is a risk that the solutions obtained for the two quality
criteria may be sub-optimal compared to those obtained using
the respective single-objective Taguchi analysis methods.
Accordingly, in the final optimization method, the control
factor having the greatest effect on the outcomes of the OPD
and OAD criteria in the single-objective Taguchi experiments
is identified and assigned its optimal value. The Taguchi-
GRA optimization procedure (Method III) is then repeated
using this fixed control factor level setting. To reduce extreme
effects, this fixed control factor level is usually set at the
midpoint of the levels that can cause two opposite effects. The
resulting S/N values are then analyzed to determine the pro-
cessing conditions which simultaneously optimize both the
OPD and the OAD. For confirmation purposes, Method III
is repeated once again using the optimal parameter settings
for all of the processing parameters other than the fixed
control factor, which is assigned each possible level setting
in turn. Finally, the S/N ratios obtained in the confirmation
experiment for different fixed control factor level settings are
compared with those obtained in Methods I and II to confirm
(or otherwise) the optimal setting of the fixed control factor
level.

IV. RESULTS AND DISCUSSION
The innovative part of this research is mainly for the opti-
mization analysis of the processing parameters of the injec-
tion compression molding process (ICM) for two conflicting
quality goals (OPD andOAD), using (Method I, II) individual
Taguchi method (to obtain the opposite optimization trend:
You can choose a single optimization method depending on

the target demand), using (Method III) Taguchi method com-
bined with GRA (the optimized results cannot be obtained
at the same time: you can get both optimized or partial opti-
mization results depending on the target demand), and using
(Method IV) Taguchi method combines GRA and FF (you
can get the result of simultaneous optimization). Finally, the
user can select an appropriate optimization method according
to the needs of the optimization target to achieve the quality
characteristics of the product. The main results are discussed
below.

A. TAGUCHI OPTIMIZATION OF OPD AND OAD USING
METHODS I AND II
Table 4 shows the S/N factor response results obtained from
Method I for the OPD quality characteristic of the Fresnel
lens. As shown in the bottom row of the table, the six control
factors can be ranked in order of diminishing effect on the
OPD as follows: melt temperature> compression gap> fill-
ing time > maximum compression speed > cooling time >
mold temperature. Furthermore, observing the range values
of each control factor, it is evident that the melt temperature
(range=5.14777 dB) dominates the OPD outcome, while the
other factors exert only relatively minor effects. Fig. 4a shows
the S/N response diagram for the OPD quality characteristic.
With the change of the melt temperature level value of the
orthogonal table design, it also confirms that the melt temper-
ature has the most significant influence when the OPD is the
target. Considering the eighth trial as the standard processing
conditions for the chosen ICM machine, the OPD effect of
the optimized trial has been significantly improved, as shown
in Fig. 4b. The aim ofMethod I is to determine the processing
conditions which minimize the OPD of the molded lens.
In other words, the objective of the optimization process is
to establish the factor level settings which maximize the S/N
ratio given in Eq. (4). Hence, the results presented in Fig. 4a
indicate that the optimal processing conditions for the OPD
characteristic are as follows: ‘‘(A5) filling time 2.5 s, (B5)
melt temperature 250◦C, (C5) mold temperature 70◦C, (D5)
compression gap 4 mm, (E1) maximum compression speed
10 mm/s, and (F1) cooling time 5.2 s. The results presented in
Fig. 4b confirm that these optimal parameter settings improve
the S/N ratio (i.e., reduce the OPD) compared to that of any of
the other experimental trials in the Taguchi OA (including the
standard processing conditions given in Row #8 of the OA).
Table 5 shows the S/N factor response results obtained from
Method II for the OAD. As shown, the control factors can be
ranked in terms of a reducing effect on the OAD as follows:
melt temperature > maximum compression speed > filling
time> compression gap>mold temperature> cooling time.
The OAD is once again determined mainly by the melt tem-
perature. However, the effect of the melt temperature on the
OAD is less intense than that on the OPD (i.e., S/N=7.67 dB
vs. S/N=-50.899). Referring to Fig. 5a, it is inferred that the
optimal processing conditions for minimizing the OAD are as
follows: (A2) filling time 1.5 s, (B1) melt temperature 210◦C,
(C3) mold temperature 60◦C, (D5) compression gap 4 mm,
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FIGURE 4. (a) Response diagram and (b) Confirmation results for
optimization of OPD using method I.

TABLE 4. S/N response table for optimization of OPD using method I.

TABLE 5. S/N response table for optimization of OAD using method II.

(E1)maximum compression speed 10mm/s, and (F3) cooling
time 5.6 s. The results presented in Fig. 5b confirm that these
parameters settings yield a higher S/N ratio than any of the
experimental runs in the Taguchi OA (including the standard
conditions in Row #8).

FIGURE 5. (a) Response diagram and (b) Confirmation results for
optimization of OAD using method II.

B. TAGUCHI-GRA JOINT OPTIMIZATION OF OPD AND
OAD (METHOD III)
Tables 6 and 7 present the S/N factor response results
obtained from the Taguchi-GRA method for the joint opti-
mization of the OPD and OAD quality characteristics.
An inspection of Table 6 shows that the control factors can
be ranked in terms of a diminishing impact on the two
quality factors as follows: melt temperature > compression
gap> filling time>maximum compression speed> cooling
time > mold temperature. Moreover, the results presented
in Fig. 6 indicate that the optimal processing conditions for
jointly minimizing both the OPD and the OAD are as follows:
(A3) filling time 1.8 s, (B5) melt temperature 250◦C, (C3)
mold temperature 60◦C, (D5) compression gap 4 mm, (E1)
maximum compression speed 10 mm/s, and (F1) cooling
time 5.2 s.

C. TAGUCHI-GRA-FF METHOD JOINT OPTIMIZATION OF
OPD AND OAD (METHOD IV)
The single-objective Taguchi analysis results presented in
Section IV-A have shown that the melt temperature (Fac-
tor B) has the greatest effect on both the OPD and the OAD
of the Fresnel lens. However, for the OPD, the optimal out-
come is obtained using the highest melt temperature (250◦C),
while for the OAD, the optimal outcome is achieved using
the lowest melt temperature (210◦C). Accordingly, in imple-
menting the fixed factor (FF) Taguchi experiments, the melt
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FIGURE 6. Taguchi S/N response diagram for joint optimization of OPD
and OAD using Method III (Taguchi-GRA method).

TABLE 6. S/N response table for joint optimization of OPD and OAD
using method III.

temperature was assigned the intermediate level setting of
230 ◦C, while the other control factors were varied in their
original ranges (see Table 8). Table 9 shows the corre-
sponding S/N response results obtained using the Taguchi-
GRA-FF optimization method. It is seen that when the
melt temperature is maintained at a constant value (fixed at
230◦C), the OPD and OAD quality characteristics are deter-
mined mainly by the compression gap. Moreover, referring
to Fig. 7, the optimal control factor level settings are found
to be: (A5) filling time of 2.5 s, (B3) melt temperature of
230◦C (Fixed), (C4) mold temperature of 65◦C, (D5) com-
pression gap of 4 mm, (E4) maximum compression speed
of 17.5 mm/s, and (F3) cooling time of 5.6 s. For con-
firmation purposes, the Taguchi-GRA optimization method
(Method III) was repeated using the optimal processing
conditions determined in Section IV-B (i.e., A3C3D5E1F1),
but with the melt temperature factor (Factor B) assigned
control factor level settings of B1, B2, B3, B4 and B5
in turn. After normalization using the Max-Min method,
the normalized S/N ratios were compared with the opti-
mal values obtained using Methods I (OPD) and II (OAD),
respectively. Table 10 shows the corresponding results. It is
seen that of the five possible level settings for the melt
temperature, only a temperature setting of 230◦C yields a
percentage difference of less than 50% from the optimal S/N
value for both the OPD and the OAD. Hence, the optimal
value of the melt temperature was confirmed to be 230◦C.
In other words, the optimal processing conditions were

TABLE 7. Taguchi-GRA results for S/N response for joint optimization of
OPD and OAD using method III.

determined to be (A5B3C4D5E4F3). For a final confirma-
tion, the results obtained fromMethod IV for the optimal val-
ues of the OPD and OAD (A5B3C4D5E4F3) were compared
with those obtained from Method III (A3B5C3D5E1F1, see
Section IV-B). As shown in Table 11, given a melt temper-
ature of 230◦C (Method IV), the S/N value of the OPD is
reduced by 4.34% compared to that obtained usingMethod III
(i.e.,−45.378 dB vs.−47.345 dB). However, that of the OAD
is increased by 24.45% (4.888 dB vs. 6.083 dB). In other
words, while Method IV achieves a slightly poorer optimiza-
tion result for the OPD than Method III (an improvement
of just 1.03% over the OPD achieved using the standard
processing conditions compared to an improvement of 5.14%
obtained by Method III), the optimization result obtained
for the OAD is greatly improved (i.e., from −18.48%
(Method III) to 1.45% (Method IV)).

D. PERFORMANCE COMPARISON OF FOUR
OPTIMIZATION METHODS
As shown in Table 11, Method I (single-objective OPD
Taguchi analysis method) improves the S/N ratio of the
OPD characteristic by 5.77% compared to the solution
obtained using the standard ICM processing conditions
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FIGURE 7. Taguchi S/N response diagram for joint optimization of OPD
and OAD using Method IV (Taguchi-GRA-FF method).

TABLE 8. Factor level settings for fixed factor Taguchi experiments in
Method IV.

TABLE 9. S/N response table for joint optimization of OPD and OAD
using method IV.

TABLE 10. Evaluation of different melt temperature results in Method IV.

(A2B3C4D5E1F2). However, the S/N ratio of the OAD
characteristic is reduced by −17.11 %. In other words, the
improved OPD performance is obtained at the expense of
the OAD. Consequently, in employing Method I, it is nec-
essary to consider whether the improvement obtained in the

birefringence of the molded lens outweighs the loss in imag-
ing quality (i.e., aberrations) caused by geometric warpage.
From the above analysis and discussion, if the only aim of
the optimization process is to minimize the OPD (i.e., the
birefringence effect) of the molded lens, then Method I
(i.e., single-objective (OPD) Taguchi analysis) should be
employed. For Method II (single-objective OAD Taguchi
analysis method), the S/N value of the OPD is reduced by
−6.11% compared to that obtained using the standard pro-
cessing conditions. However, the S/N ratio of the OAD is
increased by +35.12%. In other words, Method II provides
a powerful approach for improving the OAD of the molded
lens providing that a reduction in the OPD performance
can be tolerated. From the above analysis and discussion,
if the only goal of the optimization process is to minimize
the OAD (i.e., the geometric distortion) of the molded lens,
Method II (i.e., single-objective (OAD) Taguchi analysis)
should be employed. For the multi-objective Taguchi-GRA
optimization method (Method III), the S/N ratio for the OPD
is 5.14% higher than that obtained using the standard operat-
ing conditions. However, the S/N ratio of the OAD is signifi-
cantly lower (−18.48%). In other words, the multi-objective
method reduces the birefringence of the molded lens, but
increases the geometric warpage. The optimal solution for the
OPD obtained using Method III is poorer than that obtained
using the corresponding single-objective method (Method 1)
(i.e., +5.14% < +5.77%). Moreover, the optimal solution
for the OAD is also poorer than that of the solution obtained
single-objectiveMethod I (i.e.,−18.48%<−17.11%). How-
ever, from a production perspective, Method III has a filling
time of 1.8 s (A3), whereas Method I has a filling time of
2.5 s (A5). Thus, compared toMethod I, Method III offers the
opportunity to increase the production efficiency (and hence
lower the cost) by reducing the cycle time. Furthermore,
compared to the standard processing conditions, Method III
provides the means to improve the OPD performance of the
lens at the expense of a poorer OAD performance and slightly
increased cycle time. Therefore, if the aim of the optimization
process is to reduce the OPD of the molded lens and improve
the production efficiency (i.e., reduce the cycle time), then
Method III (multi-objective (OPD and OAD) Taguchi-GRA)
should be employed provided that a poorer OADperformance
can be tolerated.

For the Taguchi-GRA-FF optimization method
(Method IV), the S/N values of the OPD and OAD are
+1.03% and +1.45% higher than those obtained using the
standard processing conditions, respectively. In other words,
Method IV achieves a moderate improvement in both the
birefringence and the aberration performance of the molded
lens compared to that obtained using the standard operat-
ing parameters. However, this performance improvement is
obtained at the expense of a longer cycle time (i.e., a filling
time of 2.5 s in Method IV, but 1.5 s under the standard
operating conditions). Finally, if the objective of the opti-
mization approach is to reduce both the OPD and the OAD
compared to that of the lens manufactured under the standard
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TABLE 11. Performance evaluation of four optimization methods for OPD
or/and OAD.

processing conditions, then Method IV should be employed.
In this paper, only one factor is found to be significantly
more influential than other factors after the Taguchi method
analysis, so only one factor is fixed and its level is set at the
middle value. However, if some processing conditions have
more than two significant influence factors after the Taguchi
method analysis, one can try to analyze the factors and levels
according to the above method. However, if the number of
significant influencing factors is too large or the analysis
results are not good, it means that some factors are weak
influencing factors, and these factors should be removed or
the factors and levels of the Taguchi method (orthogonal
array) should be redefined.

E. MELT TEMPERATURE EFFECT AND FLOW/THERMAL
INDUCED STRESSES EFFECT
In general, the results presented in Table 11 show that the
optimization results obtained for the OPD and OAD using
Method III are poorer than those obtained using the corre-
sponding single-objective Taguchi methods (i.e., Methods I
and II, respectively). This can be attributed to a difference in
the optimal melt temperature settings in the various methods.
As discussed in Section IV-B, the melt temperature exerts a
greater effect on the OPD and OAD than the other control
factors and, in the case of the OPD particularly, dominates
the S/N value. As a result, the level setting assigned to the
melt temperature control factor greatly affects the results of
all the experiments. As shown in Table 10, for any melt tem-
perature setting other than the intermediate value of 230◦C,
either the OPD or the OAD is significantly degraded. Thus,
in Method IV, the melt temperature is specifically chosen as
230◦C. By selecting this particular value, the optimal OPD
and OAD performances achieved at higher and lower melt
temperatures of 250◦C and 210◦C, respectively, are deliber-
ately sacrificed. However, this performance loss in one of
the two quality metrics is judged to be outweighed by the
moderate performance improvement obtained in both quality
metrics compared to that that obtained under the standard
operating conditions. Referring to Table 11, Method I (with
optimal operating parameters of A5B5C5D5E1F1) yields the

TABLE 12. Contributions of flow induced stress and thermal induced
stress to OPD in methods I and II.

best OPD performance (S/N=-45.074 dB) of all the optimiza-
tion methods. However, it achieves a poor OAD performance
(S/N=4.970 dB). Similarly, Method II (with optimal oper-
ating parameters of A2B1C3D5E1F3) yields the best OAD
performance of the four methods (S/N=8.102 dB), but the
worst OPD performance (S/N=-50.761 dB). In other words,
the results confirm that while both methods are capable of
achieving a significant improvement in the target quality
characteristic (i.e., OPD or OAD), they are inefficient when
applied to the solution of multi-objective optimization prob-
lems. For the optimization problem considered in the present
study, it is desirable to minimize the OPD of the molded lens
in order to suppress the birefringence effect. Consequently,
a higher melt temperature is beneficial since it reduces the
melt viscosity during the compression stage, and therefore
reduces the flow induced stress within the molded compo-
nent. By contrast, to minimize the OAD of the molded lens,
i.e., to minimize the geometric warpage of the lens, a lower
melt temperature is desired in order to reduce the thermal
induced stress produced during the cooling stage. Thus, refer-
ring to Table 12, the flow induced stress contribution toward
the OPD is just 22.4% in Method II (in which the optimal
temperature setting is determined to be 250◦C (B5)). Simi-
larly, inMethod II (in which the optimal temperature setting is
determined to be 210◦C (B1)), the thermal induced stress con-
tribution toward the OPD is only 35.6%. In other words, both
methods successfully reduce the particular processing stress
component associated with the corresponding quality char-
acteristic (i.e., OPD and OAD, respectively). However, both
methods fail to suppress the complementary stress component
(i.e., the thermal induced stress component in Method I and
flow induced stress component in Method II). Hence the lim-
itations of both single-objective Taguchi methods in solving
the present multi-objective optimization problem are again
confirmed.

F. OPD, OAD AND FRINGE ORDER RESULTS OBTAINED
UNDER DIFFERENT METHODS
Fig. 8 shows the simulation results obtained for the OPD,
OAD and fringe patterns of the Fresnel lens produced using
the standard ICM processing conditions and the process-
ing conditions obtained using the four optimization meth-
ods, respectively. As shown, the OPD values of the five
lenses vary in the range of 0 to 3800 nm, and are generally
close to zero in most regions of the lens. However, the lens
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FIGURE 8. Simulation results for OPD, OAD and fringe patterns of lens
produced using standard processing conditions and processing
conditions obtained using methods I∼IV.

fabricated using the molding conditions determined by
Method II shows a region of significant retardation in the
outer ring of the lens. All of the lenses show a negative
displacement (i.e., a negative OAD value) in the outer ring,
but a positive displacement in the central region. However,
among all the optimization methods, Method II shows the
least deformation of the lens in the central area. Overall, the
results confirm that Methods I and II successfully reduce
the OPD and OAD of the molded lens, respectively, while
Method III improves the OPD in the central area of the lens,
and Method IV yields a moderate improvement in both the
OPD and the OAD. Table 13 shows the mean (µ) and stan-
dard deviation (σ ) values of the OPD, OAD and fringe order
of the Fresnel lenses produced using the standard ICMmold-
ing conditions and optimal molding conditions determined
by the four optimization methods, respectively. The corre-
sponding statistical distributions OPD and OAD by curve
fitting with normal distribution are shown in Figs. 9 and 10,
respectively. The results presented in Fig. 9 show that for
all five methods, the OPD has a concentrated distribution
about the center of the lens. Moreover, the results confirm
that Method I yields an effective improvement in the OPD
compared to the standard processing conditions. However,
this performance improvement is obtained at the expense of
theOAD (see Fig. 10). Hence,Method I is recommended only
when the focus of the optimization process is to minimize the
OPD of the lens. Similarly, Fig. 10 confirms that Method II

FIGURE 9. OPD improvement of methods I∼IV compared to standard
process.

FIGURE 10. OAD improvement of Methods I∼IV compared to standard
process.

improves the OAD performance of the molded lens, but at
the expense of the OPD (see Fig. 9). Hence, Method II
is recommended when the overriding aim of the optimiza-
tion process is to minimize the OAD of the molded lens.
Method III improves the OPD of the lens compared to that
obtained using the standard processing parameters. However,
the performance improvement is not as great as that achieved
using Method I (see Fig. 9). Moreover, it yields the poorest
OAD performance of the five methods. Thus, its use is not
strongly recommended unless the aim of the optimization
process is simply to improve the OPD performance of the
lens compared to that of the original lens, while also reduc-
ing the injection cycle time compared to that of Method I).
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FIGURE 11. Fringe order improvement of Methods I∼IV compared to
standard process.

TABLE 13. OPD, OAD and fringe order statistics for standard processing
conditions and optimized processing conditions obtained using
methods I∼IV.

The results presented in Figs. 9 and 10 confirm that
Method IV achieves a moderate improvement in both the
OPD and the OAD of the lens. As such, Method IV is rec-
ommended when the objective of the optimization process
is to improve both the OPD and the OAD performance of
the lens. In general, the fringe order and OPD of an optical
lens are strongly related. Thus,Method I achieves an effective
improvement in the fringe order, as shown in Fig. 11. How-
ever, in optimizing the OAD performance of the molded lens,
Method II degrades the OPD performance. As a result, the
number of fringe orders increases significantly compared to
the lens produced using the standard processing conditions.

V. CONCLUSION
This study combined Moldex3D flow simulation with four
optimization methods (Methods I∼IV) to determine the pro-
cessing conditions that minimize the OPD and OAD proper-
ties of plastic Fresnel lenses produced using the ICM process.
The results show that the Taguchi method can effectively

achieve specific results for the optimization of individual
objectives. However, if more than two objectives are to be
optimized for themanufacturing process, grey relational anal-
ysis is recommended. Finally, if the grey relational analysis
method cannot get better results, it can be suggested to use
the fixed factor method in this paper to solve the problem
of two objective optimization and large difference in factor
influence. Therefore, the suggestion to users is that each of
the four optimization methods has advantages and disadvan-
tages, and the choice of the method depends on the specific
requirements of the optimization process.
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