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Numerical simulations for mold-flow analysis and experimental measurements of injection-molded plas-
tic lenses have been conducted for investigation of optical qualities, residual birefringence, and form ac-
curacy resulting from various pertinent process conditions. First, residual birefringence distributions on
the lens have been predicted and verified experimentally. Furthermore, full-scale factorial design of ex-
periments was conducted to comprehend the influences of qualities, such as shear stresses, form accu-
racy, and volumetric deviation, on the measured primary or Seidel aberrations. In conclusion, residual
birefringence induced by stresses represented by photoelasticity measurements agrees well with the nu-
merical predictions and the experimental results indicate that the residual birefringence is mainly gen-
erated during the mold-filling stage. In addition, spherical aberration of the injection-molded plastic
lenses is more sensitive to the pertinent qualities as compared to coma and astigmatism. © 2008 Optical

Society of America
OCIS codes:

1. Introduction

In this paper, comprehensive study of injection-
molded plastic lenses is presented through both
numerical simulations and experimental veri-
fications for illustrating the pertinent optical charac-
teristics of the plastic lenses. First, results from
three-dimensional mold-flow analysis are employed
to simulate the thermomechanical history of molten
plastics inside the mold cavity in terms of stresses
and shrinkage. Then, individual effects from the
flow-induced and thermal-induced birefringence
are investigated by photoelasticity measurements
on thermally annealed lenses. Furthermore, with
the help of Taguchi methods as design of experiment
(DOE) steps for comprehending the processing influ-
ences of processing conditions on qualities including
residual birefringence, form accuracy, and volu-
metric deviations. For further study of the effects
of processing conditions and interactions among
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the qualities [1-5], a systematic method based upon
factorial design of experiments is adopted for in-
vestigating the effects of residual birefringence,
form accuracy, and volumetric deviations on the
Seidel aberrations. The conclusions show prominent
results and observations in the injection molding of
plastic lenses.

Since Sir Isaac Newton published basic theories
for light and optics in the 18th century, optical instru-
ments have been invented and manufactured for
exploring minute bioorganisms, distant planets,
and even mysterious galaxies. As progress in optical
engineering technology was made in the past few
decades, optical lenses are commonly adopted by
various consumer products for either capture or dis-
play of images. For examples, 3G mobile phones, di-
gital still cameras, and digital video projectors all are
equipped with modern optical lenses. Since consu-
mer products are mass produced in thousands or
millions of units monthly, cost reduction has become
the major research objective in industries recently.
In modern manufacture processes, the injection-
molding process has been widely accepted because
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of its ability to meet stringent production require-
ments. However, compared to the glass lenses made
by the grinding and polishing process, injection-
molded plastic lenses have been known for poor
production yields because the lenses are made by
complex manufacture procedures which require ther-
mal annealing for enhancing dimensional stability
afterward. It has been noted that the quality of op-
tical images in plastic lenses is influenced by two
groups of crucial factors, namely, the one contribut-
ing to residual birefringence and the other to chan-
ging the mechanical dimensions. In general, the
residual birefringence defocuses and blurs the opti-
cal image of objects designated by the modulation
transfer function (MTF) requirements. Based upon
the literature [6], the residual birefringence evi-
dently has become a major design and production
problem in high-density information storage medias
and high resolution optical systems.

In photoelasticity theory for materials with isotro-
pic optical properties, residual birefringence is de-
scribed as linear characteristics between residual
stresses and refractive indices of materials defined
as follows [7]:

ny —ny = c(oy - 0y),

ng—ng =c(oy —03), ny-ng=c(oz-oy). (1)
In Eq. (), 01, 09, and o3 are the principal residual
stresses at the point of interest; nq, ny, and ns are
the refractive indices of materials associated with
the principal stress directions; and ¢ is the stress
optic coefficient. According to the literature [8-10],
two mechanisms dominate the residual birefringence
phenomena in injection-molded lenses; they are
commonly known as the flow-induced and thermal-
induced residual birefringence, respectively. The
former is credited to frozen molecule orientations be-
cause of mechanical shear stresses occurring at the
filling and holding stage; whereas the latter is attrib-
uted to shrinking stresses due to nonuniform cooling
before part removal. It should be further clarified
that the residual birefringence phenomena are de-
pendent of time and temperature history because
of the viscoelastic properties in polymeric materials.

In the past decades, many papers on analyzing the
residual birefringence in complex injection-molding
processes have been published for injection-molded
disks approximated with the Hele—Shaw model [8-
11]. However, the Hele—Shaw model is insufficient
for representing the flow characteristics of lenses
and moldings with microstructures because it is a
two-dimensional model. As a result, dimensional
errors of injection-molded lenses are still unpredict-
able through numerical simulations, and they contri-
bute to the primary or Seidel aberrations in object
image; namely, spherical aberration, coma, astigma-
tism, field curvature, and distortion.

In the progress of development in optical
materials, a well-known polymeric material de-
veloped for optics applications, technically known
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as cycloolefin polymer (COP), has recently merged
into mass production of plastic lenses in consumer
products. Among the commercialized COP polymers,
ZEONEX, produced by Zeon Chemicals, Japan, is
specially tailored for optical lenses because of very
low water absorption, low density, low impurity, high
deflection temperature, and high transmittance.
From the literature, most published works in the
manufacture of plastic lenses have been conducted
for polymethyl-methacrylate (PMMA) and polycarbo-
nate (PC), but not for COP polymers. It is the goal of
this paper to study the optical qualities in injection-
molded ZEONEX plastic lenses with comprehensive
experimental verification.

2. Manufacture Process Analysis

In this study, a commercial mold-flow analysis pro-
gram MOLDEX3D, copyrighted by CoreTech System
at Chupei, Taiwan, has been chosen for simulating
the thermomechanical history of polymeric materials
inside the mold cavity throughout the complete pro-
cess. The main features of the program are itera-
tive calculations of flow, pressure, and temperature
values of molded lenses at various stages, such as fill-
ing, packing, cooling, and postcooling, with details
described elsewhere [12-16]. More importantly, all
the calculated results are displayed with the help
of graphical postprocessors for thermal-mechanical
history and distributions in various locations.

A. Mold-Flow Analysis

In the numerical simulations of the process, poly-
meric melt is assumed to be incompressible during
the filling stage but compressible at the postfill-
ing stage. And, the polymeric melt is characterized
by the generalized Newtonian fluid model and de-
scribed by governing equations for nonisothermal
three-dimensional flow inside the mold cavity formu-
lated as follows [14,15]:

I

0
" 5 Pw +V.(puu-o) = pg,

+V.,pu=0,

o = —pl +n(Vu+ Vul),

pC, (aa—y; + u.VT) =V(VT) +n?, (2
where u is the velocity vector; T is the temperature;
t is the time; p is the pressure, ¢ the total stress ten-
sor, p the density, n the viscosity, £ the thermal con-
ductivity, C, the specific heat, and y the shear rate.
Based upon the physical phenomena of fluid me-
chanics, the polymeric melt driven by pressure-head
would flow along the path with minimal flow resis-
tance; that is, the longer the flow distance per unit
time, the smaller the flow resistance along the flow
path.

Since injection-molded parts would deform after
the process, the MOLDEX3D/SOLID-WARP module has
been adopted for warpage analysis of the three-
dimensional injection-molded lenses. Based upon



the thermal-elasticity theory of solid structures, the
module treats three-dimensional stress—strain defor-
mation problems as simple solid structures. In the
analysis, pertinent assumptions are made for linear
and elastic materials properties (1), small strains (2),
and the static equilibrium structure (3). Hence, the
equilibrium equation with ¢ representing the stress
and F representing body forces plus thermal loads is
written as

Vo +F =0. (3)
The stress—strain relationship can be defined as

ojj = Cini(en — €y — aAT) + of;  and

1
& =5 (uij+uj;), (4)

where o;; is the stress component, of, is the stress in-
duced by flow, ¢;; is the infinitesimal elastic strain
component, e?j is the initial strain from pressure-
volume-temperature effects, C;j, is the elastic mate-
rial stiffness, a;; is the coefficient of linear thermal
expansion, and AT is the temperature difference.
Before the flow analysis, geometric models first
have to be established by the use of the RHINO CAD
program, copyrighted by Robert McNeel & Associ-
ates, USA. The geometric data of an aspheric lens
and the relevant mesh model are shown in Figs. 1
and 2. Then, mesh information was exported to
MOLDEX3D for flow analysis. In the flow analysis,
the material properties, pertinent processing condi-
tions, and simulation control parameters are prop-
erly selected as reported elsewhere [17,18]. As for
calculations of volumetric shrinkage, the thermody-
namic properties of the materials are employed for
selected locations of the molded lenses, defined as

Surface A 2
AX

Surface B @)

(b)

Schematic drawings of sample aspheric lens: (a) surface A
is spherical in 70.35 mm with surface B being aspheric, (b) per-
spective view of the lens with 30 mm in diameter and 2mm in
thickness.

Fig. 1.

Fig. 2. Geometric drawing of the (1) sprue, (2) runner, (3) gate,
and (4) lens cavity modeled with tetrahedral and prism mesh
employed for the simulations.

Ve-V \%4
Sv = Ve _1_W7 (5)

where Ve is the specific volume at room tempera-
ture and V is the specific volume after ejection. Fig-
ure 3(a) shows that the largest volumetric shrinkage
happens at the center of the molded lenses because
a higher melt temperature resides at the center.
Moreover, part warpage is the result of nonuni-
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Fig. 3. (Color online) Three-dimensional shaded plots in cut-view
of simulation results: (a) volumetric shrinkage and (b) warpage
after ejection.
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form volumetric shrinkage in molded lenses at the
cooling stage. That is, variations of temperature
and pressure induce corresponding changes in speci-
fic volume of molded lenses. Therefore, a lot of fac-
tors, such as materials properties, part design,
mold design, and processing conditions, would have
significant influences on the waprage of parts. Fig-
ure 3(b) illustrates that the periphery portions of
molded lenses deform upward significantly while
the center portions deform downward.

B. Experimental Verifications

To validate the accuracy of simulation results,
experimental verifications were conducted on photo-
elasticity measurements. In the measurements, resi-
dual birefringence within the lenses was measured
by making use of a circular polariscope [7]. To illus-
trate the principle of photoelasticity measurement,
Fig. 4 shows the arrangement of various optical com-
ponents in the apparatus. In the figure, the mathe-
matical expression for the light rays emerging out
from the analyzer can be written as

E,.=k xsin%sin(a)t—&—Za—g). (6)

Since the intensity of light is proportional to the
square of the amplitude of the light rays, the light
intensity emerging from the analyzer is given by

I:szinzg. (7)

From Eq. (7), the intensity of the light rays is a
function of the principal stress difference A. The
sin?(A/2) term shows that intensity extinction
would occur when A/2=nz, where n=0,1,2
3,... [71.

Axis of
Polarization

From the experimental results, Fig. 5(a) shows the
residual birefringence and shear stress levels near
the gate in molded lenses are much higher. The
fringe patterns of the molded lenses are in good
agreement with shear stress distributions at the
end of filling stage. For further investigation of the
results, simulated sensor nodes placed along the fill-
ing path at equal distance are selected in the lens to
record the history of the filling and packing stage, as
shown in Fig. 5(b). Then it is noted that shear stres-
ses decrease along the path away from the gate at
path 3; similar trends at other paths are also ob-
served as shown in Fig. 5(c). Again, the simulation
results for shear stress distributions during the fill-
ing stage agree well to the photoelasticity measure-
ments. The rationale for the above conclusion can be
explained in the followings.

At first, total stress tensor in molded lenses at the
end of filling stage can be expressed as

-P +o01y 012 013
o= 021 =P + 099 093 ) (8)
031 032 -P + 033

where 619, 613, 691, 693, 031, and o3y are shear stresses;
611, G99, and o33 are normal stresses; and P is the
pressure. Because the lens profile can be treated
as a circular plate, stresses in the z direction com-
pared with the stresses in the x and y directions
are smaller and assumed to be negligible. Equa-
tion (8) reduces to a two-dimensional matrix as

-P + o011 012
pr— . 9
’ 021 -P + 699 ®)

The residual birefringence in the xy plane can be
calculated based upon the stress optic law, defined
as [19]

Fig. 4. Schematic illustration of photoelasticity measurements: 1 is the light source; 2 is the polarizer; 3 is the first quarter-wave plate,
where f is 7/4; 4 is the sample lens, where « is the principal-stress direction making an angle with the axis of polarization of the polarizer;

5 is the second quarter-wave plate; and 6 is the analyzer [7].
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Fig. 5. (Color online) Comparisons between predicted shear
stresses and fringe patterns: (a) shear stresses distribution versus
fringe patterns, (b) locations of sensor nodes in the lens cavity, and
(c) plots of shear stresses for sensor nodes at path 3 versus time
during filling stage.

An =c(oy - 03) = C\/(Un —099)% + 40%2’ (10)

where 6; and o, are principal stresses and c is the
stress optic coefficient. In Eq. (10), the term (oq; —
099) 1s zero because of isobaric pressure conditions
for generalized Newtonian fluid (GNF) model flow
[20]. That is,

An = C(O’l - 62) = 2C612. (11)

In other words, residual birefringence is linearly de-
pendent of shear stresses in the xy plane character-
ized by the stress optic coefficient. Hence, shear
stresses during the filling stage should be effectively
reduced by optimization of process parameters for
lower residual birefringence.

3. Experimental Investigation of Birefringence

In the injection-molding process, two types of resi-
dual birefringence are observed in the moldings;
namely, the flow-induced and the thermal-induced
birefringence. In the following sections, the combined
effects from both the flow-induced and thermal-
induced birefringence are compared by the results
from thermal annealing experiments together with
photoelasticity measurements. In addition, birefrin-
gence distributions in the gapwise direction near
gate area are verified by a layer-removal technique
to further support the flow-induced effects.

A. Relaxation of Birefringence

For relaxation of thermal-induced effects, molded
lenses were placed into a temperature-controlled
oven for annealing the thermal-induced residual bi-
refringence. According to the ASTM standards, heat
deflection temperature (HDT) of ZEONEX 480R is
123°C, according to the manufacture’s datasheet.
Hence, the oven temperature was set at 125°C for
12 h at atmospheric pressure. After the samples were
cooled, they were observed under a circular polari-
scope for measuring the differences [7]. From the
fringes counted on the annealed lenses, it is difficult
to notice the differences, as shown in Fig. 6. In con-
clusion, residual birefringence in the molded lenses
was mainly attributed to the flow-induced effects
during the process. Based upon measured data from
photoelasticity measurements, the flow-induced ef-
fects account for 92.3 % of the total residual bire-
fringence. As a further step for experimental verifi-
cation, a birefringence analyzer, model Kobra
21ADH made by OSI Co., Japan, was employed for
measuring the residual birefringence before and
after the thermal annealing process. The results in-
dicated a 4.17 % decrease in residual birefringence
and confirmed the conclusion that thermal-induced
effects in the cooling stage are negligible in the final
birefringence results.

Since the residual birefringence has been proved
to be dominated by the flow-induced effects, it is

(a) (b)
Fig. 6. Comparisons of annealing effects, where annealing tem-
perature was set at 125°C with annealing time being 12h, on
fringe orders before annealing and after annealing: (a) before an-

nealing processes, fringe order is 6.5; and (b) after annealing pro-
cesses, fringe order is 6.5.
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Side A

Side D
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Fig. 7. Experimental results of linear shrinkage for sample
plate at 125 °C for 12 h: after annealing processes, linear shrinkage
at side A, side B, side C, and side D are 8.34 x 1072%, 5.00 x 10~2%),
1.67 x 102%, and 7.50 x 10~2%, respectively.

necessary to study the effects of residual stresses on
dimensional variations by experiments on sample
plates via the thermal annealing process. The experi-
mental results show that the shrinkage in percentile
of the samples decreases with the distance from the
gate, as shown in Fig. 7. Furthermore, more anneal-
ing experiments were conducted for molded lenses
under various time periods and with the oven tem-
perature set at 15°C higher than the glass transi-
tion point (Tg), as shown in Fig. 8. In the figure,

e

Fig. 8. Experimental results of lenses being annealed at 153 °C: (a) no annealing, (b) after 30 min annealing, (c) after 1h annealing,
(d) after 2h annealing, (e) after 4h annealing, and (f) after 8h annealing.

2022 APPLIED OPTICS / Vol. 47, No. 12 / 20 April 2008

the photographs show that the gate area deforms
significantly because of high residual stresses or
birefringence. Hence, stress relaxation, as well as
dimensional shrinkage, is severe for the annealed
lenses at the gate area [21].

B. Birefringence Distributions

Based upon the conclusions from the previous sec-
tion, residual birefringence distributions resulting
from residual stresses must be carefully studied.
Spherical lenses in planoconvex geometry with
curvature of 70 mm, diameter of 32 mm, thickness
of 2mm, and gate thickness of 0.80 mm were molded
for further experimentation, as shown in Fig. 9,
with the corresponding process conditions being

Fig. 9. Schematic drawings of the planoconvex spherical lens.
The surface curvature is 70 mm with the diameter of 32mm at
thickness of 2 mm, while the gate is 0.80 mm in thickness.

()



Table 1.

Pertinent Process Conditions for Computer-Aided Engineering Simulations

and Experimental Verifications for Planoconvex Spherical Lenses

Process Conditions

Machine Conditions Clamping force 550 kN

Injection weight 27 Gm
Maximum pressure 259 Mpa
Maximum flow 190 ce/sec
Screw diameter 22 mm
Stroke 70 mm
Injection speed 22 mm/sec
Holding pressure 98.10 Mpa

Mold Conditions Cooling time 60 sec
Open time 8.76 sec
Coolant Silicone oil
Room temperature 25 °C

Melt Conditions Materials Zeonex 480R
Melt temperature 275 °C
Mold temperature 124 °C
Ejecting temperature 127 °C

Shear Stress
x10-'(Mpa)

17.544

3.773

a0

Fig. 10. (Color online) Comparisons between shear stresses distributions and residual birefringence distributions on the plano-convex

spherical lenses.

illustrated in Table 1. In Fig. 10, the simulated dis-
tributions are in good agreement with the measured
residual birefringence showing the trend of a de-
crease in residual stresses along the filling path.
As in the gapwise direction, it is noted that high
residual stresses would occur near the lens sur-
faces, especially at the gate area, as shown in shaded
plots of Fig. 11, and as predicted by the numerical
simulations. As for experimental verification, a con-

Fig. 11. (Color online) Shaded plots of predicted residual stresses
in cut-view with enlarged insert in gapwise direction showing the
high stresses near lens surfaces.

ventional layer-removal technique was used for re-
moving layers of materials with residual stresses,
as illustrated in Fig. 12. In the experiments, four

Lens Gate

Removed Layer by Layer

Fig. 12. Schematic drawing for illustrating the layer-removal
technique applied to molded lenses.
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(d)

(e)

Fig. 13. Photographs of residual birefringence on samples prepared by layer-removal technique: (a) lens without machining, (b) lens with
0.1 mm removed, (c) lens with 0.2 mm removed, (d) lens with 0.3 mm removed, and (e) lens with 0.4 mm removed.
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Fig. 14. Chart for percentile in removed birefringence versus thickness removed from the surface near the gate area.

samples of molded lenses with the same process con-
ditions were carefully machined by diamond turn-
ing in layer thickness of 0.1 mm, 0.2 mm, 0.3 mm,
and 0.4 mm, respectively. Figure 13 compares the
photographs of residual birefringence under various
removed layers. In Fig. 13(a), level of residual bire-
fringence changes significantly after the 0.1mm
layer is removed. For further illustration on the
change of residual birefringence in gapwise direc-
tion, the average fringe order of the sample lenses
was measured and plotted in percentile of removal,
as shown in Fig. 14. It should be noted that nearly
30% of birefringence was removed on the first
0.1mm of materials. Fifty percent of the birefrin-
gence was removed for the case of 0.4 mm, which
is half of total thickness at the gate area. Hence, from
both the simulated and experimental results, most
residual birefringence that would occur near the lens
surfaces is confirmed. The rationale for this result is
that polymer molecules are frozen in instantly in the
surface layer when the hot melt contacts the cold
mold wall during the filling stage, and that higher
shear stresses would be needed to drive the melt
forward hereafter.

4. Analysis of Qualities and Molding Conditions

Wang and Lai [17,18] reported results showing that
four interactions on holding pressure with injection
speed, mold temperature, melt temperature, and

2024 APPLIED OPTICS / Vol. 47, No. 12 / 20 April 2008

cooling time have little influence on shear stresses,
which are mainly contributed by melt temperature
and injection speed. Average volumetric deviations
are mainly dependent of holding pressure and melt
temperature. As for form accuracy, five main factors,
including melt temperature, mold temperature, in-
jection speed, holding pressure, and cooling time,
are chosen for DOE factors with three-level settings,
as shown in Table 2. Consequently, four interaction
effects from melt temperature with mold tempera-
ture, injection speed, holding pressure, and cooling
time, respectively, also were accounted for. Then,
form accuracy of the molded lenses was measured
by the Form Talysurf profiler, made by Taylor
Hobson Ltd., U. K. The measured data were analyzed
on the causal effects between the form accuracy and
processing parameters. Because the form accuracy is
interpreted in peak-to-valley (P-V) values, it should
be minimized with an index with smaller-the-better
(STB) characteristics as

n
SNRgrg = —101log (% > y?) , (12)
=1

where n is the total number of measured values
at each run process and y; is the P-V value for each
run process.



Table 2. Control Factors and Settings for DOE Analysis on Form Accuracy

Control Factors and Settings

A Melt Temperature (°C)

B Mold Temperature (°C)

C Injection Speed (mm/ sec)
D Holding Pressure (Mpa)
E Cooling Time (sec)

Level 1 247.5
Level 2 275.0
Level 3 280.0
Level 1 111.6
Level 2 124.0
Level 3 136.4
Level 1 19.8
Level 2 22.0
Level 3 24.2
Level 1 88.29
Level 2 98.10
Level 3 107.91
Level 1 54
Level 2 60
Level 3 66

The results of data analysis show that form
accuracy is mainly affected by mold temperature
and melt temperature plus holding pressure inter-
action. Form accuracy can be improved by increase
in the melt temperature. This is because higher
mold temperature would lessen the rapid cooling
effects of polymer melt inside the mold cavity. Hence,
the molded lenses can be better packed into higher
form accuracy. Since the interaction of melt tem-
perature and holding pressure is also important,
the settings of melt temperature and holding pres-
sure should be properly matched for high form
accuracy, too.

5. Seidel Aberrations Measurements

Since it is already concluded that residual birefrin-
gence is mainly dependent of melt temperature
and injection speed, form accuracy is primarily
affected by mold temperature, and volumetric

deviations are mostly caused by holding pressure
as illustrated in Table 3. Based upon the conclusions,
a full-scale factorial design of experiments can be
scheduled for studying the effects of birefringence,
form accuracy, and volumetric deviations on the
Seidel aberrations; namely, astigmatism, coma, and
spherical aberration. Table 4 shows all main factors
and interactions with corresponding settings em-
ployed for the DOEs. In measuring the aberrations,
a ZYGO GPI XP interferometer system is adopted for
calculation of Zernike coefficients and the corre-
sponding values for astigmatism, coma, and spheri-
cal aberration [22]. After five sample lenses are
measured for average aberrations on each run, the
data are plotted in Fig. 15, in which all aberrations
are less than two wavelengths with spherical aberra-
tion being the most scattered data.

After data analysis with ANOVA (analysis of vari-
ance) processes are done, the contributions of the

Table 3. Relationships between Qualities and Process Conditions

Qualities High Birefringence High Form Accuracy High Volumetric Deviations
Process Low melt temperature High mold temperature High holding pressure
Conditions High injection speed

Table 4. Full-scale Factorial Design of Experiments for Studying Effects of Qualities on Seidel Aberrations

A. Birefringence

B. Form Accuracy C. Volumetric Deviations

Melt temperature Injection speed

Mold temperature Holding Pressure

°C) (mm/ sec) (°C) (Mpa
~(247.5) -(19.8) ~(111.6) ~(88.29)
Run +(280.0) +(22.4) +(136.4)) +(107.91)
1 - + - -
2 - + - +
3 + - + -
4 + - + +
5 - + + -
6 - + + +
7 + - - -
8 + - - ++
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Fig. 15. Plots of average primary aberrations versus various process runs from the results of design of experiments.
Table 5. Contributions of Main Factors as Qualities on Seidel Aberrations
Astigmatism Coma Spherical Aberration
Main factors Contribution Vital factors Contribution Vital factors Contribution
A 41% AB 24% A 56%
B 40% BC 22% B 24%
others 19% AC 14% others 20%
others 40%

main factors and interactions can be tabulated in
Table 5. It is noted that both form accuracy and
birefringence are important in measured aberra-
tions, especially in spherical aberration and astigma-
tism. On the contrary, volumetric deviations show
less influence on aberrations. Therefore, effects from
birefringence and form accuracy on primary aberra-
tions cannot be eliminated after all. As for astigma-
tism, low birefringence and high form accuracy
would directly reduce astigmatism. The rationale
for the results will be discussed in Section 6. Based
upon the results from aberration measurements, for
molded lenses with birefringence with high form ac-
curacy, it is still impossible to optimize aberrations
by simply adjusting process conditions. However,
for lenses with good optical design, small residual bi-
refringence and high form accuracy could reduce pri-
mary aberrations more effectively.

6. Summary

The effects of process parameters on optical qualities
for injection-molded lenses have been compre-
hensively studied by numerical simulations for
mold-flow analysis and experimental verification
conducted via the Taguchi methods with emphasis
on residual birefringence, form accuracy, and volu-
metric deviations of the lenses. From the application
of photoelasticity theory, residual birefringence in
terms of residual stresses in plastic lenses made of
COP polymers is carefully characterized. For resi-
dual birefringence, the measured data agree well
with the simulation results and the data clearly
indicate that residual birefringence is mainly at-
tributed to flow-induced effects during the filling

2026 APPLIED OPTICS / Vol. 47, No. 12 / 20 April 2008

and packing stage. Moreover, residual birefringence
distributions in gapwise direction have been pre-
dicted by simulations and verified by layer-removal
experimental technique. It is concluded that major
residual stresses or birefringence would occur near
the lens surfaces, especially at the gate area.

From the results of the DOE, birefringence be-
cause of residual stresses is found to be mostly af-
fected by melt temperature and injection speed
among the pertinent process parameters, and aver-
age volumetric deviations are found to be credited
to the holding pressure and melt temperature. More-
over, lens form accuracy is mainly affected by mold
temperature and melt temperature plus holding
pressure interaction. Furthermore, full-scale factor-
ial design of experiments on the Seidel aberrations
has been conducted for investigating effects of
lens qualities. In conclusions, both form accuracy
and residual birefringence contributed by residual
stresses would be dominant in the measured aber-
rations; namely, spherical aberration, coma, and as-
tigmatism. Because coma and astigmatism are
measured when a lens is either in nonrotational sym-
metry or in nonparaxial ray conditions, the current
method of measurements cannot identify the causal
effects from the process conditions for the molded
lenses. However, two conjectures are made in conclu-
sion to explain why spherical aberration is more sen-
sitive to qualities than astigmatism and coma are.
The first conjecture is that the effects of thick-
ness and shape for the outer region of the molded
lenses were not accounted for in the DOE. Therefore,
the bending effects on lens shape could have promi-
nent influences on spherical aberrations, but not



on astigmatism and coma. The second conjecture is
that residual stresses play an important role (nearly
56% in total) on spherical aberration alone; whereas,
the residual stresses affected by melt temperature
and injection speed are so significant on the bending
of lens shape. These two conjectures help explain
why spherical aberration is more sensitive to quali-
ties than the other two aberrations do. Finally, this
paper has illuminated some possible remedies for
process improvements on the manufacture of plastic
lenses in the future.
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