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Abstract

The glass molding has recently emerged as a promising way to mass-produce aspheric lens but has low molding accuracy.
This study proposed a novel two-stage glass molding technology on the basis of the best-fitting sphere theory to improve
the molding accuracy of aspheric lenses. A method of profile deviation prediction for the two-stage glass molding of
aspheric lens was established on the basis of the finite element theory. Moreover, the influence of the two-stage molding
temperature on profile deviation was discussed. Finally, the proposed two-stage glass molding technology was compared
with the traditional glass molding process. Results demonstrate that the radius of the best-fitting sphere is 3.313 mm by
fitting through the least squares method. When the molding temperature in the first stage is higher than that of the second
stage, the molding accuracy of the aspheric lens is improved. Compared with the method of one-stage glass molding, the
method of two-stage glass molding decreases the maximum profile deviation of the aspheric surface from 1.32 pm to
0.83 pm. The service life of the aspheric mold is prolonged because most of the deformations required for glass molding
are completed by the spherical mold. This study can provide references to improve the molding accuracy and reduce the
production costs of the glass molding of aspheric lens.
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1. Introduction

The aspheric optical lens can effectively reduce distortion
and aberration, improve imaging quality, enhance system
identification capabilities, and has attracted considerable
attention in the field of optical component processing [1-2].
The single removal processing method is generally used in
the production of traditional small-aperture aspheric lens.
After multiple processes, such as fine grinding, polishing,
and edging, long production cycle and high production cost
exist, thereby hardly meeting the growing market demand
[3-4]. With the advantages of low cost, simple process, and
suitability for mass production, the glass molding
technology has been widely used in the field of small-
aperture aspheric glass lens manufacturing [5-6].

The traditional glass molding process is one-stage glass
molding. The spheric glass preform is placed in the aspheric
mold cavity and directly pressed into a predesigned aspheric
shape through heating, molding, annealing, and cooling. The
deformation of the spheric preform is pressed using the
aspheric mold [7]. The aspheric mold and the high-
temperature viscoelastic glass have long contact time, the
aspheric mold got large acting force because the force is
interactive, thereby shortening the service life of mold and
increasing the production cost [8]. In addition, the glass
preform has a large nonlinear deformation during the one-
stage molding process, the resilience and the residual stress
increase. In the process of annealing, the profile deviation
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caused by structure relaxation is increased which reduces the
molding accuracy [9].

Considering the low molding accuracy of aspheric lens,
scholars have carried out studies on the novel glass molding
technology and parameter optimization to improve the
molding accuracy [10-14]. However, the novel molding
process is complex and cannot be accurately controlled. Also,
parameter optimization has limited the effects on improved
molding accuracy, which hinders the popularization and the
application of the aspheric lens precision glass molding
technology in the industrial field. Therefore, the manufacture
of high-precision aspheric lens at low cost and high
efficiency is still challenging.

To this end, this study proposed a novel two-stage glass
molding technology. First, the spherical mold was
manufactured on the basis of the best-fitting sphere theory at
high temperature to perform the first-stage glass molding
and complete most deformations of the spherical preform.
Second, the aspheric mold was used to complete the final
deformation. This study aimed to explore the influence of
two-stage glass molding process parameters on molding
accuracy and compare the proposed two-stage glass molding
technology with the one-stage glass molding technology.
Results can provide a reference for the low-cost batch
manufacturing of high-precision aspheric lens.

2. State of the Art

The glass molding technology is first proposed by Eastman
Kodak [15] and has developed for more than 40 years. The
studies on glass molding have started earlier in foreign
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countries. Universities and research institutions in the United
States, Germany, and Japan have dominated the basic
mechanism study of glass molding. Toshiba, Panasonic,
Canon of Japan, Kodak, Rochester, Moore of the United
States, Daeho of South Korea, SCHOTT and ZEISS of
Germany, Foxconn and Sunny of China have led the
product-targeted action-oriented study.

Firstly, the mechanism of glass molding was studied.
Shishido [16] investigated the influence of the bonding
degree between the glass preform and the mold on molding
accuracy and found that a high bonding degree can improve
the molding accuracy of the aspheric lens. Hosoe [17]
improved production efficiency and reduced costs through
the independent distribution of multiple molds, mold-to-
mold combinations, and improved heating system, thereby
enhancing the molding accuracy to some extent.

Mosaddegh [18] and Ananthasayanam [19] tested the
friction behavior between the glass preform and the mold
surface in glass molding and discussed the influence of
interface friction behavior on molding accuracy. Klocke [20]
performed SEM/EDX and X-ray photoelectron spectroscopy
of precious metal PVD coating on the mold surface and
studied the changes of the wear and the composition in
different surface areas. Moreover, Klocke proposed a
qualitative analysis model for coating failure, which could
provide a reference to improve the service life of molds.
Zhou [21] studied the thermoviscoelastic behavior of glass
near the molding temperature, discussed the effects of creep
and stress relaxation behavior on molding accuracy. The
above-mentioned studies have achieved considerable results
in terms of glass molding mechanism, which provide
theoretical guidance for the subsequent process parameter
optimization. However, few studies involve improving the
molding accuracy.

Scholars also studied the parameters optimization to
improve the molding accuracy. Yi [22] established a finite
element numerical model on the base of experimental
measurement results, discussed the influence of molding
parameters, such as molding temperature, molding rate and
annealing rate on residual stress and profile deviation.
Sarhadi [23] used the FORTRAN user subroutine to
establish a three-dimensional thermodynamic model and
explored the influence of molding parameters, such as
molding temperature and cooling rate on molding accuracy
by using the ABAQUS. The process parameters were further
optimized to improve the shape accuracy of the lens.
Mahajan [24] repeatedly optimized the profile of mold
surface by measuring the profile deviation of the molded
lens surface and used the finite element method to perform
the simulation optimization analysis. The shape accuracy of
the aspheric surface reached submicron accuracy. Tao [25]
optimized the annealing process to further improve the
molding accuracy. Huo [19] used the single factor analysis
method to study the influence of the molding process
parameters on profile deviation and conducted a preliminary
optimization analysis. Yin [26] discussed the finite element
simulation modeling theory of glass molding, established the
finite element models for heating stage, molding stage, and
annealing stage, systematically analyzed the influence of
molding parameters, such as molding temperature, molding
rate and annealing rate on profile deviation. Su [27] explored
the influence of the thermal expansion coefficient, cooling
rate, and holding force on the profile deviation of lens. On
the basis of the numerical calculations of thermal shrinkage,
volume change, and stress distribution, Liu [28] predicted
the profile deviation of the molded glass optical elements
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before carrying out the molding experiment. The simulation
results were consistent with the molding experiment results.
Liu [29] thoroughly analyzed the optimization of the process
parameters of chalcogenide glass. The above-mentioned
scholars have improved the molding accuracy to some extent
but only reduced the deviation value, and the improvement
degree is still limited.

Considering the above-mentioned reasons, scholars have
carried out exploratory studies focusing on the new
technology of glass molding. Zhou [30] and Yu [31] used
the ultrasonic-assisted glass molding method to improve the
molding accuracy, deeply analyzed the mechanism of
reducing the interface friction resistance and ultrasonic-
assisted filling. The effectiveness of improving the molding
accuracy was verified. However, the ultrasonic-assisted
mechanism is still unclear, it is difficult to form an
integrated system effectively, and the production cost is high.
Vu [32] studied the vacuum-assisted glass molding
technology, which was compared with traditional processes
to verify the effectiveness of improving molding accuracy.
However, the cost of vacuum environment is high, and
realizing a high-temperature sealing is difficult.

The above-mentioned studies focused on the
optimization of molding process parameters, but the
improvement degree of the molding accuracy is relatively
limited. Moreover, exploratory studies were carried out on
the new glass molding technology, which has some
problems, such as high cost, and it is difficult to be widely
used in enterprises. This study proposed a novel two-stage
glass molding method on the basis of the best-fitting sphere
theory. First, the best-fitting sphere mold is used to perform
the first-stage glass molding which complete most of the
deformations of the spherical preform. Second, an aspheric
mold was used to achieve the final deformation, thereby
improving the molding accuracy and prolonging the service
life of the difficult-to-machine aspheric molds. The proposed
method can provide a reference for improving molding
accuracy.

The remainder of the study is organized as follows. The
best-fitting spherical solution method for a given aspheric
design curve and the simulation analysis theory are
described in Section 3. In Section 4, the finite element
method is used to establish a profile deviation prediction
model for two-stage glass molding, the effects of molding
temperature on profile deviation at the first stage and the
second stage are analyzed. Moreover, the proposed molding
method is compared with the traditional one-stage glass
molding. The summary and conclusions of this study are
presented in the last section.

3. Methodology

3.1 Design of Double Aspheric Lens

A single-sided aspheric lens was selected. The upper surface
is a flat surface, and the lower surface is an aspheric surface.
The cross-sectional curve is defined as follows (Equation

(1D
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where x is the coordinate value of curve X, z is the vector
function of X, r is the curvature radius of the vertex of the

curve, »'B,-x* is the aspheric correction term, & is the
i=2

quadratic coefficient. The parameters of the convex surface

are as follows: R=2.2mm, k=-2.64, A4:2.468><10_3 s

A=-2.852x107, A,=4.229x107, and A,,;=4.749x107.

3.2 Two-stage glass molding and best-fitting spherical
solution

The two-stage glass molding process of the aspheric glass
lens is shown in Fig.1. In the first glass molding stage, the
spheric glass preform was first pressed to the best-fitting
spheric surface. The best-fitting spheric lens was then
pressed to the designed aspheric lens through the second
glass molding. The traditional one-stage glass molding
process was decomposed into two stages. The spheric glass
was first pressed into the best-fitting spheric surface and
then pressed into the final aspheric shape.

Spheric upper mold«
e
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Best fitting spheric lens+

Molding
@

Aspheric upper mold

%

Aspheric lense

A/

) N

Best fitting spheric lens

Molding«
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Fig.1. Two-stage glass molding of the aspheric glass lens. (a) First-stage
glass molding. (b) Second-stage glass molding

On the base of the aspheric cross-section curve equation,
the circle-fitting function was used to fit in the MATLAB.
The radius of the best-fitting sphere is 3.313 mm. The best-
fitting spheric and the aspheric curves were shown in Fig.2.

1.5I T T T T T T T T T
i| = Best fitting sphere curve
_____________________________________ Asphenc curve
14 :
1.2

08
06
04
02

g

Fig. 2. Aspheric and best-fitting spherical curves
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3.3 Establishment of the two-stage glass molding
simulation model

The designed best-fitting spherical curve was input into
CAD, and the geometric model closest to the spheric mold
was drawn. The model was introduced into the Marc
operation interface to establish the 2D axisymmetric
numerical simulation model in the first glass molding stage
(Fig. 3).

Spherical lower mold-

Spherical upper mold

Globular perform«

Fig. 3. Finite element model of the first glass molding

The first glass molding is the basis of the second glass
molding process. The prediction results of the best-fitting
spheric lens are extracted and imported into the second glass
molding model (Fig.4).

Extractioniing Importing

(:3‘ [

Fig. 4. Extraction and import of the best-fitting spheric lens

4 Result Analysis and Discussion

4.1 Simulation analysis of the two-stage glass molding

In the first glass molding simulation process, a thermal
boundary condition was added to the side of the mold,
thereby providing a continuous heating source. A thermal
boundary condition was added to the bottom surface of the
mold in the X direction, and a fixed boundary condition was
added to the side of the mold in the Y direction. The
established simulation analysis model is shown in Fig.5.

Fig. 5. Boundary conditions in the first glass molding heating stage

Fig. 6 shows the best-fitting spherical lens molding
process at the first glass molding. After the heating stage of
glass molding, the internal temperature of the preforms is the
same. Fig.6 (a) shows that the lower mold moved quickly
upward under the boundary conditions of the molding
pressure. After the glass preform came in contact with the
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upper mold, the glass was pressed into the best-fitting
spherical glass lens at a prescribed molding rate. Fig.6 (b)
shows that the lens was processed to the designed shape, and
the first glass molding process was finished.

Stress/e

x|

(2) (®)
Fig .6. Simulation analysis of the molding stage of the first glass
molding. (a) Upper surface coming in contact with the mold. (b) glass
molding
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0.000e+000 0.000e+000

During the annealing stage, the molded glass lens
gradually cooled, and the internal structural relaxation
occurred, which evidently influenced the overall lens shape
and the spheric molding accuracy. The annealing stage was
analyzed by taking the postprocessing file generated at the
molding stage as the model at the annealing stage, which
was reimported to Marc. The boundary conditions were
applied to the model, as shown in Fig.7.

Fig. 7. Boundary conditions at the annealing stage of the first glass
molding

The prediction results of the best-fitting spherical lens in
the first glass molding stage were extracted and introduced
into the second glass molding model and the thermal and
force boundary conditions were set. The simulation model is
shown in Fig.8.

Fig. 8. Simulation model of the second glass molding stage

Fig.9 shows the aspheric lens glass molding process
during the molding stage at the second glass molding stage,
which is similar to that at the first glass molding stage. Fig.9
(a) shows the initial stage of the second glass molding
process, and the temperature in the best-fitting spherical lens
is the same. Fig. 9 (b) shows that the lower mold moved
quickly upward under the effect of pressure boundary
conditions. After the best-fitting spherical lens came in
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contact with the upper mold, the glass preform was pressed
to the designed aspheric lens at the prescribed molding rate.
As shown in Fig. 9 (c), the deformation in the transformation
from the best-fitting spherical lens to the aspheric lens was
small, and the residual stress was significantly reduced,
thereby improving the surface accuracy of the aspheric lens.
Fig9 (d) shows that the lens was processed to the
predetermined shape, and the glass molding phase ended.
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1.000e+000 7.564e-002

8.333¢-001 6. 304¢-002

6.667e-001 S.043e-002

5.000-001 3.783¢-002

3.333e-001 2.523¢-002

1.263¢-002

Stress/e
1.667e-001
2.557e-005

ﬂ

l

Stress/e

0.000e+000
X

Stress/e

(a (b)

S. T48¢-001 1. 1424000

4.780e-001 9.521e-001
3.832¢-001 7.617e-001
2.874e-001 S.T13¢-001
1.916e-001 3.808e-001
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(© (d
Fig. 9. Simulation analysis of the molding stage of the second glass
molding. (a) Start of glass molding. (b) Upper surface coming in contact

with the mold. (¢) Glass molding. (d)Completion of glass molding

4.2 Analysis of the two-stage molding temperature

In the two-stage glass molding process, the setting of the
molding temperature was important. Given that the first
glass molding stage aimed to press the spherical preform
into the best-fitting spherical shape, the deformation to be
completed was large, and a high molding temperature was
suitable. The deformation in the second glass molding stage
was small, and low molding temperature should be set to
improve the molding accuracy. On the basis of the above
design purposes, the molding temperatures at the first and
the second stage was set to 580 °C-560 °C, 570 °C-570 °C,
and 560 °C-580 °C. The simulation analysis results were
processed to obtain the profile deviation of the aspheric lens
(Fig.10).

As shown in Fig.10, at the molding temperature of
560 °C-580 °C, the overall profile deviation of the obtained
aspheric lens was the largest, and the maximum profile
deviation value was 1.35 um. At the molding temperature of
580 °C-560 °C, the overall profile deviation was the smallest,
and the maximum profile deviation value was 0.81 pm. The
deformation to be completed in the first glass molding stage
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was large, and a high molding temperature can effectively
reduce the viscosity of glass, making the glass easily flow
and deform under the action of pressure and enhancing the
plasticity. At the second glass molding stage, the
deformation of the best-fitting spherical glass was small,
which can be achieved at low molding temperature, and the
residual stress decreased, resulting in structural relaxation at
the annealing stage caused by reduced profile deviation.
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Fig. 10. Influence of hot-pressing temperature on profile deviation

4.3 Comparative analysis of the two- and the one-stage
glass molding

The molding temperatures of the one- stage and the two-
stage glass molding were 580 °C and 580 °C-560 °C,
respectively, and the other parameters were as follows:
molding rate was 0.02 mm/s, friction coefficient was 0.5,
annealing rate was 2 °C/s, and holding pressure was 700 N.
The one- stage and the two-stage glass molding processes of
aspheric lens were conducted using numerical simulation.
The profile deviation curves of the obtained molded lens are
shown in Fig.11.
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Fig. 11. Profile deviation curves of the lens obtained by one- and two-
stage glass molding processes

The maximum profile deviation of the aspheric lens
simulated using the traditional one-stage glass molding
method was 1.31 um, whereas that using the two-stage glass
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molding method was 0.72 pm. Moreover, the profile
deviation of the lens increased with increased centrifugal
distance, showing an increasing trend. In other words, the
profile deviation of the lens gradually increased from the
lens center to the lens edge. Also, the lens obtained using the
two-stage glass molding has lower profile deviation than that
obtained using the one-stage glass molding. According to the
simulation analysis results, the two-stage glass molding can
effectively reduce the profile deviation and improve the
molding accuracy of the aspheric lens.

5. Conclusions

The D-ZK3 low-melting point optical glass was used to
explore the influence of the two-stage glass molding
parameters on profile deviation. Based on the best-fitting
spherical theory, the Marc software was used to carry out the
numerical simulation analysis of the two-stage glass molding
process of the D-ZK3 glass. The profile deviations of the
lens obtained using the one- stage and the two-stage glass
molding processes were compared. Finally, the following
conclusions were drawn.

(1) The best-fitting spherical surface is determined on
the basis of the originally designed aspheric surface, which
is fitted in the MATLAB by using the least square method.
The radius of the best-fitting spherical surface is 3.313 mm.

(2) The molding temperature at the first glass molding
stage should be higher than that at the second glass molding
stage, i.e., 580 °C and 560 °C, respectively, to obtain a high-
precision aspheric lens.

(3) The two-stage glass molding method can effectively
reduce the profile deviation and improve the molding
accuracy.

(4) Because most of the deformations required for glass
molding are completed using an easy-to-machine spherical
mold, the service life of difficult-to-machine aspheric mold
can be extended to a certain extent.

In this study, the best-fitting spherical theory was applied
to the two-stage glass molding technology of aspheric glass
lens. The finite element method was used to study the two
stage of glass molding, and the molding temperature settings
at the two stage were compared and analyzed. Results
showed that the two-stage glass molding method can
effectively improve the molding accuracy. This study can
provide a reference for the production of high-precision
aspheric lens. Given that the mold processing accuracy is
limited and that the profile deviation distribution cannot be
accurately controlled, it is difficult to verifying the accuracy
through experiments, which should be further explored in
future studies.
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