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In the injection molding of polymer lenses, the demolding resistance may cause problems,
such as deformation, cracks, and scratches, in these products. To examine the method of
decreasing the demolding resistance of polymer lenses, a method of precisely measuring the
demolding resistance should be established. In this study, we designed and fabricated a mold
equipped with high-sensitivity quartz force sensors for demolding resistance measurement
that is customized for the injection molding of polymer lenses. In addition, we evaluated
the performance of the mold. Using this mold, we measured the demolding resistance of
fluorine-based polyester lenses. As a result, it was clarified that (1) the preload applied to the
quartz force sensors before the start of mold closing has a significant effect on the generation
of demolding resistance, (2) the draft angle of a cavity wall has an effect on the demolding
resistance, and (3) the maximum demolding resistance increases with increasing holding
pressure, injection rate, heating cylinder temperature, and mold temperature.

1. Introduction

Recently, polymers have been widely used as the material of optical lenses. Most polymer
lenses are fabricated by injection molding. A high precision of the shape, dimensions, and
surface properties is required for optical lenses. To satisfy these requirements, a high pressure
must be applied to the polymer injected into a mold during injection molding to achieve close
contact between the polymer and the surface of the mold cavity so that the shape and surface
properties of the cavity are sufficiently transcribed onto the lens surface. However, when the
shape and surface properties of the cavity are sufficiently transcribed, it is difficult to demold
molded products from the cavity surface because the products are securely attached to the
cavity surface. This is a problem during the demolding process. The level of this difficulty is
called the demolding resistance. As we try to improve the precision of the shape, dimensions,
and surface properties of the molded products by increasing the transcription quality, the
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demolding resistance increases. As a result, product defects, such as deformation, cracks, and
scratches, are generated during the demolding process. Therefore, the method of decreasing the
demolding resistance while maintaining a high level of transcription has been examined. One
example is the examination of a mold release agent added to the molding material. In addition,
coating the cavity surface with diamond-like carbon with a mold release characteristic) or
with an organic-based material,®>® as well as adjusting the cavity surface by shot blasting
so that demolding becomes ecasier® have been examined. As explained, various methods
of decreasing the demolding resistance have been actively examined. However, it has been
difficult to evaluate the effects of these methods because no method of precisely measuring
the demolding resistance for molded lenses has been established thus far. For molded products
other than lenses, various molds for demolding resistance measurement have been proposed and
used in experiments. For example, methods of measuring the demolding resistance on (1) the
inner surface of molded products with a cylindrical or cup shape, (2) the sidewall of ribs, and
(3) the cavity surface with microstructures, including lines and spaces, using load cells have
been proposed.®1Y However, in those methods, the demolding resistance generated along
the surface to which the molded product is attached is the measurement target. In this case,
the demolding resistance is large and is easily measured because the demolding resistance is
mainly caused by the friction resistance and the anchor effect between the molded product and
the cavity surface. In contrast, for lenses, the surface properties are good and the demolding
resistance is generated in the direction perpendicular to the surface on which the molded lens
is attached. In this case, the demolding resistance is caused by surface tension and is relatively
small, making the measurement extremely difficult. Under these conditions, a mold that is
equipped with a high-sensitivity quartz force sensor for demolding resistance measurement
is required to measure the small demolding resistance of lenses fabricated under various
conditions of cavity shape, surface properties, and surface treatment.

In this study, we designed and fabricated a new mold for the demolding resistance
measurement of polymer lenses that satisfies the above requirements. We first evaluated the
performance of the mold and experimentally demonstrated its advantages by measuring the
demolding resistance under various molding conditions.

2. Mold for Demolding Resistance Measurement
2.1 Measurement principle of demolding resistance

Figure 1 shows the measurement principle of demolding resistance. During the injection
molding process, a molded product attaches to the surface of a cylindrical cavity insert set into
the cavity. When ejector pins are pushed forward by the protruding equipment of the injection
molding machine, the molded product is ejected from the cavity. Upon this ejection, the cavity
insert as well as the molded product are pulled in the ejection direction. This pulling force
corresponds to the demolding resistance and is measured using the quartz force sensor.
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Fig. 1. (Color online) Measurement principle of demolding resistance.

2.2 Basic structure of mold

Figure 2 shows the basic structure of the mold for demolding resistance measurement
designed and fabricated in this study. Two cavities are positioned symmetrically with respect
to the central axis of the mold. This mold includes a demolding resistance measurement
unit equipped with a quartz force sensor. In addition, inductive displacement sensors (EX-
110V, Keyence Corporation) are attached to the upper and lower surfaces of an ejector plate
to measure the forward motion of ejector pins. The changes in demolding resistance and
protruded displacement with time were simultaneously recorded. Figure 3 shows an enlarged
view of the unit for demolding resistance measurement. As explained in Sect. 1, the demolding
resistance generated in polymer lenses is small. Therefore, the measurement sensitivity of
conventional force sensors is considered to be too low to obtain a sufficient measurement
accuracy. In this study, we used a piezoelectric quartz force sensor (Type 9217A, Kistler) that
can measure a small force of less than 500 N with high sensitivity. Table 1 shows a summary
of the performance characteristics of three quartz force sensors: two types of piezoelectric
quartz force sensor (Type 9173B® and Type 9301B,'?) Kistler) that have been conventionally
used in studies targeting the measurement of demolding resistance generated along the surface
to which a molded product is attached and the high-sensitivity quartz force sensor used in this
study. The sensitivity of the high-sensitivity quartz force sensor is 10- to 25-fold higher than
that of the former two force sensors. Therefore, it is possible to accurately measure a very
small demolding resistance generated orthogonally to the surface to which the molded product
is attached. In addition, its applicable temperature range is the widest among the three sensors,
making it suitable for the measurement of demolding resistance generated during lens molding,
which requires a mold temperature higher than 100°C.

The sensor used in this study is suitable for measuring a compressive force owing to its
structure. Sensor supports A and B are connected in a chainlike manner and the sensor
is placed between them so that the demolding resistance applied in the tensile direction is
measured after converting it to the compressive force. Sensor support A is pulled towards the
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Fig.2. (Color online) Structure of demolding
resistance measurement mold.

Table 1
Comparison of sensor characteristics.
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Fig. 3. (Color online) Structure of demolding
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Quartz force

Quartz force High-sensitivity

Sensor characteristic sensor sensor quartz force sensor
Type 9173B©® Type 9301B1? Type 9217A
Measurement range (N) 0-12000 +2500 +500
Sensitivity (pc/N) -3.5 —4 -105
Operating temperature range (°C) —20-80 —40-120 —80-205

right in Fig. 3, upon the ejection of the molded product since the molded product is attached
to the cavity insert. Because of this, the force-receiving surface of the sensor is pushed onto
the surface of sensor support B. This pushing force corresponds to the demolding resistance.
When there is a gap between the force-receiving surface of the sensor and sensor support B,
correct measurement is impossible. To avoid the existence of such gaps, or to realize the state
that force is constantly applied to the sensor, a preload-adjusting device (explained later) is
installed in the mold.

Figure 4 shows the shape of the cavity. In this study, to simplify the evaluation of the mold,
the cavity surface was not curved, unlike the surface of the lens; instead, it was a circular plate
of 60 mm diameter and 4 mm thickness. A side-gate structure was adopted. The surface of
the 40 mm diameter cavity insert, instead of the entire cavity surface, was the measurement
target. The surface roughness (Ra) of the inserts of the upper and lower cavities were 0.023
and 0.029 pm, respectively. The draft angle of the cavity wall was changed (5, 10, 15, or 30°)
to examine its effect on the demolding resistance. An undercut part was formed at the tip of
each of the four ejector pins used to eject the molded product from the cavity so that the molded
product was kept on the movable side of the cavity upon mold opening.
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2.3 Preload-adjusting device

During the molding process, the thickness of the mold changes depending on the mold
clamping force and the shrinkage and expansion of the mold plate caused by the change in
mold temperature. When the thickness of the mold changes during measurement, the relative
positions of sensor supports A and B change, causing a change in the preload set beforehand and
hence a variation in measurement value. Therefore, a means to adjust the preload during the
molding process is necessary. The preload-adjusting device shown in Fig. 5 was placed inside
the mold to adjust the preload from the operation panel of the injection molding machine, while
the mold was placed at the platen of the machine. A worm gear was attached to the preload-
adjusting rod connected to sensor support B. By rotating the preload-adjusting rod, the preload-
adjusting bolt connected to the worm gear was rotated, enabling the adjustment of the preload
from the side of the mold.

3. Calibration of Output of Quartz Force Sensor

A calibration experiment of the output was carried out using the mold. Figure 6 shows the
experimental apparatus used for output calibration. A load was applied to the cavity insert
using weights while changing the preload applied to the quartz force sensor in a stepwise
manner from 0 to 30 N to measure the output. Figure 7 shows the relationship between the
output (sensor output — preload) and the weight for different preloads. The dotted line indicates
the ideal line assuming no frictional resistance at the sliding surface between the cavity insert
and the mold base. For the preload of 0 to 10 N, the output linearly increases with increasing
weight. For the preload of more than 15 N, the output curve gradually deviates from the ideal
line and loses linearity. Before the calibration experiment, a linear relationship was expected
between the output and the weight even with changing preload. However, the preload was
found to significantly affect the sensor output. The reason behind this is the internal structure
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calibration.

of the quartz force sensor. On the basis of the above findings, the preload should be set at less
than 10 N during measurement to obtain a curve that approximates the ideal line.

4. Experimental Method

The mold developed in this study was attached to the injection molding machine (ROBOSHOT
a-501AP, Fanuc Corporation; maximum mold clamping force, 490 kN; screw diameter, 26 mm)
to measure the demolding resistance. For the polymer, the fluorine-based polyester generally
used for polymer lenses (FBP2-2, Osaka Gas Chemicals, Ltd.) was used. Table 2 shows the
molding conditions. In this study, the demolding resistance was measured by changing the
holding pressure, injection rate, heating cylinder temperature, and mold temperature. The
values underlined in Table 2 were the reference conditions. Considering the findings obtained
in Sect. 3, the preload was set to 10 N before each mold closing. After the molding process, the
demolding resistance was measured five times and the value closest to the average of the five
measurements was adopted.

5. Effect of Draft Angle of Cavity Wall on Demolding Resistance

5.1 Sensor output during mold opening

Figure 8 shows the change in sensor output with time for different draft angles of the cavity
wall from the start of mold opening to the completion of molded product ejection using ejector
pins. The sensor output measured at the upper cavity was obtained when the holding pressure
was 60 MPa. At a cavity draft angle of less than 15°, the sensor output decreased to 0 N before
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Table 2
Molding conditions.

Heating cylinder temperature” (°C)

Mold temperature (°C)
Injection rate (cm’/s)

Holding pressure (MPa)
Holding pressure period (s)
Cooling time (s)

Ejector protruding speed (mm/s)

262-262-262-242-80

290-290-290-260-80

110/130
10.6/53.1

300
20

*Nozzle-metering-compression-feed-under hopper

Sensor output [N]
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Fig. 8. Demolding resistance measurement results from start of mold opening to start of ejector pin protrusion for

various cavity drafts (reference conditions, holding pressure: 60 MPa).

the start of mold opening regardless of the application of the preload of 10 N. This was caused
by the gap generated between the force-receiving surface and sensor support B as a result of (1)
the decreasing thickness of the mold upon the application of the mold clamping force to the mold
and (2) the deformation of the mold plate subjected to a high pressure from the polymer. At the
start of mold opening, the application of mold clamping force to the mold stops and the sensor
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output increases to 10 N. After that, the sensor output becomes constant. Upon the ejection of
the molded product, the demolding resistance is recorded as the sensor output. At the cavity
draft angle of 30°, a high output of 30 N is recorded at the start of mold opening. The reason
behind this is explained using the free body diagram showing the force acting on the molded
product at the start of mold opening, as shown in Fig. 9. Before the start of mold opening, the
residual pressure remaining in the molded product during the injection process is applied to the
cavity side wall. Therefore, at the start of mold opening, the reaction force R is applied to the
surface of the molded product in contact with the cavity side wall. The x-direction component
of Rx is the force that ejects the molded product from the cavity. In contrast, the frictional force
fis generated between the molded product and the cavity side wall. The x-direction component
of fx is the force that prevents the molded product from being ejected. With increasing cavity
draft angle 6, Rx increases and fx decreases. At a cavity draft angle of 30°, Rx exceeds fx and
the molded product is ejected from the cavity, leading to the pulling of the cavity insert by the
molded product. As a result, the sensor output immediately increases. At the same time, the
molded product is slightly detached from the cavity wall, leading to a sharp decrease in sensor
output. It is also hypothesized that the demolding resistance generated when the molded product
is detached from the cavity wall at the stationary mold side upon mold opening is transferred
to the cavity insert at the back of the molded product and is measured by the force sensor. To
address this problem, for the stationary mold side, we fabricated a special cavity insert that does
not generate the demolding resistance and used it for measurement. However, a high sensor
output similar to that measured using the conventional cavity insert was recorded at the start of
mold opening even when the new special cavity insert was used. Because of this finding, we
ruled out the above hypothesis. The mold developed in this study is intended for use during the
measurement of the demolding resistance when the molded product is ejected from the cavity,
and hence, the generation of demolding resistance during mold opening must be avoided. For
this reason, the cavity draft angle should be small.

Cavity /F-—/_\—/ /_\\_/

— FR % .
4 7 s
z:.?r?ace .-~ Draft 'l
--'--—71- ange® g -
A 6
Cavity [ { ‘)9 )
bottom T 51
surface 3
""" R
*
/_N__j
Molded
product
Small draft angle Large draft angle

Fig. 9. Free body diagram of molded product.
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5.2 Demolding resistance during ejection of molded product

Figure 10 shows the time courses of the demolding resistance upon the ejection of the molded
product and the protruded displacement of ejector pins measured using the displacement sensor
(1) at the cavity draft angle of 5, 10, or 15° under different holding pressures. In the figure,
the demolding resistance and the protruded displacement measured at the upper cavity under
reference conditions are shown. At the cavity draft angle of 5° and a holding pressure of less
than 80 MPa, the demolding resistance sharply increases at the start of ejection and then sharply
decreases. In contrast, at a holding pressure of more than 90 MPa, the demolding resistance
sharply increases at the start of ejection and remains at the same level for some time and then
decreases. At the cavity draft angles of 10 and 15°, the demolding resistance sharply increases
at the start of ejection and then immediately decreases even at the holding pressure of 90 MPa.
At the holding pressure of 100 MPa, the demolding resistance sharply increases and remains at
the same level and then decreases, although the duration of maintaining the high level is shorter
in the case of the cavity draft angles of 10 and 15° than in the case of the cavity draft angle 5°.

The increase in protruded displacement in the duration from a to b at a high holding pressure
is slower than that at a low holding pressure. With increasing cavity draft angle, the duration
from a to b decreases. In addition, the duration from a sharp increase in demolding resistance
to its decrease is in fair agreement with the duration from a to . The reason behind this is
explained below. At low holding pressures, R in Fig. 9 decreases regardless of the cavity draft
angle because the residual pressure in the molded product is small. As a result, fx decreases
and the molded product is smoothly ejected using ejector pins. In contrast, at high holding
pressures, R increases. As a result, fx increases, disrupting the operation of the protruding
equipment and the ejector plate of the injection molding machine, and the protrusion operation
in the duration from a to » in Fig. 10 becomes slow. Therefore, the demolding resistance
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Fig. 10. (Color online) Demolding resistance and protruded displacement profiles (reference conditions). Cavity
draft angles: (a) 5, (b) 10, and (c) 15°.
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sharply increases and the high level is maintained for some time. At small cavity draft angles,
the above phenomenon is observed at relatively low holding pressures because fx increases
with decreasing cavity draft angle. As explained above, with increasing holding pressure
and decreasing cavity draft angle, the protrusion operation of the ejector pins becomes slow,
affecting the sensor output.

6. Effect of Molding Conditions on Demolding Resistance

Using the mold developed in this study, we examined the effects of changes in holding
pressure, injection rate, heating cylinder temperature, and mold temperature on the demolding
resistance. Figure 11 shows the time courses of the demolding resistance and protruded
displacement measured in the upper cavity at the cavity draft angle of 5° under different
molding conditions. When the injection rate is increased, as shown in Fig. 11, the demolding
resistance increases under any holding pressure compared with that at a low injection rate (Fig.
10). When the heating cylinder temperature is increased above the reference temperature,
as shown in Fig. 10, the demolding resistance increases with increasing heating cylinder
temperature at the holding pressures of 60 and 70 MPa. When the mold temperature is
increased above the reference temperature in Fig. 10, the demolding resistance increases with
increasing mold temperature at any holding pressure.

From the output waveform in Fig. 11, the maximum demolding resistance was determined.
Figure 12 shows the relationship between the maximum demolding resistance and the holding
pressure. The maximum demolding resistance is the average of five measurements and the
standard deviation ¢ is also shown in the figure. In this figure, the plots at high holding
pressures, at which the operation of the ejector pins is considered to be impaired, are removed.
Under any condition, the maximum demolding resistance generally increases with increasing
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Fig. 11. (Color online) Demolding resistance measurement results under various molding conditions. Effects of (a)
injection rate, (b) heating cylinder temperature, and (c) mold temperature.



Sensors and Materials, Vol. 31, No. 10 (2019) 3109

180
=== Reference conditions
Z 160} =/ Injection rate: 53.1 m’/s]
=+ _|= Heating cylinder temprature: 290 [C]
== Mold temprature: 130 [C]

—_ = e
o N B
o 0O O

Maximum demolding resistance
[es]
(=]

50 50 70 80
Holding pressure [MPa]

Fig. 12. (Color online) Relationship between maximum demolding resistance and holding pressure under various
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holding pressure. In addition, the maximum demolding resistance increases with increasing
injection rate, heating cylinder temperature, and mold temperature. In particular, the effects of
holding pressure and mold temperature on the maximum demolding resistance were found to be
significant.

The reasons behind the above findings are examined below. During the injection process,
fountain flow of the polymer toward the cavity wall is induced. Upon contact of the polymer
with the cavity wall, the polymer starts to cool and solidify. At high heating cylinder
temperature and mold temperature, the temperature of the polymer in contact with the cavity
wall is relatively high, leading to a soft polymer with low viscosity in the vicinity of the cavity
wall. With increasing injection rate, the polymer is difficult to cool while flowing and shear
heating is generated. Therefore, the polymer in the vicinity of the cavity wall is soft with a
low viscosity. As explained above, the polymer in the vicinity of the cavity wall becomes
soft with a low viscosity with increasing injection rate, heating cylinder temperature, and
mold temperature. Therefore, the polymer easily adheres to the cavity wall. In addition, with
increasing holding pressure, the force applied to the polymer toward the cavity wall increases.
There are many factors that affect the demolding resistance. Among them, the increase in
adhesion between the polymer and the cavity wall is considered to be one of the factors in
the increase in demolding resistance in this study. The results of our previous study on the
measurement of the temperature distribution of a melt flowing in a mold!) revealed that
the temperature in the vicinity of the cavity wall increases with increasing heating cylinder
temperature, mold temperature, and injection rate. Furthermore, the results of another previous
study on heat-and-cool injection molding!'? demonstrated that the increase in the temperature
of a polymer in the vicinity of a cavity wall increases the adhesion between the polymer and the
cavity wall. Therefore, our assumption is considered to be valid.
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7. Conclusions

We designed and fabricated a mold equipped with high-sensitivity quartz force sensors
for demolding resistance measurement and evaluated its performance. Using this mold,
we measured the demolding resistance of a fluorine-based polyester lens. We obtained the
following conclusions:

(1) A calibration experiment of the sensor output was carried out. The preload applied to the
quartz force sensors before the start of mold closing has a significant effect on the sensor
output. It was found that the preload should be set at less than 10 N during measurement.

(2) Using the mold equipped with the high-sensitivity quartz force sensors developed in this
study, we succeeded in measuring small demolding resistances of 120 N or lower for the
first time.

(3) The draft angle of the cavity side wall has an effect on the demolding resistance. Namely,
at large draft angles, the molded product is slightly detached from the cavity wall as a
result of the force originating from the residual pressure in the molded product, leading
to a change in sensor output. In contrast, at small draft angles, the protrusion operation
of the ejector pins becomes slow at high holding pressures, leading to a change in sensor
output.

(4) It was clarified that the maximum demolding resistance increases with increasing holding
pressure, injection rate, heating cylinder temperature, and mold temperature.

As explained above, we clarified the characteristics of the mold developed in this study
and demonstrated its advantages. In the future, studies on the demolding resistance under
various conditions, i.e., various types of polymer and surface properties and surface treatment
conditions of the cavity, will be carried out.
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