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O
ptical components manufacturing
is one of the most demanding tasks
for injection molding. Precise di-

mensions, tight tolerances, and the per-
sistent demand for faultless and repro-
ducible parts represent the operational
framework in this industry.

Driven by increasing miniaturization
and more functionality in new device
generations in the past years, the indus-
try has shown a strongly increasing de-
mand for high-precision injection mold-
ed optical components. Analogous to the
innovative impulses for new, more com-
pact equipment system triggered in re-
cent years through the functional options

of aspheres, new perspectives for future
system innovations are presently emerg-
ing through the use of application-spe-
cific freeform optics. This nomenclature
summarizes refracting and reflecting sur-
faces that clearly differ from symmetric
and aspheric geometries.

However, due to inadequate availabil-
ity of technical basics, today's demand for
plastic types for freeform optics can on-

ly be met at uneconomic expense. With-
in the scope of the FREE project – the
acronym stands for “precision freeform
optics” – Jenoptik Polymer Systems
GmbH in Triptis, Germany, was faced
with the challenge of producing symmet-
ric, non-rotation freeform optics from
high-performance plastic materials.
Hereby, the aim was to achieve a preci-
sion of 0.5 µm. In order to penetrate this
lucrative business, in which polymer-
based precision optics with symmetric,
non-rotation freeform profiles play a key
role, this project was to create the re-
quired basic competences.

Matching the Process for
Freeform Surfaces

For optic components made of plastic,
manufacturers have a basic choice be-
tween replicative methods of injection or
compression molding, and material re-
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Shortcut on the Way to
Freeform Optics
Virtual Mold Trials.

The manufacture of

plastic optical compo-

nents usually involves a

highly iterative process

during development of

the molded part and

mold construction.

Reason for this is the

uncertainty associated

with the injection

molding behavior. The

case example from a

research project demonstrates how a virtual mold trial can replace this stepwise

approach, which also results in considerable cost reductions.

Already at the end of the filling phase, the long filling time leads to a temperature difference in the com-
ponent (figures: Sigma Engineering)
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moval methods of ultra-precision dia-
mond machining. While ultra-precision
machining methods are typically used for
small to medium-sized batches – i.e. char-
acteristic for prototyping tasks –, replica-
tive molding methods are only employed
in series production because of the high
preparatory costs. These costs mainly in-
clude the complex production of the mas-
ter molds, which requires a considerable
advance investment, and, due to the on-
ly vague knowledge of the injection mold-
ing process, frequently involve several it-
erative loops.

For non-symmetric freeform surface
profiles the machined implementation of
the complex geometry in a ductile mold
material with the necessary optical quality
as well as the necessary measurement tech-
nology are very complex.The investigation
and determination of process conditions
during injection molding for these precise
requirements is a so far unsolved task.

In this case, the simulation tool “Sig-
masoft Virtual Molding” (Sigma Engi-
neering GmbH in Aachen, Germany) was
used to analyze the influence of different
process parameters on component qual-
ity. For every step in the calculations, the
molded parts and the replication mold
are closely coupled. Calculations for form
filling are based on the complete 3-D
Navier Stokes flow equations. These are
followed by a true 3-D calculation of
post-pressure and cooling phase, plus
component shrinkage and deformation
until room temperature is reached.

After an initial thermodynamic con-
sideration, a mold heat-up time is deter-
mined, followed by a count of the cycles
required until thermal equilibrium is
reached, which is essential for an expedi-
ent replication process. Various key as-
pects are examined in the following sim-
ulations of the filling process:

� Flow fields,
� pressure and temperature distribution

in the melt at different points in time,
� development of the flow front during

mold filling,
� possible locations of weld lines and air

pockets,
� representation of mold filling and flow

phenomena behind the flow front by
means of (massless) tracer particles.

Following the simulated filling phase, the
cooling and post-pressure phase is ex-
amined, whereby temperature distribu-
tion during the cooling phase is in the
forefront, in order to determine an op-
timum residual cooling time. Subse-
quently, shrinkage and deformation in

all spatial directions are determined and
displayed.

Thermal Analysis of the Mold

At first, a thermal simulation is used to
establish for how long hot water at 90°C
must flow through the mold's tempering
channels until the target temperature or
a thermodynamic equilibrium is practi-
cally reached (Fig. 1). Initially, the mold ab-
sorbs a great amount of energy. After
about 10 minutes, the energy input is con-
siderably lower, but a stationary condi-
tion has not yet been reached. After a 30-
minute heat-up time with 90°C hot wa-
ter, a homogeneous temperature distri-
bution between 86.5 and 86.8°C is
noticeable in the cavity. Therefore, this
time should be allowed in the practical
tests (Table) before the first molded part is
produced.

On the other hand, the manufactured
parts generate a cyclic thermal input to
the overall thermodynamic system, in ac-
cordance with the established balance
equation:

Qmelt + Qtempering = 
Qcomponent + Qradiation

Accordingly, the amount of energy intro-
duced by the melt (Fig. 2) and the mold's
tempering channels equals the sum of en-
ergy removed by the molded part and
through heat radiation of the mold. If the
sum of all these energy flows does no
longer changes, the system exhibits the
same energetic state before and after the
cycle. Consequently, it has reached a qua-
si-stationary state, and production of
good parts can commence. For example,
if it takes 30 cycles to reach this state of
equilibrium, the first 30 parts of every test
series must be seen as scrap. Useful meas-

Fig. 1. Sigmasoft Vir-
tual Molding exam-
ines all the informa-
tion on mold temper-
ing. This permits the
temperature distribu-
tion at every point in
the component and
mold to be represent-
ed for different points
in time during several
cycles. Shown at left
are the tempering
channels on both
sides of the mold

Component 
dimensions

Central thickness: 
5.5 mm
Optically used surface
diameter: 40 mm

Component volume 15.6 cm3

Injection/volume profile Single stage

Injection pressure 1,500 bar

Switchover pressure 1,100 bar

Filling time 8 s

Post-pressure profile
Single stage, 
20 s at 1,000 bar

Residual cooling time 180 s

Melt temperature
during injection

240°C

Mold temperature 90°C

Ambient temperature 20°C

Coolant Water

Mold material Stainless steel 1.2343

Plastic
PMMA 
(Plexiglas 7N, Evonik)

Table. Manufacturing parameters used in prac-
tice and simulation
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urements can only be made from the 31st
part onward.

Analysis of Filling Behavior

The filling simulation is followed by a
thermal investigation of the replication
process. Hereby, possible jetting, flow
lines as well as air pockets can be detect-
ed. The homogeneous filling process de-
termined by the simulation correlates
closely with the results of the injection
tests (Fig. 3). For the practical comparison,
a filling study was conducted, whereby
only a defined portion of material is in-
jected into the mold, which is not enough
for complete mold filling. For the first
part in the diagram, 17 cm3 of shot vol-
ume remain in the dosing unit, and only
3.5 cm3 for the last part.

The simulation shows how melt tem-
perature changes during the filling phase.
Here, one sees clearly that some surface
areas of the component near the gate cool
down significantly,whereby temperatures
of 130°C are reached. Because of the long
filling time, a temperature difference re-
sults in the component at the end of the
filling phase (Title figure). An explanation
for this can also be provided by the sim-
ulation, where the flow conditions behind
the flow front are shown by so-called trac-
er particles (massless particles). It shows
clearly that in several areas near the gate
the melt flow is slower and cools down
more quickly than in areas in which the

plastic is still subjected to high shearing
forces or hot melt continues to enter the
mold.

Post-pressure and 
Freezing Behavior

Noticeable in the simulated pressure dis-
tribution of the component is that the ad-
justed post-pressure of 1,000 bar only ex-
ists on the nozzle side of the gate. With
increasing distance from the gate, the ef-
fective pressure drops. At the beginning
of the post-pressure phase, 968 bar are
measured in the component at a distance
from the gate, and 975 bar near the gate.
At the end of the post-pressure time, pres-
sure distant from the gate is only 600 bar,
and 622 bar near the gate (Fig. 4).

In a next step, component freezing can
be simulated (Fig. 5). This is highly rele-
vant, as this simulation provides reliable
findings regarding post-pressure time
and residual cooling time. A constant
post-pressure only has a positive effect on
molding accuracy as long as a liquid core
can be maintained between gate and com-
ponent.

Frozen areas are shown transparent.
Red areas are still molten and are are af-
fected by post-pressure. Blue areas are still
molten, but can no longer be supplied
with post-pressure. Here, only the at-
tained pressure is relevant for compen-
sating the plastic’s volume shrinkage.

The component can be affected by
dwell pressure up to some 90 % of frozen
volume. After 30 s of post-pressure time,

Fig. 2. Energy introduced by the hot plastic melt during the injection phase causes a temperature increase from 88.4 to 95.5°C in the freeform surface
region of the mold

Fig. 3. The simulated filling process correlates well with the practical results

Fig. 4. In the post-pressure phase effective pressure is reduced with increasing distance from the gate
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the necessary connection to the lens is
frozen, so that a longer post-pressure time
for increased molding accuracy makes no
sense (Fig. 4, right). Therefore, the original-
ly defined post-pressure time was in-
creased from 20 to 30 s in the course of
the investigations.

In the post-pressure phase, only very
low shear values and also lower temper-
atures occur. This leads to a strong in-
crease in viscosity during the post-pres-
sure phase. In turn, high viscosity means
that it becomes more difficult to press
melt into the mold.

What does the simulation reveal about
cooling time? For this, temperature
across the component cross-section was
initially analyzed 100 s after the filling
process (value calculated with a Fourier
transform). As shown in Figure 6, the cen-
tral region is almost at 118°C, and there-
fore still above the glass transition tem-
perature. After the defined residual cool-
ing time of 180 s, and a dwell time of 30 s
(cooling time = 210 s), the temperature
in the central region has dropped to
about 94°C, and therefore below the 
Vicat softening temperature (103°C),

while the border regions of the freeform
surface are at 89°C, i.e. almost at cavity
temperature. 30 minutes after demold-
ing, the component’s core temperature
has reached 25.3°C, i.e. practically room
temperature.

Finally, deformation is examined.
Across the diameter (44 mm) the surface
shrinks almost uniformly by 180 µm.This
equals a shrinkage of 0.41 %,which is very
close to the measured shrinkage of 0.3 %.
Also in the comparison of mean defor-
mation as a function of dwell pressure,
the measured and predicted values cor-
relate very well (Fig. 7).

Summary

Today, the manufacture of optical com-
ponents often involves complex iteration
loops before the production starts. Sig-
masoft Virtual Molding can predict the
interactions between process parameters
and component quality. This permits de-
velopment time and costs to be saved.
Moreover, the cause for undesirable de-
fects can be detected and eliminated at an
early stage.�
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Fig. 5. Simulated freezing process of the freeform optics, with 30 s post-pressure time, and the
viscosity at beginning and end of post-pressure time. The predicted freezing behavior permits 
conclusions regarding post-pressure time and residual cooling time. Shown at right is viscosity at
the beginning (top) and end (bottom) of the post-pressure phase

Fig. 6. Simulated temperature distribution in the component with cooling times of 100 s and 210 s
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Fig. 7. Calculations
for shrinkage and de-
formation investigate
the influence of
process parameters
on component quality
during several cy-
cles. The predicted
effect of post-pres-
sure on mean compo-
nent deformation co-
incides closely with
reality
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