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Abstract: Modern injection molding processes offer a 
cost-efficient method for manufacturing high precision 
plastic optics for high volume applications. Besides form 
deviation of molded freeform optics, internal material 
stress is a relevant influencing factor for the functional-
ity of a freeform optics in an optical system. This paper 
illustrates dominant influence parameters of an injection 
molding process relating to form deviation and internal 
material stress based on a freeform demonstrator geom-
etry. Furthermore, a deterministic and efficient way for 3D 
mold correcting of systematic, asymmetrical shrinkage 
errors is shown to reach micrometer range shape accu-
racy at diameters up to 40 mm. In a second case, a stress-
optimized parameter combination using unusual molding 
conditions was 3D corrected to reach high precision and 
low stress freeform polymer optics.

Keywords: birefringence; freeform optics; injection molding; 
plastic optics; polymer; ultra-precision manufacturing.

1  Introduction
Modern optical systems applied to optical key markets 
such as mobile communication, healthcare, sensoric, 
security, lighting, and also photovoltaics need to have 
more complex optical surfaces to achieve enhanced 

performance requirements, less components, and minia-
turization. One possibility to achieve these challenging 
goals is the application of freeform components within the 
optical system. Currently, new mathematical approaches 
are under consideration [1] that allow for new optical 
designs without symmetry [2, 3]. Products like head-
mounted displays (HMDs), head up displays (HUDs), 
detector elements, varifocal glasses, and innovative LED 
illumination optics require freeform optics to guarantee 
excellent function [4–7]. Especially for manufacturing 
of imaging optics, demands regarding a minimal form 
deviation are very high. Injection molding causes intrinsic 
stress in plastic optics. This effect has to be minimized for 
high precision, especially polarized light applications.

This paper explains the process-influencing parameters 
during injection molding with regard to form deviation and 
internal material stress based on systematically defined 
demonstrator geometry. As a result, molding parameter 
influences relating to these two quality parameters can be 
detected. Therefore, two process parameter combinations 
are defined as initial points to correct the form deviations 
at the mold: first to reach process stabilized form devia-
tion and second for a minimized internal material stress. 
For each scenario, a developed 3D correction method was 
applied to minimize the form deviation up to a factor of 10.

Replicated freeform optical elements usually generate 
an irregular thickness over the surface different from rota-
tional symmetric lenses. Therefore, in most cases the main 
shrinkage in freeform optics will be non-symmetrical, too, 
especially in case of a significant asymmetric content. 
To compensate for such kind of non-uniform shrinkage, 
a new process chain is applied in this paper. As a result 
of the new process chain, a molded plastic freeform lens 
with accuracies of about 2 μm over a diameter of 40 mm 
can be achieved as compared to about 20 μm surface 
errors (state of the art) achieved in a conventional way 
[8]. So the form deviation was successfully improved from 
the typical range of illumination optics into the level of 
some imaging applications for molded plastic optics. In a 
second case, the internal stress was reduced to 25% by the 
use of unusual injection molding process parameters, in 
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which large form deviation was compensated by a factor 
of 11 to about 10 μm (P-V) with the use of the developed 3D 
correction of the mold.

2  �Process elements and challenges 
for injection molding high 
precision freeform optics

In general, the process chain for molding a freeform 
optical component is analogous to molding rotational 
symmetric optical elements. Within the process chain, 
design, material, mold, injection molding machine, auto-
mation, and quality assurance are fundamental determin-
ing factors with respect to the quality of molded optical 
components [8, 9].

The challenge in molding freeform optical elements 
is the compensation of the systematic shrinkage of the 
molding resin with regard to the optical lens surfaces. This 
compensation needs to be incorporated into the manufac-
turing of the mold inserts. The accurate measurement of 
the mold inserts as well as the lens optical surfaces in 3D 
is required.

With respect to the optical performance of plastic 
optics, properties of the raw material must be considered 
such as the molecular structure, the molecular conforma-
tion, and impurities. Today, the materials most commonly 
used for molding plastic optics are polymethyl meth-
acrylate (PMMA), polycarbonate, polystyrene, cycloolefin 
polymer, and cycloolefin copolymer [9]. Besides molding 
of plastic optics, molding of glass is possible, too, while 
the process chain is different from the injection molding 
process due to other material properties of glass. Here, 
higher process temperatures, longer cycle times, and dif-
ferent mold materials have to be considered [10].

The basic elements within the process chain are the 
mold and the injection molding machine. In industry, dif-
ferent designs and types of injection molding tools and 
injection molding machines exist, cf. [9, 11].

After material preparation and mounting the injec-
tion molding tool onto the injection molding machine, the 
molding process can be started. Then the mold is closed, 
the polymer melt is filled, a compression phase is added, 
and a cooling phase follows. After that, the part can be 
ejected [9].

This paper focuses on the process influences with 
respect to form deviation and internal material stress 
by injection molding of freeform optics. For this kind of 
surface type, the mold insert is machined and corrected 
by the ‘slow tool servo technology’. Ultra-precision tactile 

measurement and novel data handling methods are 
applied for process evaluation [12, 13].

3  Experimental process conditions

3.1  Demonstrator geometry

For analyzing the injection molding process of freeform 
surfaces including novel correction strategies, an exem-
plary freeform surface has to be defined by a mathematic 
equation. Furthermore, the freeform optical surface has to 
be integrated into an optical volume element suitable for 
molding.

A continuous freeform with low frequency surface 
deviations of rotation symmetry is defined by equation 
(1) representing the sum of a non-rotational symmetric 
and a rotational symmetric part. In search of the freeform 
surface described, an exemplary Zernike polynomial func-
tion was defined applicable as beam shaping element [14].
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Within the Cartesian coordinates (x, y, z), z is the sag at 
a defined x-y position. The non-symmetrical term (Znrs) is 
described by the zZernike (4, 4) term with 0.2, normalized to 
a radius of 20 mm. The zZernike (4, 4) term describes a so-
called ‘Tetrafoil’ from the defined Zernike series. The rota-
tional symmetric part (Zrs) is a convex sphere with a radius 
R of 100 mm.

The deviation of the non-rotational symmetric part is 
1.26 mm with a maximal slope of 18.4° at the clear aperture 
diameter of 40 mm. At the pitch circle in the outer area, 
three spherical elements with a radius of 10 mm are posi-
tioned that provide optional referencing of the freeform 
surface during measurement and in the optical system, 
respectively. The designed optical element has one such 
freeform surface; the second optical surface is flat.

The designed freeform surface has to be implemented 
into an optical volume element dedicated to the molding 
process. For this freeform lens, the gate position can be 
seen, and a bevel at the outer diameter was added for 
manufacturability. The outer diameter of the part is 70 
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mm, and the center thickness is 5.5 mm. The material of 
the lens is PMMA 7N. The three spherical reference ele-
ments can be used for alignment within measurement or 
system integration processes.

A 3D computer aided design (CAD) of the demonstra-
tor geometry is shown in Figure 1.

3.2  �Mold manufacturing and 3D correction 
method

Based on the design of the optical freeform element 
(Figure 1), the cavity as well as the complete injection 
mold was designed by 3D CAD software and manufac-
tured. The classical configuration of a 3D CAD model with 
so-called nozzle and ejector side is shown in Figure  2 
(left); the manufactured tool is given in Figure 2 (right). 
The optical tool inserts were realized with ultra-precision 
techniques (freeform insert, see Figure  3, middle). The 

Figure 1: 3D CAD model of the demonstrator geometry.

Figure 2: 3D CAD design of the mold tool (left) and manufactured mold tool (right).

non-optical elements were produced with classical tool 
shop methods like milling, turning, grinding, and electro 
discharge machining (sink and wire).

For manufacturing the freeform optical mold, ultra-
precision machining methods utilizing a monocrystalline 
diamond tool are preferred for efficient machining [15]. The 
optical surface was designed for the slow tool servo technol-
ogy. This process is qualified for generating smooth freeform 
surfaces where the two-axis diamond turning machine is 
modified with a computerized numerical control (CNC) con-
trolled rotation C axis in addition to the two linear axes (X 
and Z) [16]. The machine concept is shown in Figure 3 (left).

Understanding main error influences [13], the defined 
Zernike surface was manufactured at the mold according to 
the common procedure. The tool insert is a hardened steel 
substrate added with special nickel phosphorous plating. 
The machined mold insert was measured using the high 
accuracy profilometer Panasonic UA3P-5. The measurement 
accuracy for this kind of freeform surface (size, slopes) is 
better than 50 nm [17]. The measured surface data were sub-
sequently evaluated by a best fit procedure. A surface accu-
racy with 2.27 μm P-V and 0.375 μm rms (root mean square), 
respectively, was measured at a clear aperture diameter of 40 
mm. To achieve higher precision at the mold freeform surface, 
a special iteration loop was developed. Fitting the deviation 
surface by a Fourier equation with a coefficient of determina-
tion r2 = 0.99 to the measured data, the deviation surface can 
be superimposed to Zernike surfaces in very high numeri-
cal precision. The Fourier function has an additional effect 
on smoothing the measurement data [8]. After calculating  
a tool path for correcting form deviation in the computer-
aided manufacturing (CAM) system, the freeform mold was 
machined. All technological process parameters have to be 
same.
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After one iteration loop, the form deviation was mini-
mized from 2.27 μm P-V (0.375 μm rms) down to 0.24 μm 
P-V (33.1 nm rms), which is almost an order of magnitude 
(see Figure 3, right).

A comparable process chain was applied to compen-
sate shrinkage of molded freeform optics, where addi-
tional coordinate transformations of the measured surface 
data have to be done to correct the shrinkage errors at the 
exact position.

4  �Process influences of the 
injection molding process 
regarding form deviation and 
internal material stress

The quality of molded parts is a result of a complex com-
bination of the used material (according to their pvT 
characteristics), the part and mold design as well as the 
process conditions. The resulting shrinkage and internal 
material stress are important factors affecting the quality 
of the molded part. Based on this physical relationship, 
the parameters melt temperature TM, mold temperature 
TW, dwell pressure pN, dwell pressure time tN, and cooling 
time trk are analyzed as main influence parameters in this 
paper.

For molding the defined Zernike freeform optical 
volume element, the finished injection mold was mounted 
on the injection molding machine, where first processes 
were generated. First process parameters were defined 
with the help of material data (PMMA) and known values 
for such kind of geometries (thickness, size). These first 
process parameters resulted in a complete filled part of 
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Figure 3: Machine concept and axes definition for slow tool servo technology [15] (left), freeform tool insert positioned at the vacuum chuck 
on the ultra-precision machine and diamond tool (middle), and surface deviation after one iteration loop, top view (right).

Figure 4: Molded freeform optical demonstrator including gate.

high quality, where typical specifications for high preci-
sion plastic optics (bubbles, inclusions, thermal damages, 
flow marks) were reached (see Figure 4).

For the analysis of form deviations in this chapter, 
a common 3D coordinate measurement machine was 
used, and results were calculated in the rms value as a 
reasonable overall surface quality value. For measuring 
the internal material stress, the optical path difference 
was evaluated in nanometers per centimeter by a pola-
rimeter measuring system. Based on each five measure-
ments, a scatter of these parameters was calculated, 
respectively.

4.1  Influence parameter melt temperature

The melt temperature was varied between 200°C and 
280°C. The process point at 280°C was defined by 20  K 
over the material reference point as usually optical 
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polymer parts are produced by applying the upper mate-
rial limit [18, 19].

The result, a non-linear effect to both of the target 
parameters, can be seen in Figure 5.

An increased melt temperature results in a decreas-
ing form deviation as well as optical path difference. The 
form deviation varies strongly under non-linear behavior 
between 16 μm and 4.6 μm (rms); the optical path differ-
ence varies at similar behavior between 660 nm/cm and 
226 nm/cm. A melt temperature above 240°C cannot show 
a further improvement of the form deviation. The inter-
nal material stress was influenced positively until 260°C. 
At 280°C melt temperature, explicit surface defects were 
observed. Thus, this parameter might not be applied for 
optical parts.

A distinct correlation between varied melt tempera-
ture and process scatter of form deviation or optical tool 
path difference cannot be analyzed.

4.2  Influence parameter mold temperature

The mold temperature was varied between 67°C and 98°C. 
The process point at 98°C was defined because of the rel-
evance of the upper recommended mold temperatures 
by replicating polymer optics [18, 19]. The defined values 
were measured near the cavity with an accuracy of ±1 K. 
The results in Figure 6 show a significant non-linear effect 
of the mold temperature to the form deviation; an influ-
ence to the internal material stress cannot be derived. 
A mold temperature increasing to the upper level of the 
material specification of 90°C provides an improved form 
deviation of 4.6 μm (rms) compared to 16 μm (rms) at 67°C 
mold temperature. A further increase of the temperature 
to 98°C cannot provide further improvement of the form 
deviation. The optical path difference was very stable over 
the analyzed parameter variation at about 290 nm/cm.
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Figure 5: Connection between form deviation and optical path 
difference as a function of the melt temperature (constant process 
conditions: TW = 90°C, pN = 1000 bar, tN = 30 s, trk = 180 s) [8].
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Figure 6: Connection between form deviation and optical path 
difference as a function of the mold temperature (constant process 
conditions: TM = 240°C, pN = 1000 bar, tN = 30 s, trk = 180 s) [8].
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Figure 7: Connection between form deviation and optical path 
difference as a function of the dwell pressure (constant process 
conditions: TW = 90°C, TM = 240°C, tN = 30 s, trk = 180 s) [8].

A distinct correlation between varied mold tempera-
ture and process scatter cannot be analyzed based on the 
measurement results.

4.3  Influence parameter dwell pressure

A further experiment was carried out to identify the effect 
of the dwell pressure regarding form deviation and the 
internal material stress. For this, the dwell pressure was 
modified between 700 bar and 1400 bar. The resulting 
form deviation and optical path difference of the molded 
freeform optical polymer lenses is shown in Figure 7.

Both of the target parameters show a non-linear behav-
ior by changing the dwell pressure. The form deviation 
decreases with a rising dwell pressure from 30 μm down to 
4.6 μm (rms). The path difference rises from 130 nm/cm to 
330 nm/cm. Above 1000 bar, the negative influence to the 
internal material stress stabilizes, and a further improve-
ment to the form deviation cannot be detected.

Obviously, the opposing trend of the two quality 
parameters appears. Applying as transmission optics, 



282      L. Dick et al.: Process influences and correction possibilities for high precision injection molded freeform optics

both of the parameters have to be minimal; a compro-
mise between form deviation and internal material stress 
has to be found usually by determining the final process 
conditions. This situation can be relaxed by an extended 
process chain with 3D correction of the mold insert.

Another consequence of this experimental run is the 
resulting minimized process scatter of the form deviations 
after increasing dwell pressure (see error bar in Figure 7).

4.4  Influence parameter dwell pressure time

The dwell pressure time was varied between 10  s and 
40 s due to the fact that 3D finite element method (FEM) 
simulations show a frozen sprue at 30  s dwell pres-
sure time [20]. The effect of the variation with respect to 
form deviation and internal material stress is shown in 
Figure 8. An increasing dwell pressure time introduces a 
minimizing form deviation from 15.8 μm to 4.4 μm (rms), 
whereby a rising optical path difference from 217 nm/cm 
to 290 nm/cm can be observed. Over 30 s dwell pressure 
time, the influence of this effect stagnates on both param-
eters. The influence on the form deviation is caused by the 
shrinkage that can be compensated with more polymer 
melt by a longer dwell pressure time until the sprue is 
not frozen. The rising internal material stress results from 
the increased material pressure and difficult flow condi-
tions within the freezing process. After 30 s dwell pressure 
time, the influence by the dwell pressure time stagnates 
because the gate is frozen, which is in good correlation to 
the 3D FEM simulations [20].

4.5  Influence parameter cooling time

The variation of the cooling time between 60 s and 240 s 
shows a comparatively slight influence on the form 
deviation and not measurable influence on the optical 

30

25

20

15

10

5

0
10 20 30 40

Dwell pressure time (s)

F
or

m
 d

ev
ia

tio
n 

rm
s 

(µ
m

)

700

600

500

400

300

200

100

0

O
pt

ic
al

 p
at

h 
di

ffe
re

nc
e 

(n
m

/c
m

)

Form deviation

Optical path difference

Figure 8: Connection between form deviation and optical path dif-
ference as a function of the dwell pressure time (constant process 
conditions: TW = 90°C, TM = 240°C, pN = 1000 bar, trk = 180 s) [8].

30

25

20

15

10

5

0
60 120 180 240

Cooling time (s)

F
or

m
 d

ev
ia

tio
n 

rm
s 

(µ
m

)700

600

500

400

300

200

100

0

O
pt

ic
al

 p
at

h 
di

ffe
re

nc
e 

(n
m

/c
m

)

Form deviation
Optical path difference

Figure 9: Connection between form deviation and optical path 
difference as a function of the cooling time (constant process condi-
tions: TW = 90°C, TM = 240°C, tN = 30 s, pN = 1000 bar) [8].

path difference; see Figure 9. A longer cooling time of 
180  s provides a measured form deviation of 4.6 μm 
(rms) compared to 8.6 μm (rms) at 60  s cooling time. 
The reason can be found in a longer mold constraint at 
longer cooling times and, thereby, better cooling con-
ditions. The internal material stress was evaluated by 
very constant values of the optical path difference of 
290 nm/cm.

5  �Design of experiments (DOEs) 
in 33 structure

The main influence parameters with respect to the 
form deviation by injection molding of freeform optics 
are dwell pressure, melt temperature, and mold tem-
perature. Dwell pressure and additional melt tempera-
ture have a significant influence on the optical path 
difference. To identify an interdependent influence 
between the parameters, a so-called 33 DOE (parameter 
field, see Table  1) was defined and operated within 27 
subprocesses.

Each subprocess was evaluated at five molded parts. 
Besides the following measuring value (Figure  10, left), 
also the process scatter was measured (Figure 10, right). 
The results are shown at an optimal mold temperature of 
90°C [8].

Table 1: Varied parameters in the 33 DOE.

Parameter     Parameter level

Name   Unit L- L0   L+

Mold temperature   °C   74  82  90
Melt temperature   °C   220  240  260
Dwell pressure   bar   900  1000  1100
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It can be seen that a rising dwell pressure as well as a 
rising melt temperature is optimizing the form deviation. 
The influence of the dwell pressure is more dominant in 
the analyzed field. A similar connection was analyzed at 
mold temperatures of 74°C and 82°C. At 90°C mold tem-
perature, a minimal form deviation was detected; there-
fore, this result is shown in detail.

The scattering of the measurement results varied 
between 6% and 30% compared to the absolute values. 
Obviously, the scatter is higher at lower dwell pressure of 900 
bar, which correlates with the result in Figure 7. The scatter 
at 1000 bar and 1100 bar is distributed more statistically. At 
1000 bar dwell pressure, 240°C melt temperature, and 90°C 
mold temperature, a form deviation with a high systematic 
value is given by 5 μm (rms) and a scatter of 0.3 μm (rms). 
Further increasing dwell pressure and melt temperature 
cannot provide a further improvement of the form deviation 
and scatter. So this result will be the parameter combination 

to push the form deviation by the use of the 3D correction of 
the mold in the range of 0.3 μm (rms).

The 33 DOE was additionally evaluated regarding 
the internal material stress. Analyses revealed that melt 
temperature and dwell pressure have an influence to 
the optical path difference, whereas the melt tempera-
ture effect dominates in the reviewed process field. The 
mold temperature cannot show an effect to the optical 
path difference. So results at 90°C mold temperature are 
shown (see Figure  11), whereas best results regarding 
form deviation were found within the DOE design.

Within the DOE, a scatter of the optical path differ-
ence between 3 nm/cm and 23 nm/cm were detected at a 
stochastic connection. The lowest internal material stress 
was analyzed at 900 bar dwell pressure and 260°C melt 
temperature with 207 nm/cm optical path difference. The 
maximal value was measured at 220°C melt temperature 
and 1100 bar dwell pressure with 455 nm/cm.

Figure 10: Connection between form deviation (left) and scattering (right) of the dwell pressure and melt temperature (constant process 
conditions: TW = 90°C, tN = 30 s) [8].

Figure 11: Connection between optical path difference (left) and scattering (right) of the dwell pressure and melt temperature (constant 
process conditions: TW = 90°C, tN = 30 s) [8].
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6  �Correction possibility of the form 
deviation at different starting 
conditions

6.1  General process chain

Based on results of Sections 4 and 5, the P-V values can 
be influenced up to given process limitations. To improve 
the precision of the defined freeform surface, further 
process steps are required; the measurement of the 
surface deviation at the molded part has to be described 
by a mathematical function. Then a freeform with cor-
rected surface of the mold can be calculated, whereas the 
deviation of the molded freeform surface has to be super-
imposed to the sag of the optical design description at the 
tool insert. The new calculated surface comprises all infor-
mation that controls the systematic shrinkage effect of the 
molding process. Before calculating the corrected surface 
for the tool insert, a transformation of the measured 
deviation surface with respect to the coordinate system 
of the mold has to be done. Transferring the point cloud 
with a raster size of 0.1 mm × 0.1  mm to the CAM system 
as described in [13], the mold can be processed applying 
the modified tool path. Reference elements for the angle 
and the x-y position for a high precision positioning of the 
mold are essential.

The main limitation of the process chain is the scatter 
of form deviation within the molding process. So the 
process parameter combination has to be defined based 
on a minimal variation to reach preferably best results 
regarding the form deviation after a 3D mold correction.

6.2  �Molding conditions with process 
stabilized form deviation

A very stable parameter combination for molding the 
freeform demonstrator geometry was found at 1000 bar 
dwell pressure, 240°C melt temperature, and 90°C mold 
temperature. Using these parameters, a mean form devia-
tion of 18.82 μm (P-V) and 4.38 μm (rms) was reached at 
the molded freeform surface without 3D mold correction 
(Figure  12A). The systematic form deviation was charac-
terized by a Fourier model with a coefficient of determi-
nation of 0.99 (Figure 12B). Middle and high frequency 
artifacts were filtered by using this mathematical model 
(Figure 12C). Using this model, a corrected freeform surface 
for the mold was calculated and machined. Molding the 
defined Zernike freeform optics again with the same 

molding process parameters but modified tool insert, the 
molded freeform lenses were measured. A form deviation 
of about 2 μm (P-V) and 0.28 μm (rms) was reached by one 
iteration cycle, which is more than one order of magnitude 
better than without correction cycle. Results with 1.84 μm 
(P-V) and 0.35 μm (rms), respectively, are given in Figure 
12D and E. The character of the form deviation has a better 
symmetry compared to the character before correction 
(Figure 12A). Asymmetrical errors were highly reduced. 
The reproducibility with process break was evaluated with 
2 μm (P-V) at existing experimental conditions. Process 
scattering is the main problem for a second iteration loop, 
whereas a systematic error surface is required. Random 
process variations cannot be corrected by this method.

6.3  �Molding conditions with minimized 
internal material stress

Besides form deviations, internal material stress is an 
essential quality criterion for applications that use polar-
ized light within transmission optics. Material stress 
introduces different densities per spatial directions and 
consequently a changing directional property of the 
refractive index, which accordingly becomes anisotropic. 
The internal material stress can be influenced by injection 
molding process parameters.

To find an optimal parameter combination with further 
reduced internal stress, another test run was done based 
on results shown. Here, the dwell pressure was further 
minimized at a maximum melt temperature of 260°C until a 
process with minimal internal stress and acceptable scatter 
of the form deviation was analyzed. The dwell pressure was 
varied between 100 bar and 700 bar. Up to 500 bar, molding 
volume was not completely filled as the parameter combi-
nation could not be used. At 700  bar dwell pressure, full 
volume molded freeform lenses were realized.

The internal material stress was evaluated by meas-
uring the optical path difference. This difference was 
optimized from 290 nm/cm to 66.5 nm/cm. Measurement 
results from the polarimeter are shown in Figure 13.

To evaluate the form deviation at modified injection 
molding conditions, samples were measured with a result 
of about 110 μm (P-V) and 31 μm (rms); see Figure 14 (left). 
The process scatter was evaluated with 16 μm (P-V). The 
form deviation is by a factor 6 higher compared to the 
result at a melt temperature of 240°C and a dwell pres-
sure of 1000 bar (optimal parameter values regarding form 
deviation). The character of the form deviation is a typical 
sink mark. After correcting the mold, the freeform lens was 
molded under constant process conditions. As result, a 
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Figure 12: Mean form deviation (A), mathematical description (B), and mathematical accuracy (C) before local correction of the form devia-
tion and corrected form deviation (exemplary) after one iteration cycle (D and E) [8].
(A) Form deviation before correction (P-V = 18.82 μm/rms = 4.38 μm). (B) Mathematical model for describing the form deviation before cor-
rection. (C) Difference between measured form deviation (A) and mathematical model (B) aligned scale. (D) Exemplary form deviation after 
one iteration loop (P-V = 1.84 μm/rms = 0.35 μm). (E) Exemplary form deviation after one iteration loop (P-V = 1.84 μm/rms = 0.35 μm) aligned 
scale.
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Figure 13: Optical path difference of a replicated lens without (left) and with (middle and right) optimized molding parameters (constant 
process conditions: TW = 90°C, TM = 240°C, trk = 180 s) [8].
Left: Optical path difference before parameter optimization: 290 nm/cm (pN = 1000 bar, TM = 240°C). Middle: Optical path difference after 
parameter optimization: 66.5 nm/cm (pN = 700 bar, TM = 260°C). Right: Optical path difference after parameter optimization: 66.5 nm/cm, 
aligned scale) (pN = 700 bar, TM = 260°C).
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reduction of the form deviation by factor 10 to about 11 μm 
(P-V) and 1.9 μm (rms), respectively, was reached (Figure 
14, right). A further iteration loop is not recommended as 
the process scatter of the form deviation is limiting further 
success by applying the process chain for mold correction.

The results show that internal material properties 
can be improved by applying unusual injection molding 
process parameters, if the form deviation can be corrected 
by the novel method for 3D mold correction. Thus, both 
the internal material stress and the form deviation can 
be optimized combining the use of standard parameters 
within the injection molding process.

7  Conclusions
Process influences at injection molding of freeform optics 
regarding form deviation and internal material stress are 
discussed. Based on a DOE, two relevant start conditions 
were defined. A 3D mold correction method was devel-
oped and applied to each of the conditions.

Obtained manufacturing accuracies prove that a 
deterministic process chain was realized, which allows 
manufacturing of novel high precision freeform optics 
for high volume applications. The form deviation was 
improved from the typical range of illumination optics 
into the level of some imaging applications like HUDs or 
HMDs in high volume.

As a result, asymmetrical shape deviations have been 
minimized to about 2 μm at the molded freeform surface 

with 40 mm in diameter using stabilized process param-
eters with respect to the process scatter of the form devia-
tion at the molded lenses. Secondly, the internal material 
stress was reduced by factor 6 under the use of unusual 
parameter combinations. The resulting form deviation 
was optimized by factor of 10 to about 11 μm (P-V) using a 
3D mold correction procedure.
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