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Abstract

developed and verified.

The research presented in this paper is focused on the link between manufacturing parameters and the resulting
mid-spatial frequency error in the manufacturing process of precision optics. The goal is to understand the
generation mechanisms of mid-spatial frequency errors and avoid their appearance in the manufacturing process.
Also, a simulation which is able to predict the resulting mid-spatial frequency error from a manufacturing process is
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Introduction

The classical manufacturing process of precision optics
is based on a grinding and a polishing step. The quality
parameters for the surface after the grinding step are
shape, surface structure, roughness and sub surface
damage (SSD). The errors in shape, surface structure
and roughness can be considered as waviness with dif-
ferent surface wavelengths. The waviness can be classi-
fied as low-, mid- and high-spatial frequency error
(LSFE, MSEE, HSEE). The LSFE represents shape errors
and can be corrected with existing sub-aperture polish-
ing techniques, for example, computer controlled polish-
ing (CCP). The HSFE represents the roughness and can
be smoothed for example by pad polishing. The MSFE is
usually too large to be smoothed and too small to be
corrected in a cost-efficient way. The MSFE can emerge
in different states of the manufacturing process and its
generation mechanisms are often not completely under-
stood. The MSFE causes diffraction and decreases the
image quality of an optical system. At the same time, op-
tical components have to meet constantly rising
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requirements. Therefore, it is important to control
the MSFE. This resembles a big challenge for the
manufacturing process of precision optics. The de-
mand for tools, techniques and strategies to avoid the
MSFE is increasing [1-8].

There is no uniform definition of the exact range of
the MSFE. This is because the MSFE range depends on
each individual manufacturing process. In this research,
all structures which are too large to be smoothed and
too small, to be corrected in a cost-efficient way are con-
sidered as MSFE. It depends on the individual manufac-
turing process to determine which structures are too
large to be smoothed or too small, to be corrected.
Therefore different manufacturing processes have a dif-
ferent MSFE window [9].

The goal of this research is to develop a better under-
standing of the generation mechanisms of the MSFE.
This should lead to techniques and strategies to avoid or
at least decrease the appearance of the MSFE.

Discussion

The same set of machine parameters in the same manu-
facturing process leads consistently to the same resulting
MSFE on the surface of the manufactured part.
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Therefore, the generation of the MSFE is a deterministic
process and should follow a defined model.

Periodic movements or vibrations during the manu-
facturing process are the root cause of the MSEFE.
The majority of these periodic movements or vibra-
tions are related to the manufacturing parameters.
Only very few of these movements or vibrations are
constant and not related to the manufacturing param-
eters [10, 11].

Prior work has shown that the parameters of the
grinding step have a significant impact on the resulting
MSEE. After the grinding step, the MSFE usually consist
of one dominating frequency and several residual fre-
quencies, which are uniformly distributed along the
grinding tool path. The residual frequencies are usually
multiples of the main frequency. The main frequency
can be linked directly to the path speed and the tool ro-
tation during the grinding process [12—14].

Several series of experiments were carried out to proof
this correlation. Figure 1 shows a surface measurement
of two lenses after grinding. The lenses were ground
with point-contact along a spiral path. In case of a con-
stant rotation speed of the work piece, surface structures
typically look as can be seen in Fig. 1 on the left side
(A). In case of constant path speed, structures typically
look as can be seen in Fig. 1 on the right side (B).

For both structures, the resulting MSFE frequency is
equal to the quotient between tool rotation and path
speed.

Figure 2 shows the amplitude frequency spectrum of a
spherical sample (@ 52 mm; radius of curvature 70 mm)
after grinding at the top (A). The amplitude frequency
spectrum of the same sample after polishing is shown at
the bottom (B).
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Figure 2 shows that, the amplitude of the main fre-
quency was decreased by the polishing process but is
still visible. The residual frequencies were smoothed out
by the polishing steps. Therefore, according to the previ-
ous definition of MSFE, only the main frequency can be
considered as in the MSFE range.

The spatial frequencies of the surface were obtained
along the tool path of the grinding tool. This way the
frequencies can be linked to the grinding parameters.
The relevant grinding parameters for the sample are
listed in Table 1.

The maximum of amplitude of the frequency peak,
from the grinding process evaluated in Fig. 2, is found at
a spatial frequency of about 0.41 1/mm. This is related
to a spatial wavelength of about 2.44 mm. The path
speed was at 12000 mm/min, and the tool rotation was
at 5001 1/min. The path speed divided by the tool rota-
tion equals about 2.4 mm. In other words, the time the
tool needs to carry out one rotation, is the same time
the tool needs to travel about 2.4 mm along the tool
path. The tool rotation is directly printed on the surface
in the form of a MSFE. Therefore, the MSFE generated
by the grinding process can be directly linked to the tool
rotation and the path speed.

) path speed
tial lenght = ———— 1
Spariat waveteng tool rotation (1)
tal fr s )
spatial frequency =
P quency spatial wavelenght
Experiments

To build up a model of the generation mechanisms for
the MSFE and to find strategies of avoidance, a wide
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Fig. 1 (a) False-colour plot of a tactile surface measurement of a sample, ground on a grinding machine SPM 140, with tool rotation 2971 1/min
and sample rotation 50 1/min, path distance 0.05 mm; (b) False-colour plot of a tactile surface measurement of a sample, ground on a grinding
machine SPM 140, with tool rotation 2971 1/min and path speed 5000 mm/min, path distance 0.05 mm. The first four Zernike coefficients were
subtracted from both measurements. Machines, tools and substrate were used as described in Experiments section
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Fig. 2 (a) Amplitude frequency spectrum of a ground sample; (b) Amplitude frequency spectrum of the same sample after polishing. The
Frequencies are obtained along the grinding tool path and shifted into the frequency domain using Fourier transformation. The X-Axis shows the
surface error as spatial frequencies (0.2 1/mm < spatial frequency < 2.0 1/mm). The Y-Axis shows the amplitude of the frequencies in nm. Fourier
transformation: Normalized, unity window

range of samples was manufactured and measured. Dur-
ing this experimental process, several different machines
and tools were used for the grinding and polishing. All
grinding experiments presented, were carried out on a
Table 1 Relevant grinding parameters of the sample evaluated Satisloh SPM 140 (point contact with 0.05 mm depth of

in Fig. 2 cut, spiral mode with 0.05mm path distance, constant
Kinematic mode: Spiral tool path ~ path speed) with a wheel tool (D 15, BZM, C50). The ra-
Spiral distance: 005 mm dius of curvature of the tool was dressed to 60 mm be-
Tool rotation speed: 5001 1/min fore . each series of experu.nents. All  polishing

experiments presented, were carried out on an Optotech
Path speed: 12,000 mm/min

MCP 250 (point contact, raster mode, constant path
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speed) with a ball tool (@ 70 mm, LP-26). All experi-
ments presented, were carried out on a N-BK 7 glass
substrate.

During the grinding of a plane sample, the rotation
speed of the tool was changed several times. The goal was
to determine the behaviour of the frequencies generated
by the grinding process while the manufacturing parame-
ters are changing. The measurement was obtained directly
after the grinding process using a white light interferom-
eter in stitching-mode. Afterwards, the measurements
were evaluated along the tool path of the grinding tool.

The sample was ground with a path speed of 3000
mm/min. The different rotation speeds of the tool and
the expected resulting spatial frequencies are listed in
Table 2.

Figure 3 shows the amplitude frequency spectrum of
the typical MSFE window of the ground sample.

The expected peaks (a), (b), (c) and (d) are clearly vis-
ible and can be well distinguished from the “noise”. Peak
(a) represents the biggest amplitude value after grinding
and the peaks (b) and (c) are only slightly smaller in
terms of amplitude. At peak (d), a further decrease in
amplitude can be seen but it is still clearly distinguish-
able from the “noise”. Peak (e) can only be distinguished
from the “noise” because it is known where to look for
it. The amplitude of peak (f) is too small to be distin-
guished from the “noise”. Figure 4 shows a graph, which
describes the behaviour of the amplitude of the MSFE-
Peaks after grinding with respect to its spatial frequency.

The graph shows that with a further increase of the
rotation speed of the tool the amplitude of the frequency
generally decreases. Figure 5 shows the amplitude fre-
quency spectrum of the typical MSFE window of the
same sample after polishing.

It can be observed that, the frequency peaks (a), (b)
and (c) are still visible after polishing. According to the
previous definition, these remaining peaks can be con-
sidered the MSFE. The peaks (d), (e) and (f) are no lon-
ger visible after the polishing and can be considered
removed from the surface. Therefore, according to the
previous definition, these frequencies can be considered
roughness. Peak (a) still represents the biggest amplitude

Table 2 Different rotation speeds of the tool and the expected
resulting spatial frequency peaks for the experiment evaluated
in Fig. 3

Label Tool rotation [1/min] Expected frequency peak [1/mm]
(a) 2207 0.736
(b) 3313 1.104
(0 4007 1336
(d) 5333 1.778
(e) 7121 2.374
(] 9421 3141
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value but the peaks (b) and (c) were only slightly lower
after grinding. During the polishing, the amplitudes de-
creased differently.

Figure 6 shows a graph, which describes the behaviour
of the amplitude of the MSFE-Peaks after polishing with
respect to its spatial frequency.

After the polishing, it can be observed that the ampli-
tude of higher spatial frequencies is significantly more
decreased than the amplitude of lower spatial frequen-
cies. For lower spatial frequencies, the amplitude of the
MSEE seems to remain higher during the polishing than
for higher spatial frequencies.

To prove this result above, the following experiments
were carried out:

Spherical samples with @ 60mm and a radius of
curvature of 100 mm were ground. The used grinding
parameters for each sample are displayed in Table 3.
The tool generated MSFE frequency ranges from about
1.1 1/mm to 3.1 1/mm.

The ground surfaces were measured with a tactile device
and analysed with Fourier transformation. Figure 7 shows
the maximum of amplitude of the tool generated MSFE
peak (A, B, C) and the mean value of all other significant
maximums of amplitude in the spatial frequency interval
between 0.5 and 4 1/mm (D, E, F) after grinding.

It can be seen that for tool generated MSFE frequencies
with shorter wavelength, the amplitudes are equal or
lower than the average MSFE from other sources. For fre-
quencies with longer wavelength the tool generated MSFE
is much higher in amplitude than the average MSFE from
other sources and therefore dominating the MSFE range.

Afterwards the surfaces of the samples were polished.
The polished surfaces were measured and analysed the
same way as before. Figure 8 shows the maximum of
amplitude of the tool generated MSFE peak (A, B, C)
and the mean value of all other significant maximums of
amplitude in the spatial frequency interval between 0.5
and 4 1/mm (D, E, F) after polishing.

It can be seen that, for smaller wavelengths, the tool
generated MSFE decreases more than the average MSFE
from other sources. The average MSFE from other sources
on the other hand decreases less. For frequencies with
longer wavelength, the tool generated MSFE decreases less
than the average MSFE from other sources. The average
MSEE from other sources on the other hand decreases
more. It can be stated that surface structures with smaller
spatial wavelengths are better removed by polishing than
to structures with longer spatial wavelengths. However, by
decreasing the wavelength of the tool generated MSFE,
other secondary error sources seem to also decrease in
wavelength. As a result, former form errors shrink into the
lower MSFE range and the average MSFE decreases less by
polishing. Lower path speeds seem to additionally intensify
this effect.



Pohl et al. Journal of the European Optical Society-Rapid Publications (2020) 16:19 Page 5 of 11

5.5

5.0

(@) | |(b)

—_—
m

—

4.5

4.0 7

3.5

3.0

L/
2.5 %

Amplitude [nm]
o

2.0 { f L(f)

04 06 08 10 12 14 16 18 20 22 24 26 28 3.0 32 34

Spital frequency [1/mm]

Fig. 3 Amplitude frequency spectrum (0.4 1/mm < spatial frequency < 3.4 1/mm) of a ground sample. The surface error is displayed as spatial
frequencies (1 / mm) and the amplitude is given in nanometres. The frequency peaks are labelled (a, b, ¢, d, e, and f) according to Table 2.
Fourier transformation: Normalized, unity window

It is very difficult to remove the MSFE, therefore the bet-  former form errors shrink their wavelength and enter the
ter strategy is to avoid it. The rotation of the tool always  MSFE range and the residual MSFE from other sources in-
leaves a remaining structure on the surface. The ratio be-  creases. Therefore, the ratio between tool rotation and path
tween tool rotation and path speed should be chosen in a  speed should be kept in reasonable boundaries. The result-
way to generate small resulting MSFE wavelengths. How-  ing MSFE wavelength should be as small as possible but
ever, if the tool generated MSFE wavelengths get too small,  still big enough to prevent form errors from shrinking into
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Fig. 4 Behaviour of the amplitude of the MSFE-Peaks after grinding with respect to its spatial frequency. Due to the constant path speed, higher
spatial frequencies resemble higher rotation speeds of the tool (Egs. 1 and 2). The amplitude value of each datapoint is displayed above
the point
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Fig. 5 Amplitude frequency spectrum (04 1/mm < spatial frequency < 3.4 1/mm) of the same sample as displayed in Fig. 5 after polishing. The
surface error is displayed as spatial frequencies (1 / mm) and the amplitude is given in nanometres. The frequency peaks are labelled (a, b, ¢, d, e,
and f) according to Table 2. Fourier transformation: Normalized, unity window

/

the MSFE range due to the acceleration of the rotation
speeds and other mechanisms of the grinding machine. In
case of the manufacturing process used in this experiments,
the best results were achieved with a ratio between tool ro-
tation and path speed, that led to an error wavelength gen-
erated by the tool of about 0.4 mm.

MSFE prevention strategies

Based on these results, it is possible to come up with
several strategies to avoid or at least decrease the tool
related MSFE during the manufacturing process.

The first and most promising MSFE prevention strat-
egy is an increase in rotation speed of the tool. This also
increases the spatial frequency of the error generated by
the tool. The spatial frequency can be shifted into the
range of roughness and thus removed by the polishing.
Even if it cannot be completely shifted into the range of
roughness, the polishing process will still decrease the
amplitude of the frequency the better, the smaller its
wavelength gets. Besides that, the experiments have
shown that, the amplitude of the generated frequency
generally decreases for higher rotation speeds. Therefore,
the increase of the rotation speed of the tool shifts the
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Table 3 Grinding parameters for spherical samples evaluated in Figs. 7 and 8 in order with the resulting spatial frequency peaks and
wavelengths

# Sample Path speed [mm/min] Tool rotation [1/min] Frequency peak [1/mm] Spatial wavelength [mm]
1 2000 2207 1.1 091
2 2671 13 0.77
3 4751 24 042
4 6277 3.1 032
5 4000 4421 1.1 091
6 5347 13 0.77
7 9497 24 042
8 12,569 3.1 032
9 6000 6619 1.1 091
10 8017 13 0.77
" 14,243 24 042

generated frequency into a range where the polishing speeds and other potential side effects. For example, an
process becomes much more effective in decreasing the increase in secondary MSFE sources due to shifting form
amplitude. Besides that, the initial amplitude from the errors into the MSFE range.

grinding process is lower. The disadvantages of this The second MSFE prevention strategy is a decrease in
strategy are safety issues due to the higher rotation path speed. This would increase the spatial frequency of
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Fig. 7 (a, b, ¢) Maximum of amplitude of the tool generated spatial frequency peak in respect to the rotation speed of the tool, given for each
path speed after grinding; (d, e, f) Mean value of all other significant maximums of amplitude in the spatial frequency interval between 0.5 and 4
1/mm in respect to the rotation speed of the tool, given for each path speed after grinding. The relevant grinding parameters are listed in Table
3. Fourier transformation: Normalized, unity window
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the error generated by the tool. The spatial frequency
can be shifted into the range of roughness and thus re-
moved by the polishing. Even if it cannot be completely
shifted into the range of roughness, the polishing
process will still decrease the amplitude of the frequency
the better, the smaller its wavelength gets. Therefore, the
decrease in path speed shifts the generated frequency
into a range where the polishing process becomes much
more effective in decreasing the amplitude. The disad-
vantages of this strategy are the increase in manufactur-
ing time due to the lower path speed and an increase in
secondary MSFE sources due to shifting form errors into
the MSFE range. If the path speed is chosen too low, the
shift of form errors into the MSFE range gets intensified.

The third MSFE prevention strategy is to dress and
balance the tool. It is impossible to perfectly mount and
shape the tool. Therefore, the moment the tool starts ro-
tating, it will start a periodic deflection which can be
expressed as the rotation frequency of the tool (1 spin =
1 period). The amplitude of this frequency determines
the amplitude of the tool generated MSFE. Conse-
quently, the better the tool is dressed and balanced, the

lower the resulting amplitude of the MSFE. The disad-
vantage of this strategy is that dressing and balancing
the tool takes a lot of time, effort and experience.

Conclusions

The experiments have shown that it is possible to avoid
or at least decrease the appearance of the MSFE from
the grinding process by adjusting the grinding parame-
ters. To achieve that, three strategies of avoidance were
proposed. Which of the proposed strategies are valid,
needs to be judged on each individual manufacturing
process.

Figure 4 shows that the amplitudes of the generated
frequencies are generally decreasing with an increase in
rotation speed of the tool. This can be explained by the
gyroscopic effect of the grinding tool. Higher rotation
speeds stabilize the rotational behaviour of the tool and
decrease its radial run-out [15].

In the case of the manufactured sample evaluated in
Figs. 3 and 5, the maximums of amplitude seem very
low. Compared to that, the amplitudes given in the
graphs of Figs. 7 and 8 are much higher. These
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differences can be explained by the different
normalization of the used fast Fourier transformation
(FFT). The amplitudes are normalized by the number of
data points along the measurement length. In case of the
manufactured sample evaluated in Figs. 3 and 5 each fre-
quency is only obtainable along a certain part of the
measurement length. But the amplitudes of the frequen-
cies are normalized to the data points of the whole
measurement length. If each parameter section is evalu-
ated separately, the amplitude values of the sample eval-
uated in Figs. 3 and 5 are comparable to the amplitude
values given in the graphs of Figs. 7 and 8.

The theoretical value of the amplitude of the fre-
quency that generates the MSFE should be in the range
of half of typical peak to valley values of the MSFE (e.g.
Fig. 1). But such an amplitude is too big to be caused by
a well-balanced and dressed tool or a state-of-the-art
grinding machine. Therefore, the MSFE generation
mechanism is a superposition of smaller frequencies.

After the tool has passed a certain point on the tool
path, it will pass the point on its next spiral turn with a
distance of one spiral path distance. The area the tool
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affects at once, is much bigger than one spiral path dis-
tance. Therefore, on each spiral rotation, the tool also af-
fects the path of previous and future spiral rotations. In
case of the tool used in the experiments, the depth of
cut h was at 50 um and the tool radius of curvature r
was at 60 mm. According to the circular chord equation
(Eq. 3), the width s of the area the tool affects at once is
at about 4.9 mm (flat sample). In the case of the sample
evaluated in Figs. 3 and 5, the spiral distance of the tool
path was at 50 um. In this case, the tool affects up to 97
adjacent spiral rotations at once.

s=2V2rh-h (3)

Due to the different length of the spiral turns, the tool
frequencies are not aligned in phase on the previous and
future spiral turns. The frequencies are phase shifted to
each other due to the different spiral rotation length. Be-
sides that, the different spiral turns lead to small de-
creases and increases, in the generated wavelength, due
to the offset of the tool. Additionally, the machine pa-
rameters are never perfectly constant during the
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grinding. The inhomogeneities of the machine parame-
ters also lead to small decreases and increases in the
generated wavelength. As a result, the complete tool
generated MSFE on the surface of a sample consists of a
superposition of similar but slightly different sub fre-
quencies. When several maxima or minima of amplitude
concentrate together in one point on the surface, the
amplitudes add up and the typical MSFE structures are
generated.

This leads to a potential fourth strategy of avoidance.
In case of a constant rotation speed of the work piece
for example, the rotation speeds can be chosen in a way,
that the angle speed of the workpiece divided by tool ro-
tation resembles a factor of 3m or close to it. This way, it
could be possible to avoid that several maxima or
minima of amplitude from several spiral rotations con-
centrate together in one point on the surface.

Figure 6 shows that the amplitude of higher spatial fre-
quencies is significantly more decreased by the polishing
than the amplitude of lower spatial frequencies. To keep
the shape constant during the polishing, typical polishing
tools are soft enough to adapt to bigger surface struc-
tures. But the tools are also stiff enough to not adapt to
small structures and thus remove them. The MSFE'’s are
typically in the border area between adapting and not
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adapting to it. Therefore, even small decreases in wave-
length of the MSFE’s can lead to significantly better pol-
ishing results.

Simulation

It is possible to build up a virtual model of the grinding
process and overlay it with the main frequency from the
grinding step. The main frequency is calculated with
Egs. 1 and 2. This leads to a simulation of the appear-
ance of the MSFE in the grinding process.

The simulation is provided with the grinding parame-
ters and the tool parameters. Afterwards the simulation
can be used to simulate MSFE as a single frequency or
as a frequency peak. In the second case, it assumes a
Gaussian distribution of the frequencies inside a given
width around the tool frequency. The amplitude is de-
termined experimentally and given to the simulation.
For the purpose of predicting structures, the amplitude
is neglected so far. The simulation makes accumulations
of minima and maxima of amplitude along the tool path
visible. This way, the simulation is also able to predict
MSEFE structures which result from the superposition of
the frequencies. The functional principal of the simula-
tion, in case of a single frequency, constant path speed
and spiral tool path is shown in Fig. 9.

(a)

3.8

50 mm

(b)

Fig. 10 (a) False-colour plot of a tactile surface measurement of a manufactured sample. Path speed: 5000 mm/min; tool rotation: 1912 1/min.
Shape and LSFE are subtracted. Colour scale is adjusted to make the MSFE as visible as possible; (b) Simulation result for the tool generated MSFE
structure based on the manufacturing parameters of the sample. The simulation was used to simulate a single frequency generated by the tool
(as described in Algorithm flow chart). Amplitude was set to 1 um
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The MSFE structure on the surface of a measured sample
is a superposition of all frequencies on the surface, including
LSFE and HSFE. Besides that, there is also a superposition
of frequencies inside the range of the main frequency peak.
Because of that, it is very tough to compare the simulation
results with the original measurement data by its visual im-
pression. For this reason, revised measurement data is
needed. Shape and LSFE were subtracted from the measure-
ment data of a sample. Then its colour scale was adjusted to
make the MSFE as visible as possible. Figure 10 shows the
revised surface measurement of the real sample (A) and the
related simulation result for the MSFE structure (B).

With the revised measurement it is possible to review the
simulation results by its visual impression. However, the revi-
sion requires time and is not possible for every measurement
data. Alternatively, the simulation data can be verified by
analysing the simulation results the same way as the meas-
urement and compare their amplitude frequency spectrum.

The simulation is able to correctly predict the grinding tool
related MSFE structure based on the grinding parameters. It
could be possible to purposely create structures which re-
spond best to a specific polishing technique. Besides that, it
could also be possible to purposely create MSFE structures
which compensate each other in multi-lens systems. This
could make the simulation tool useful for optical design.

Abbreviations

SSD: Sub surface damages; LSFE: Low-spatial frequency error; MSFE: Mid-
spatial frequency error; HSFE: High-spatial frequency error; CCP: Computer
controlled polishing; FFT: Fast Fourier transformation
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