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EDITORIAL

AWEEK FULL OF
OPTICS AND
OPTOMECHATRONICS

In everyday life, we use lots of devices that employ optics and optomechatronics, such as a camera,
binoculars, a beamer, but also the glasses on your nose. If we look at professional applications, we see
plenty of optics and optomechatronics in the measurement industry, such as microscopes and
interferometers, but also in space travel and astronomy. There are satellites with high-resolution cameras,
stargazers such as the Hubble Telescope and the Very Large Telescope in Chile, which consists of
adjustable mirrors that together form one huge mirror. Closer to home, there are the wafer scanners from
ASML with optical and optomechatronical systems with nanometer precision and stability.

The system notion is important in all these developments. The disciplines of optics, mechanics and
mechatronics have to work closely together to arrive at an optimally functioning system. We only achieve
an optimum result if we get the utmost out of the optics as well as the mechanics and mechatronics. It
must be possible to translate the perfect optical design into mechanics, and actuation must be possible via
the mechatronics, but the perfect mechanical or mechatronic design must also fit the optical design.

A function is created if the parts of the design connect optimally with one another. That happens
automatically if the various disciplines get in depth into each other’s discipline. You then create transition
zones in which you can jointly arrive at the best solution.

DSPE helps people gain in-depth knowledge of each other’s discipline by bringing experts together. To do
that, we have special interest groups, for example. These groups organise networking and training activities
for specific disciplines. Two years ago, the special interest group of Optics and Optomechatronics started
organising an Optics and Optomechatronics Symposium in Eindhoven. As follow-up to that successful
event, we are now organising the DSPE Optics and Optomechatronics Week to be held at the Delft
University of Technology. This will again be an excellent opportunity to meet each other.

We start the week with a symposium with lectures and a trade fair about optics, optomechanics and
optomechatronics with speakers from the Netherlands and abroad chaired by Jos Benschop, VP of
technology at ASML, followed by two courses in the field of optics and optomechanics. The two-day
optomechanics course given by Daniel Vukobratovich is a unique opportunity to follow this intensive and
practical training for optomechanical designers. The SMETHODS+ Course on Optical Design is four
days of hands-on training in the design of optical imaging systems in combination with a theoretical

introduction.

We work together with several organisations, such as Holland Instrumentation, the high-tech network in
the Dutch province of Zuid-Holland, and our German counterparts united in SPECTARIS, the industry
association for optomechatronics in Germany.

You are cordially invited to join us in the week from 28 September to 2 October.

Cor Ottens

Chairman, DSPE Special Interest Group Optics and Optomechatronics
cor.ottens@dspe.nl
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SENSOR-BASED ADAPTIVE LASER MACHINING USING ULTRASHORT-PULSE LASERS W

WORK IN PROGRESS:
SMART MICROMACHINING

The European ADALAM project aims to develop a sensor-based
adaptive micromachining system for zero-failure manufacturing, based
on ultrashort-pulse laser ablation and a novel depth measurement
sensor, together with advanced data analysis software and automated
system calibration routines. The technology developed will generate
new solutions for manufacturing of high-quality and innovative
products, such as adaptive micromilling of 2.5D structures, defect
detection and removal, and texturing of complex tool features.

GUILHERME MALLMANN, KEVIN VOSS, STEFFEN RESINK AND ALBERT BORREMAN

iniaturisation, advanced high-

performance materials and functional

surface structures are all drivers behind

key enabling technologies in high-end

production. Ultrashort-pulse lasers have
enabled new machining concepts, where the big advantages
of laser machining are combined with a quasi-non-thermal
and hence mild process, which can be used to machine any
material with high precision.

Current laser-based machine systems for microprocessing
are built on a precision motion axis combined with a
scanner using galvanometric moving mirrors. An
innovative machine concept is presented by the company
Lightmotif (Figure 1). This system enables high-precision
micromachining of different structures over workpieces
from small to large sizes (Figure 2).

o

However, there is a significant barrier for the full
exploitation of the potential process characteristics, namely
the lack of a smart/adaptive machining technology. The

laser process in principle is very accurate, but small

AUTHORS’ NOTE

Guilherme Mallmann is group
leader at the Fraunhofer
Institute for Production
Technology IPT in Aachen,
Germany. Kevin Voss is
mechatronic systems engineer
at Demcon, a high-end
technology supplier. Steffen
Resink is optical engineer at
Focal, an integration and
development partner in the
field of industrial precision
inspection and optical
systems. Albert Borreman is
senior project manager at
Focal. Both Demcon and Focal
are based in Enschede, the
Netherlands.

guilherme.mallmann@ipt.
fraunhofer.de
www.ipt.fraunhofer.de
kevin.voss@demcon.nl
www.demcon.nl
albert.borreman@focal.nl
www.focal.nl

1 Enschede-based
Lightmotif, a Dutch spin-
off from the University of
Twente and the M2i
institute, recently
introduced a 5-axis laser
micromachining system.
The system features a
picosecond laser, a
5-axis motion platform
and a galvo scanner,
enabling step-and-scan
micromachining.

2 Examples, from left to
right, of micromilling,
-drilling and -texturing.
(Source: Lightmotif)
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ADALAM

deviations, e.g. in the materials to be processed, can
compromise the process results and the product
functionalities to a very large extent. Therefore, feedback
systems are needed to keep the process stable and constant,

warranting an accurate result.

Objectives

In the context presented above, the ADALAM project was
set up to develop an adaptive laser micromachining system
using innovative feedback control. It should enable a
reliable acquisition of real process information and its
feedback to the machine system. Consequently, the hitherto
limited machining application can be extended, being so
able to adapt to variations caused for example by
differences in material properties and fluctuations in the
workpiece shape or laser output power.

Furthermore, it allows an accurate workpiece calibration in
terms of its machine position and real shape. Because off-
line measurements are time-consuming and compromise
accuracy due to reclamping, the solution should be an
inline measurement system that enables truly adaptive
machining and does not hinder accessibility of the working

area.

The complete ADALAM system will be based on
ultrashort-pulse laser ablation and a novel depth
measurement sensor associated with advanced data

The European ADALAM project was set-up to deliver convincing
evidence to SMEs of the benefits of the use of adaptive ultrashort-
pulse laser based manufacturing systems and the monitoring and
control with inline dimensional metrology as well as final quality

assurance. All these goals lead to a considerable enhancement of the
exploitation and usage of material and resources and the consequent
generation of high-quality final products.

This Horizon 2020 project runs from 2015 to 2017 and is being
coordinated by Unimetrik, a Spanish metrologic service company and
calibration laboratory. Within the project one working group
concentrates on the development of the inline high-precision
measurement system under the coordination of the Fraunhofer
Institute for Production Technology IPT in Aachen, Germany.
Contributors include the Spanish companies Unimetrik and Datapixel,
the German company Sill Optics, as well as the Dutch companies
Demcon, Focal and Lightmotif.
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analysis software and automated system calibration
routines. The sensor can be used inline with the laser
ablation process, enabling adaptive processes by fast and

accurate 3D surface measurements.

The first specific objective is to design and implement a
complete solution for an inline topography measurement,
based on low-coherence interferometry, and analysis for
monitoring before, during and after the laser
micromachining. Automatic point cloud analysis for smart
feature detection and characterisation will produce
qualified feedback to the micromanufacturing system.

Additionally, an adaptive process as well as the machine
architecture and an adaptive control based on the inline
measurement system will be designed. The synchronisation
with the inline measuring system and data analysis software
will enable processes to reach zero-failure manufacturing
goals. Furthermore, the calibration of the measurement
system, as well as of the complete solution (machine
architecture + inline measurement system), regarding
aspects such as traceability and certification will be
addressed.

Applications

The adaptive laser micromachining system will be usable
for a large variety of applications, each requiring a special
adaptation of the control software. The system will
therefore be developed in a modular approach, enabling a
straightforward development of future new applications.
Within the ADALAM project, three industrial end-user
applications will be addressed.

In this article, the focus is on adaptive micromilling with an
ultrashort-pulse laser for machining precise 3D structures
into any material. It may be exploited for the production of
micro-moulds, precision stamps and other tooling
applications. The other two applications are defect
detection and removal on workpieces, and shape
recognition and texturing of complex tool features.

The sensor concept

The inline topography measurement concept (Figure 3)

integrates a frequency domain low-coherent interferometer

(FD-LCI) set-up in the beam path of the laser micro-

machining system. The integrated sensor can be used to:

 measure the surface topography while machining a part,
in order to adapt the micromachining process, leading to
much higher machining accuracies and no defects;

« measure the surface topography before machining, to
scan for existing surface defects that can be removed in an
automatically generated machining process;



 measure complex shaped objects prior to machining, to
precisely align the machining pattern to the workpiece;
o quickly validate results after machining.

Interferometry principle

The low-coherence interferometry (LCI) solution is based
on a Michelson interferometer set-up (Figure 4) [1]. The
difference with normal low-coherence interferometers,
which use a piezo element to find the maximum inter-
ference point, is that the depth/height information is gained
by analysing the spectrum of the acquired interferogram.

The calculation of the Fourier transformation of the
acquired spectrum provides a back reflection profile as a
function of the height. (In the time domain, time of flight
corresponds to distance covered, i.e. the measured height.)
For the generation of the interference pattern a
measurement and a reference path are used, where the
optical path difference between these arms is detected.

3

Conceptual design of
inline topography sensor
in a laser micro-
machining system.
Michelson interferometer
set-up.

(a) Schematic.

(b) Principle, showing
the light paths, with the
reference arm on the
right (beam splitter to
mirror) and the
measuring arm below
(beam splitter to
workpiece).

a. Spectral domain low-coherence
interferometer

b. Automatically adjustable reference path
system

c. External distance measurement sensing
head with high lateral accuracy

d.1 Beam shaping unit for adjusting the
measurement beam

d.2 Coupling unit for coupling the
measurement beam into the laser beam

e. F-thetalens

f. Software for an automatic point cloud
analysis and feature detection/
characterisation

g. High-power picosecond-laser source —
switchable pulse length/synchronisation

h. Integrated adaptive laser micro-
machining system

s. Optimised scanning objective with
enhanced numerical aperture and lateral
accuracy

x. Fibre-optic splitter

o g

Increasing the optical path length difference will result in
more spectral modulation.

Figure 5 shows the signal processing for translating the
measured spectrum into a distance measure. From the
measured signal the unmodulated ‘background’ spectrum is
subtracted. A Fourier transform of this shows two peaks,
one being the mirrored version of the other. The next step
is performing a Gaussian fit on one the peaks in the Fourier
transform to obtain subpixel accuracy. The position of the
fitted peak is a simple linear function based on the centre
wavelength used and the path length difference.

The axial resolution for tomographic measurements and
the FD-LCI measurement range when using a Gaussian-
shaped light spectrum are given by [1]:

—0.44-12/ AL

Zresolution

z_ =N/(4n) A7/ AL

range
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Here, A, is the centre wavelength, and AA the FWHM of the
light source. N is the number of pixels of the detector, and n
is the assumed average sample refractive index.

In applications with just a single reflecting surface, a
polynomial fitting over the Fourier transform-generated
reflection peak leads to a sub-pixel accurate depth
measurement. This calculation is represented in Figure 6.

The first generation sensor

Previous to the ADALAM project, the Fraunhofer IPT
developed an FD-LCI set-up as an inline topography sensor
to be used and integrated into laser structuring systems [2].
Figure 7 shows the complete solution, Figure 8 displays a
representative topography measurement result. The results
obtained were very promising, providing the starting point
for the ADALAM project.
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5 Processing of the LCI
signal into a distance
measure. From the
measured spectrum (a)
the background (blue)
is subtracted (b).

The result is then Fourier
transformed to a
distance measure and
its mirror part (c).

6 Signal processing in the
frequency domain
(interference signal with
(red) and without (blue)
background) and in the
time domain: back-
reflection profile as a
function of depth
(orange); peak detection
and distance
determination (green).

Within the ADALAM project, the inline measurement
system will be based on the existent measurement system
concept from the Fraunhofer IPT. An optimised unit will
be developed and integrated in a laser machining system
from the company Lightmotif. The first system integration
will be implemented for a set-up using an infrared laser
source and a telecentric scanning lens.

The machine set-up specifications (e.g. laser wavelength
and optical path) determine the development scope for the
adaptation and optimisation of the measurement system.
The coupling of laser and measurement beam is achieved
using a dichroic mirror, which reflects the laser beam and
transmits the measurement beam. For this reason both
beams are composed of light from a different wavelength

range.

Challenges

One of the biggest challenges within the ADALAM project
is the required accuracy and repeatability of the
manufacturing process. These requirements lead to very
tight axial and lateral tolerances for the measurement
system. Especially the required lateral accuracies, under

10 um, demand special developments on the measurement
system and on the optical system of the laser processing
machine. The large shape and feature variations of the
workpieces to be manufactured, including large variations
in reflection, before and after the process represent further
challenges.

Laser micromachining units use mostly telecentric scanning
lenses, also called telecentric f-theta lenses. Such a lens is
optimised to improve the process robustness by enabling a
constant focal plane as well as generating a linear
correlation between scanner angle and surface position [3].
To reach these specifications the lens is optimised for the
laser wavelength, which inherently leads to optical
aberrations for other light beams with a different
wavelength. As a consequence, a series of optical effects
influence the measurement beam, which need to be
analysed and corrected.



7 The FD-LCl system
implemented at the
Fraunhofer IPT.

(a) Micromachining set-
up with inline depth
measurement.

(b) The measurement
system unit unveiled.

Besides these aspects, there are challenges involving the
influences of the mechanical set-up on the measurement
beam itself, e.g. due to the machine’s moving arm. The
vibrations induced by this arm can introduce all kinds of
unwanted optical path variations, caused by polarisation
changes or length variations.

Aberrations

To obtain, using a telecentric f-theta lens, the smallest spot
size for the measurement beam and consequently the best
lateral accuracy, all the wavelengths need to be focused on
the same position and on the same focal plane. To satisfy
the telecentric condition the scanning mirror needs to be
placed at the Fourier plane of the lens, which is located at
the focal length distance in front of the lens.

A typical f-theta lens is optimised for a single wavelength.
However, in this application the lens will have to handle a
wide spectrum including both the laser and the LCI beams.
Typically, optical glasses present dispersion issues
(wavelength dependency of the refractive index) when
working with a wavelength range (non-monochromatic
light). As a consequence, the f-theta lens has a wavelength-
dependent focal length. Furthermore, the level of
telecentricity varies as well with the beam wavelength.
Therefore, a beam that differs in wavelength from the
‘optimal’ value is expected to have a variation in position
and focal plane with respect to the target laser wavelength.
This has a deteriorating effect on the LCI spot size and
shape, as well as on the lateral measurement resolution.
Secondly, due to the curved shapes of the glass components
of a lens, the amount of accumulated dispersion will vary
with the scan position. This also affects the measurement
beam, leading to an effect on the recorded LCI signal.

; LineE rameer s

s It
ffrlical Sysiaim

dirading a3

The reference arm is designed to match the position-related
dispersion of the lens. Within the ADALAM project an
optimised telecentric f-theta lens is in development by Sill

Optics to minimise the optical aberration over the
measurement wavelength range. However, such an
optimised lens alone is not sufficient for the more
demanding applications. Any remaining aberration errors
need to be corrected by the adaptive optics.

LN Bl L

8 Atopography

measurement of a
workpiece (shown in the
inset) obtained with the
Fraunhofer IPT FD-LC/
system, used to validate
its machine integration.
Relative height range
from —0.12 mm to

0.12 mm.
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9 Initial simulation results
of the spot quality for a
typical f-theta lens as a
function of the position
in the scan field (30 x 30
mm). The relative
dimensions of the spots
are exaggerated for
illustration purposes. The
legend in the upper right
corner features the
wavelengths.
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Adaptive optics

As mentioned, the implementation of an FD-LCI sensor in

a micromachining system poses several challenges, two of

which require the implementation of adaptive optics:

o Aberrations on the measurement spot introduced by the
f-theta lens.

o Changes in reflectivity due to workpiece variations.

The first challenge is met by the adaptive optics of the beam
shaping module (Figure 3, d.1). This module will be able to
adjust the measurement beam’s position, angle, diameter
and divergence such that, after passing the f-theta lens, it
will be at the desired location with the desired shape.
Therefore, this module has a high number of degrees of
freedom (DoFs), all of which need to be controlled at
bandwidths similar to the measurement frequency, i.e.

in the order of several kHz.

A typical solution for such a module that compensates the
most important (apart from chromatic) aberrations would
be a microelectromechanical system (MEMS) with mirrors.
However, because the beam diameter is large (> 10 mm),
the mirrors also need to be large, which precludes a MEMS.
Within ADALAM a large mirror/lens mechatronic system
is currently in development which can meet the combined
demands of a high number of DoFs, a high bandwidth and
a relatively large mirror/lens size and mass.

The second challenge is met by the adaptive optics of the
reference path (Figure 3, b). Workpiece reflectivity can
change abruptly from almost fully reflective to almost non-
reflective between one measurement location and the next.

Therefore, the adaptive optics in the reference path need to
be able to maximise the LCI signal, again requiring a system
with a bandwidth in the kHz range.

An additional challenge is that the reference path
reflectivity not only needs to be optimised to match the
workpiece reflectivity, but that it also needs to determine
the workpiece reflectivity first in order to define the control
input. This increases the requirement on the speed of the
system even further. Within ADALAM, several concepts
have been developed by Demcon for this system and will be
validated on a custom test set-up.

The adaptive optics currently being built by Focal comprise
a large number of actuators which utilise inputs from a
wide range of sensors (e.g. cameras, encoders), calibration
data and system estimations. Specialised algorithms for
controlling these adaptive optics are being developed.

Simulations

Simulations were performed to estimate the spot quality for
a typical telecentric f-theta lens as a function of scan
position. The initial results (Figure 9) show that the spot
shape depends strongly on the scan position (‘smearing’)
and that the long wavelengths are positioned further from
the centre of the scan field. The spot in the upper right
corner displays the maximum ‘smear’, approx. 70 um.
Taking into account the diffraction limit of the system, the
effective smear is nearly 100 um, which is about four times
worse than the diffraction limit itself.

The 3D representation of the simulation results (Figure 10)
shows that shorter wavelengths (blue) are focused on a
different plane (negative z position) than the longer milling
laser wavelength (1,064 nm). Furthermore, the lateral
position of the focal spot differs slightly for each
wavelength.

The impact of these aberrations on the measurement
resolution affects, however, initially only the lateral
accuracy as well as the light coupling. Consequently, it
affects the detection of surface features with small lateral
shape changes. This effect varies with the type of scanning
lens used and therefore needs to be evaluated for every
optical set-up.

Further work

Based on the previous results, the design and

implementation scope within ADALAM encompasses:

o An optical high-precision distance measurement system
optimised for the ultrashort-pulse laser characteristics
(high power and ultrashort pulse duration), machine
optical system and process axial and lateral tolerances.



o An optimised scanning objective with enhanced

numerical aperture and lateral accuracy (reduced laser
and measurement spots) as well as reduced focal depth
and chromatic aberration regarding the measurement
beam wavelength.

An active alignment unit for beam coupling and sensor

integration based on adaptive optics.

o Automatic point cloud analysis software for feature
detection and characterisation for the generation of
qualified information.

o Evaluation and calibration methodology to ensure high-
fidelity and reliable data.

In some cases, for example when determining not only the
height but also the shape of a defect, the lateral resolution of
the inline measurement system may not be sufficient.
Additionally, for maximum lateral resolution, a sensing
head with high numerical aperture (NA) will be developed
and attached to the machine scanning unit bypassing the
machine’s built-in optics of the scanning head (Figure 3,
section c). The measurement system device will address
both sensing paths using an optical switch, being able
therefore to measure through the processing optics as well
as through the high-NA sensing head.

Finally, the prototype of the inline measurement system will
be integrated in a laser micromachining platform for
further testing and evaluation. m
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10 Simulation results for
three beams imaged
by the f-theta lens (on
the left, shown here as
a black box), in the
centre and two
(mirror-symmetric)
off-centre positions,
respectively. The 3D
representation (on the
right) shows the effect
of dispersion and the
shift in position and
focal plane of the spot.

PIEZO TECHNOLOGY COURSE

8t of October 2015, Veldhoven (NL)

HEINMADE organizes a one day piezo technology
course in close collaboration with NOLIAC. The piezo
course covers all aspects from manufacturing of raw
material to application examples. A typical design
example of an objective stage brings theory straight

into practice.

Further information is found on

www.heinmade.com
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B FIRST OPTICS AND OPTOMECHATRONICS WEEK

UNIQUE OFFER
WITH A SYMPOSIUM

ANL

TWO COURSES

The first Optics and Optomechatronics Week will be organised from
28 September to 2 October 2015, opening with a symposium at Delft
University of Technology, the Netherlands. The event, which features a
unique collaboration between Dutch and international organisations,
comprises a symposium and two courses. The week brings outstanding
speakers and lecturers from semicon to medical, from industry to
academia, from Europe and abroad, presenting the latest trends and

high-tech details.

DUTCH SOCIETY FOR PRECISION ENGINEERING
DSPE Optics and Optomechatronics Week 2015

28 September - 2 October 2015

Delft University of Technology
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The programme of the first Optics and Optomechatronics
Week features three events:
o 28 September

DSPE Optics and Optomechatronics Symposium + Fair
o 29-30 September

Optomechanics course
o 29-30 September, 1-2 October

SMETHODS+ course on optical design

Symposium

The DSPE Optics and Optomechatronics Symposium is
the second edition of the bi-annual event, which kicked off
successfully two years ago in Eindhoven, attractin