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• Folkersma, K. G. P. Römer, G. R. B. E. Brouwer, D. M. Huis in ’t Veld, A. J.
“In-plane laser forming for high precision alignment”. In: Optical engineering 53.12
(2014), pp. 126105–126105.
doi: 10.1117/1.OE.53.12.126105.
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• Folkersma, K. G. P. Römer, G. R. B. E. Brouwer, D. M. Huis in ’t Veld, A.
J. “High precision laser forming for microactuation”. In: Proc. SPIE, Laser Ap-
plications in Microelectronic and Optoelectronic Manufacturing (LAMOM) XIX.
Vol. 8967. 2014, 89671B–89671B–12.
doi: 10.1117/12.2037675.

http://dx.doi.org/10.1117/1.OE.53.12.126105
http://dx.doi.org/10.1007/s00170-015-8143-6
http://dx.doi.org/10.1117/12.2037675


In theory there is no difference between theory and practice. In practice there is.
Yogi Berra



Summary

Recent advances in optical waveguide technology on photonic integrated circuit chips
allow for mass production of devices that support short wavelengths in the near-UV
spectrum. These devices are less tolerant to a lateral misalignment of the attached
fibers, compared to that of devices operating at longer wavelengths, such as optical
fiber communication systems. Devices operating at such short wavelengths require an
alignment accuracy of about 0.1 µm, which cannot be achieved using passive align-
ment. A common solution is a one-time active alignment by measuring the coupling
efficiency through the device, before bonding the fibers with adhesives. However, due
to the shrinkage of the adhesives during and after the curing, the alignment accuracy
is in the order of 1 micron.

Therefore, a laser forming actuator integrated in the device is proposed in this
thesis, which can (re)align the fiber after the bonding process. Laser forming is a
method to induce permanent plastic deformations in metallic components by con-
trolled local laser heating.

To gain more insight the laser forming process, a planar three bridge actuator
was studied first, using 2D and 3D FEM models and experiments. However, it was
found that the calculated deformation after repeated laser forming steps can deviate
up to 100% from the experiments, which was attributed to limitations in the strain
hardening models. Additionally, a reduced model was developed that matches well
with the 2D FEM model, but requires only a fraction of the computational load
compared to the FEM model.

Displacement and temperature measurements showed significant scattering for re-
peated experiments. This scattering was attributed to differences in surface mor-
phology of the actuator, affecting the laser absorption coefficient, as well as small
deviations in geometry due to the manufacturing of the actuator samples. This pro-
cess scattering limits the accuracy of the actuator when no feedback loop is used.
Therefore, an algorithm has been developed that learns from the measured displace-
ment of the fist 15 iterations, and adapts the laser power for the subsequent forming
steps. Using this algorithm, it has been shown that 78% of the alignment trials end
within 0.1 µm of the target. The remaining 22% overshoots the target, and can not
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be corrected for, because the laser forming mechanism only allows for a contraction
of the actuator bridges.

With the gained insight, a fiber alignment actuator was developed that consists
of a stainless steel tube. The fiber is placed concentric in the tube and fixed to one
end, while the other end of the tube is fixed to the chip. The tube can be bent locally
by laser forming, resulting in a translation of the fiber tip. An experimental setup
has been developed that allows for accurate placement of the laser spot on the tube,
as well as optically measuring the fiber tip position with a repeatability better than
0.1 µm. Using this setup, it has been found that there exists significant scattering
of the magnitude and direction of the bending. The bending magnitude showed an
increase in scattering with increasing laser power, while the bending direction showed
a decrease in scattering with increasing laser power.

Due to this tradeoff, an optimal laser power and optimal laser spot position can
be found, that minimizes the number of steps to reach the target position. This is
achieved by minimizing the expected value of the error after the current step, by
using the statistical data obtained from displacement measurements of all previous
bending steps. Simulations and experiments using this algorithm show that the fiber
tip reaches the target position with an accuracy of 0.1 µm with 95% certainty within
14.5 steps. The constant learning of this algorithm makes it robust for changes in
process parameters, for example for changes in absorption coefficient. Moreover, the
algorithm only needs a few calibration steps to learn a new material or tube geometry.

The displacement measurements used in the learning algorithm are not possible
when the tube actuator is fixed to an optical chip, as the fiber is fully enclosed by the
tube and chip. Therefore, a scanning algorithm has been developed, that searches for
the target position of the fiber tip, by maximizing the measured coupling efficiency.
The scanning motion is obtained by exploiting the thermal expansion motion of the
tube. Using a low laser power, the yield stress of the tube is not exceeded, avoiding
permanent plastic deformation of the tube. The accuracy of the scanned target posi-
tion increases with decreasing distance to the target. Experiments showed that 90%
of the scans have an error smaller than the actual distance to the target, which is
a prerequisite for converging to the target position. Using this scanning algorithm,
combined with the optimal parameters derived from the displacement measurements,
the fiber tip can be aligned to the chip without any external displacement sensors.
Experiments showed that the number of forming steps required to reach the target
position within 0.2 µm is between 5 and 16.

A laser forming actuator and feedback algorithm for fiber alignment in two dir-
ections has been developed. Further research should go into the bonding of such an
actuator to the optical chip and the addition of axial motion of the fiber in the laser
forming actuator. Furthermore, the developed actuator and algorithms can be applied
to any sub-micron adjustment case where laser forming is an option.



Samenvatting

Recente ontwikkelingen in golfgeleiders op optische chips maken het mogelijk om
deze op grote schaal te fabriceren voor toepassingen met golflengten nabij het UV
spectrum. In vergelijking met toepassingen voor langere golflengten, zoals glasvezel
communicatie, zijn deze chips echter minder tolerant voor uitlijnfouten bij het as-
sembleren van de glasvezels aan deze chips. De vereiste laterale nauwkeurigheid van
de vezel voor korte golflengten is ongeveer 0.1 µm, wat niet haalbaar is met passieve
uitlijning. Een veelgebruikte oplossing is een eenmalige een actieve uitlijning, door het
laservermogen door de fiber-chip verbinding te meten en te optimaliseren, waarna het
geheel met een lijmverbinding wordt gefixeerd. Deze lijmverbinding kan echter door
krimp bij het uitharden voor nieuwe uitlijnfouten zorgen, waardoor de uiteindelijke
nauwkeurigheid in de orde van 1 micrometer komt.

Daarom wordt er in dit proefschrift een in het product gëıntegreerde actuator
voorgesteld, die na de assemblage in staat is eenmalig de glasvezel uit te lijnen. De
beweging wordt verkregen door permanent plastische vervormingen in een metalen
structuur aan te brengen met gecontroleerde lokale opwarming door absorbtie van
laserenergie. Dit proces wordt ook wel laser-adjusteren genoemd.

Om meer inzicht te krijgen in het proces van laser-adjusteren, is als eerste een
zogenaamde drie-bruggen actuator onderzocht middels eindige-elementen modellen en
experimenten. Echter verschilden deze modellen en experimenten tot 100% van elkaar,
wat een gevolg bleek te zijn van limitaties in het gebruikte verstevigingsmodel. Verder
is een gereduceerd model ontwikkeld, dat goed overeenkomt met het 2D eindige-
elementen model, terwijl het een fractie van de computertijd vergt.

Een significante spreiding in temperatuur en verplaatsing is gemeten tijdens expe-
rimenten. Dit was grotendeels te wijten aan verschillen in de oppervlaktestructuur van
de actuatoren, wat invloed heeft op de absorptie van laserenergie in het materiaal. Ook
kleine fabricagefouten in de actuatoren dragen bij aan deze spreiding. Deze spreiding
in het proces limiteert de nauwkeurigheid van de actuator als er geen terugkoppeling
van de positie wordt toegepast. Daarom is er een algoritme ontwikkeld dat leert van
de gemeten verplaatsing van de eerste 15 laser-adjusteer stappen, en daarna het laser-
vermogen aanpast voor de volgende stappen, aan de hand van de gemeten fout. Met
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dit algoritme en de modellen is aangetoond dat 78% van de uitlijn pogingen binnen
0.1 µm van het doel eindigt. De uiteindelijke positie van de overige 22% is voorbij de
doelpositie, wat niet meer gecorrigeerd kan worden omdat het laser-adjusteer principe
alleen een contractie van de actuator toelaat.

Met deze opgedane kennis is een actuator ontwikkeld voor het uitlijnen van glas-
vezels. Deze actuator bestaat uit een buis met concentrisch daarin de glasvezel. De
buis wordt aan één kant vastgezet aan de chip, en de andere kant aan de glasvezel. De
buis kan lokaal gebogen worden door laser-adjusteren, met als gevolg een translatie
van het uiteinde van de glasvezel. Voor deze actuator is een experimentele opstelling
ontwikkeld die in staat is om de laserbundel nauwkeurig overal op het oppervlakte
van de buis te positioneren, en tegelijkertijd optisch de positie van de glasvezel meet
met een herhaalnauwkeurigheid van minder dan 0.1 µm. Metingen lieten een sprei-
ding zien in de hoek en richting van de buiging. De spreiding in buighoek nam toe
met toenemend laservermogen, terwijl de spreiding in buigrichting juist afnam met
toenemend laservermogen.

Door deze tegenstrijdigheid kan een optimaal laservermogen en een optimale la-
serbundelpositie gevonden worden, waarmee het aantal stappen om de doelpositie te
bereiken wordt geminimaliseerd. Deze optimale instellingen worden berekend door de
verwachtingswaarde van de positiefout na de komende stap te minimaliseren, waarbij
de statistische data van alle voorgaande stappen wordt gebruikt. Simulaties en expe-
rimenten met dit algoritme laten zien dat in 14.5 stappen de doelpositie wordt bereikt
met een zekerheid van 95% en een maximale afwijking van 0.1 µm. Dit algoritme is
robuust voor veranderingen in het proces, zoals veranderingen in de laser absorptie
coëfficiënt. Ook zijn er slechts enkele calibratiestappen nodig om een nieuw materiaal
of geometrie van de buis te kunnen gebruiken.

De positie van de fiber kan niet gemeten worden wanneer de actuator aan een opti-
sche chip is gefixeerd, omdat de glasvezel dan volledig omsloten is door de buis en de
chip. Om desondanks toch de doelpositie te vinden is er een zoekalgoritme ontwikkeld,
dat de gemeten inkoppeling van het licht maximaliseert. De hiervoor benodigde be-
weging wordt verkregen door de thermische expansie bij laag laservermogen, waarbij
de vloeigrens van het materiaal niet wordt overschreden.

Experimenten hebben aangetoond dat 90% van de gevonden doelposities een klei-
nere fout heeft dan de daadwerkelijke afstand tot de doelpositie, wat een voorwaarde
is om de fiber naar de doelpositie te laten convergeren. Dit zoekalgoritme, gecombi-
neerd met de eerder bepaalde optimale procesinstellingen, is in staat de glasvezel uit
te lijnen zonder positiesensoren. Dit is aangetoond met experimenten, waarbij 5 tot
16 stappen nodig waren om de doelpositie binnen 0.2 µm te benaderen.

In dit proefschrift is een actuator ontworpen om een glasvezel in twee richtingen uit
te lijnen ten opzichte van een optische chip, waarbij gebruik gemaakt wordt van laser-
adjusteren. Verder onderzoek is nodig naar de fixatie van de actuator aan de optische
chip en naar de axiale uitlijning van de vezel, eventueel ook door laser-adjustering.
Hoewel dit onderzoek specifiek gericht was op het uitlijnen van een glasvezel, zijn
deze actuatoren en het algoritme toepasbaar op elk microassemblageprobleem waar
laser-adjusteren een optie is.
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Chapter 1

Introduction

1.1 Background: Fiber micro-assembly

A Photonic Integrated Circuit (PIC), also known as Planar Lightwave Circuit, is a
device on which several optical (and often also electronic) components are integrated
[1]. PICs are usually fabricated using wafer-scale technology on silicon or silica sub-
strates (often called chips). These devices are widespread in infrared optical fiber
communication (OFC) systems, and manufacturing and packaging of these devices
is well established [2]. However for single-mode fiber coupled optical chips, the fiber
alignment and bonding to the PIC and packaging is still the most expensive phase in
the manufacturing of these devices [3]. The assembly tolerances in the sub-micrometer
regime require specialized machinery and often manual labour.

Fig. 1.1: A packaged Integrated Laser Beam Combiner (ILBC) developed by XiO
Photonics, with three input fibers on the left, and one output on the right.

Recent developments in waveguide technology allow for the manufacturing of
devices supporting multiple wavelengths, including short wavelengths in the near-UV
range [4]. Such a device is the Integrated Laser Beam Combiner (ILBC) developed by
XiO Photonics in the Netherlands, see Fig. 1.1 and Fig 1.3a. This fiber-coupled device
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can combine a wide range of input wavelengths into a single output fiber with high
efficiency. For example, four inputs from lasers in the UV to visible range (405 nm,
488 nm, 561 nm and 640 nm) can be combined into one output fiber.

The single-mode waveguides and fibers that support such short wavelengths have
a small mode field diameter (MFD). A small MFD means that the spot size at the
connection interface between the fiber and waveguide is small, and therefore requires
tighter lateral alignment tolerances [5]. However, fibers that are intolerant for lateral
misalignment, are tolerant for angular misalignment (and vice versa) [5]. Therefore,
the angular alignment is of secondary importance for short wavelength connections.

For comparison, Fig. 1.2 shows the theoretical coupling efficiency η as a function
of the lateral misalignment between two identical fibers. The efficiency is calculated
using a Gaussian approximation for the fiber mode and neglecting any other optical
losses. The dashed line indicates a typical single-mode fiber for OFC at a wavelength
of 1310 nm, and allows a misalignment up to 0.5 µm to obtain a coupling efficiency of
99% or better. The solid line indicates a fiber used for the near-UV input of the ILBC
at a wavelength of 405 nm, and must be aligned within 0.1 µm to obtain a coupling
efficiency of 99%.
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Fig. 1.2: Theoretical coupling efficiency versus the lateral misalignment of two
identical single-mode fibers. The dashed indicates a typical fiber used in optical
fiber communications (Corning SMF-28), with a MFD of 9.2 µm at a wavelength
of 1310 nm [1]. The solid line indicates a fiber used for the near-UV input of the
ILBC (Nufern S405-XP), with a MFD of 2.6 µm at a wavelength of 405 nm.

For longer wavelengths, passive assembly methods such as V-groove arrays are
widely used. With this method, one or more fibers are positioned and fixed in etched
V-grooves in a glass or silicon substrate (see Fig. 1.3b). The end face of this fiber array
is polished, and fixed to the chip with adhesives. However, this method can not be em-
ployed for the UV port of the ILBC, due to the geometrical tolerances (most notably
the core-cladding concentricity) of commercial available fibers exceeding the align-
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ment requirements mentioned above [2]. This also implies that fiber array assemblies
can not be aligned simultaneously for the short wavelengths, since the core-to-core
pitch can not be guaranteed to be within the required tolerances.

20 mm

5 mm

2.5 mm

(a) ILBC chip and its dimensions.

V-grooves Fibers

Glass cover Adhesive

(b) Microscope image of an assembled fiber
array.

Fig. 1.3: (a): The ILBC chip, covered with several silicon and glass layers to create a
surface for stable assembly of the fiber array. The inset shows the end face where the
waveguide exits can be clearly observed. (b): Two fibers in V-grooves in glass, used
as a passive mounting method. Currently, the depicted face is polished, aligned to the
chip, and bonded to the chip by UV-curing adhesives. The core of each fiber is not
visible in this figure. Images courtesy of XiO Photonics, Enschede, the Netherlands

Therefore, currently a one-time active alignment per fiber is used for such devices,
where the optical coupling efficiency is maximized by sending light through the device
and measuring the transmitted power. A hill-climbing algorithm can be used to op-
timize the transmission while positioning the fiber by a high-precision motorized stage
for example [6, 7]. When the optimal position is found, the fiber is fixed to the chip,
usually by UV-curing adhesive [2]. However, the adhesives are prone to shrinkage
during and/or after the curing process, which causes misalignment after the final
bonding step [8]. Other joining methods, such as welding, soldering and clamping
lead to similar kind of misalignment problems due to inherent stress.

Moreover, the ILBC chip supports input powers over 300 mW (compared to about
0.5 mW in OFC [9]). Light loss due to misalignment is absorbed by the surrounding
material at the interconnect and is dissipated as heat, which can damage the device
and fiber. Due to the combination of this relatively high laser power with the small
MFD, the allowed lateral misalignment for the near-UV (405 nm) input port of the
ILBC is an order smaller compared to that of OFC systems.
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1.2 Laser forming

To re-align the fiber after the assembly steps, the use of laser adjusting is proposed
in this thesis. By designing a laser forming actuator that is integrated in the optical
device, the fiber tip position can be positioned relative to the chip after the first as-
sembly and alignment steps. Additionally, the use of such an actuator allows for a
‘coarse’ initial assembly alignment, which can be achieved by simple passive alignment
features on the chip and actuator.

Laser forming is a technique for deforming metallic components by controlled irradi-
ation with a laser beam [10]. The localized laser-induced heating introduces thermal
stresses which exceed the yield stress of the material, resulting in a permanent plastic
deformation. It is a spring-back free [10] and contact-less process and can be used
for high strength materials that are difficult to deform with conventional hard tool-
ing [11]. This technique is usually employed in multiple steps, either to increase the
deformation magnitude, or to converge to a desired deformation with small steps.
Laser forming has been used for many macro [12–15] and micro [16–21] applications,
ranging from from the forming of ship hulls [12] or correcting the shape of car body
parts [15] to the aligning of components during fabrication of tape-recorders [18] or
correcting the reed contact gap width in micro relays [21].

Laser forming mechanisms can be divided in thermal and non-thermal mechanisms.
Three main thermal forming mechanisms have been identified [22, 23], namely the
Temperature Gradient Mechanism, the Upsetting Mechanism and the Buckling Mech-
anism. Each mechanism is associated with specific combinations of component geo-
metries, material properties and laser parameters, and are discussed in the following.

The Temperature Gradient Mechanism (TGM) is the most common thermal
laser forming mechanism found in literature, see Fig 1.4. It is mostly applied for 2D or
3D bending of sheet metal, by scanning the laser beam across the surface of the sheet.
This mechanism is dominant if there is a steep thermal gradient over the thickness
of the component. This gradient is achieved when the laser beam diameter is in the
order of the sheet thickness [22] and the interaction time is short. The TGM can be
broken down in three steps:

1. The absorbed laser energy heats the top layer of the sheet. The thermal expansion
induces compressive stresses, resulting in a bending away from the laser beam (Fig
1.4a).

2. The yield stress reduces with the increasing temperature. The compressive stress
exceeds the yield stress, resulting in compressive plastic deformation in the top
layer of the sheet (Fig 1.4b).

3. After laser irradiation and upon cooling down, the top layer contracts. Due to the
effective shortening of the top layer, the sheet bends towards the laser beam (Fig
1.4c).
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a b c

Fig. 1.4: Temperature Gradient Mechanism (TGM).

In contradiction to the TGM, the Upsetting Mechanism (UM) is the dominant
mechanism when an uniform temperature profile is present over the thickness of the
component, see Fig 1.5. This generally is the case when the laser beam diameter at
the surface is large compared to the component thickness and the interaction time is
long. This mechanism is the main mechanism in laser tube bending [14]. The UM can
be broken down in three steps:

1. The absorbed laser energy results in an almost uniform temperature profile over
the thickness of the component (Fig 1.5a). The thermal expansion is impeded by
the (cold) surrounding material and induces compressive stresses in the heated
volume.

2. The yield stress reduces with increasing temperature. The compressive stress ex-
ceeds the yield stress, resulting in compressive plastic deformation of the heated
volume (Fig 1.5b).

3. After laser irradiation and upon cooling down, the heated volume shrinks and the
heated volume effectively contracts. (Fig 1.5c).

a b c

Fig. 1.5: Upsetting Mechanism (UM).

The Buckling Mechanism (BM) is similar to the UM, see Fig 1.6. However,
when the component cannot withstand the compressive stresses, local buckling can
occur. This is generally the case when the thickness of the component is small. The
BM can be broken down in three steps:

1. The absorbed laser energy results in an almost uniform temperature profile over
the thickness of the component (Fig 1.6a). The thermal expansion is impeded by
the (cold) surrounding material and induces compressive stresses in the heated
volume.

2. The compressive stresses cause bucking of the component. The yield stress is
lowered in the heated volume, resulting in a plastic deformation in the heated area,
while the bent volume outside the heated region deforms elastically (Fig 1.6b).
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3. After laser irradiation and upon cooling down, the yield stress rises, resulting in a
permanent bending, away from the laser beam (Fig 1.6c).

a b c

Fig. 1.6: Buckling Mechanism (BM).

Non-thermal laser forming mechanisms include the Removal of Compressive
Layers Mechanism (RCLM), and the Laser Shock Forming Mechanism
(LSF). For the RCLM, the workpiece is coated with a layer that introduces com-
pressive stresses in the top layer [24]. This layer can locally be removed by ultra short
laser pulses, see Fig. 1.7. This introduces small local deformations towards the laser
beam. However, this process can not be repeated at the same location, making it less
suitable for iterative high precision alignment.

a b c

Fig. 1.7: Removal of Compressive Layers Mechanism (RCLM)

For LSF, an ultra short pulsed laser with pulse durations in the femtosecond regime
is used to ablate material from the top surface. The formation of a high density and
high pressure plasma results in a rapid expansion of the plasma, causing a short but
intense shockwave. This shockwave causes expansion of the top layer, resulting in a
micro bending away from the laser [24, 25], see Fig. 1.8. The LSF mechanism is not
limited to a specific material, and can be used with silicon for example. However, such
brittle materials cannot sustain repeated bending, and show dislocations and micro
cracks.

a b c

Fig. 1.8: Laser Shock Forming Mechanism (LSF)
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1.3 High precision micro assembly using laser forming

An application of laser forming that received substantial attention in the recent years,
is the high precision alignment and assembly of (small) components. This process is
often referred to as ‘laser adjusting’ [10] or ‘laser hammering’ [26, 27]. This process has
been applied to several industrial applications where a sub-micron assembly accuracy
was required [18, 27–30].

For these applications, the aim is to obtain small deformations in dedicated struc-
tures (or actuators). These deformations induce a displacement to the part or com-
ponent to be aligned. Due to the limited deformation magnitude and repeatability
per irradiation step, the alignment process is usually a multi-step process.

1 mm

(a) ‘Y actuators’.

10 mm

(b) ‘+ actuators’.

Fig. 1.9: (a):An array of ‘Y’ shaped actuators for aligning optical fibers to a micro-
lens array [31]. The smallest displacement achieved with this actuator was 0.2 µm.
(b): Multiple fibers are aligned using four ‘+’ shaped actuator windows [32]. The final
fiber-tip position accuracy using this actuator was within ±0.25 µm.

Stark et al. [31] used this method to align multiple fibers with respect to a micro-
lens array with a pitch of 2 mm, see Fig 1.9a. One actuator consists of three ‘legs’ in
a ‘Y’ shape, where each leg can be shortened by laser forming. A fiber is fixed in the
center of each actuator. The authors achieved a minimum lateral step size of 0.2 µm of
the fiber. However, the heat input to the legs of this actuator requires careful planning
of the irradiations to prevent excessive heating of the fiber and adhesives. Zandvoort
et al. [32] aligned multiple optical fibers with respect to an optical chip, using the UM
with four legs in a ‘+’ shaped actuator, see Fig 1.9b. Multiple actuators were stacked
to align an array of fibers individually, each with an accuracy of 0.25 µm. However,
this actuator requires a large base frame of about 30 mm×30 mm, which significantly
increases the total packaged volume of such a device.
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1.4 Problem definition

Applications of optical devices that support short wavelengths into the UV spec-
trum include Raman spectroscopy, confocal microscopy, fluorescence microscopy [33],
flowcytometry [34], DNA sequencing [35] or even high-throughput screening of food
products [36]. Currently the optics in these devices include many discrete components
like lenses and mirrors that need individual alignment. For those applications, the use
of PIC chips (for example the ILBC mentioned in section 1.1) allows for a more robust
‘plug-and-play’ implementation of complex optical functions, as well as reduction of
the weight, volume and cost. The recent developments in waveguide technology enable
mass production of PIC chips for such short wavelengths [33], but new challenges arise
in the micro-assembly and alignment of the optical fibers to these chips, see section
1.1. These challenges currently hinder the widespread adoption of photonic integrated
circuits for short wavelengths into the UV spectrum.

When such sub-micron assembly accuracies are required, using an integrated one-
time (re)alignment actuator using laser forming is a viable solution (see section 1.3).
However, in order to use laser forming effectively for precision alignment, detailed
knowledge of the amount of deformation in relation to the input parameters must be
accurately known. Those input parameters include the laser power, laser spot size,
pulse duration, as well as material properties and actuator dimensions. Numerous
FEM models have been developed that can simulate the deformations due to laser
forming successfully [13, 16, 17, 37, 38].

However, these models usually do not provide any information about the repeat-
ability of the deformation for repeated irradiations. Such scattering in deformation
is a result of irregularities of the process and the input parameters. While the latter
are generally well controlled, irregularities in the process, like variations in the laser
absorption coefficient, internal stresses, micro-structure changes [39] or differences in
material batches are difficult to control or predict. Hennige et al. [40] identified the
uncertainties in these parameters for laser plate bending and concluded that the final
working accuracy of plate bending is limited by the variance of the bending angle.

To achieve accurate alignment despite these process uncertainties, the use of a
feedback algorithm is required, that adapts the input parameters based on the meas-
ured distance to the target deformation. Such an algorithm makes the laser forming
alignment an iterative process, that continues until the deformation has converged to
the target within a specified accuracy. The use of such an algorithm can improve the
accuracy of laser forming alignment from several microns to sub-micron accuracy.

Therefore, the problems which will be studied in this thesis are the characterization
of the laser forming process repeatability and scattering, and improving the accuracy
of laser forming actuators using control algorithms. The results will be applied to the
PIC micro-assembly case, where a compact actuator is required to align an optical
fiber to the chip after assembly.
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1.5 Research objective and approach

The problem definition, in the previous section, led to the formulation of the following
research objectives for this thesis:

1. Explore and quantify the repeatability, sensitivity and range of motion to variations
in the process and its parameters, of laser forming deformations.

2. Based on these insights, develop robust algorithms for aligning components with
sub-micrometre accuracy using laser forming.

3. Develop a suitable laser forming actuator with an accompanying experimental setup,
that can be applied for aligning an optical fiber with respect to an optical chip with
sufficient accuracy.

4. Apply these algorithms and the actuator to the fiber alignment case and determine
its performance by experiments.

To achieve these research objectives, a deeper understanding of the laser forming
process is required. Therefore, first a planar three-bridge actuator is used to character-
ize the deformations for different bridge geometries, laser power and pulse durations.
The 2D behavior of such an actuator allows for significant model simplifications for
FEM and analytical models, aiding in the understanding of the process. These models
are validated using an experimental setup that measures the deformation and tem-
perature of the bridges during the laser pulse. The scattering in laser absorption as
well as the scattering in resulting deformation is quantified by these experiments.

With the knowledge of the planar actuator, a more suitable actuator consisting
of a tube, for aligning a single optical fiber is developed. For this tube actuator, an
alignment algorithm is proposed that allows for fully unattended lateral alignment of
the fiber tip. This algorithm is extended to the situation where the fiber tip position
can not be measured, which is the case when the fiber is fully enclosed by the actuator
and PIC chip. The performance of those actuators is verified be experiments, using
an experimental setup that allows for real-time measurement of the deformation and
control of the most important process parameters.

The actuator and algorithms presented in this thesis are designed for fiber align-
ment. However, the general methodology can be used for any micro-assembly case
where laser forming is an option.
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1.6 Outline

The main part of this thesis consists of four journal articles, appearing as reprints in
chapters 2 to 5. While the chapters are self-contained and can be read independently,
it is recommended to read them in the order presented. The content of these chapters
is briefly outlined here.

In chapter 2 a planar, so-called three-bridge actuator is presented. A FEM model,
as well as a reduced model to predict the motion of the actuator is presented and
validated with experiments. Finally, an alignment algorithm is proposed for such an
actuator which is simulated with the reduced model. This chapter addresses the topics
of research objective 1 and 2 in section 1.5.

Chapter 3 introduces a laser forming actuator consisting of a simple tube. An
optical fiber is concentric in the tube, and its tip can be aligned by laser-bending
the tube. This chapter focuses on the development of an experimental setup that
both measures this fiber tip displacement with an optical system, and is capable of
positioning the laser spot on the tube surface. Experiments show that tube bending is
accurate enough to align a fiber with the required precision when the input parameters
are carefully chosen. This chapter addresses the topics of research objective 3 in section
1.5.

In chapter 4 the selection of those input parameters is automated by an algorithm
that minimizes the number of bending steps required to meet the desired alignment ac-
curacy. This algorithm uses the statistical information gathered from previous bending
steps to determine the optimal laser power and laser position. Three different tube
geometries have been tested with this algorithm. A statistical comparison is made
between the experiments and a simulation with thousands of alignment trials. This
chapter addresses the topics of research objective 2 and 4 in section 1.5.

Chapter 5 focuses on the application of the algorithm developed in chapter 4 to
the alignment of an optical fiber to a PIC chip. When such a chip is in place, the
fiber tip is fully enclosed, and its position can not be measured. Therefore, a scanning
algorithm is proposed that exploits the thermal expansion of the tube to move the
fiber tip, without permanent deformation. This scanning algorithm finds the position
that maximizes the optical coupling efficiency, which is then used in the alignment
algorithm. This chapter addresses the topics of research objective 2 and 4 in section
1.5.

Finally the conclusions are summarized in section 6.1 and a list of recommendations
is presented in section 6.2.
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Chapter 2

In-plane laser forming for high precision
alignment

Abstract Laser micro-forming is extensively used to align components with sub-
micrometer accuracy, often after assembly. While laser-bending sheet metal is the
most common laser forming mechanism, the in-plane upsetting mechanism is pre-
ferred when a high actuator stiffness is required. A three-bridge planar actuator made
out of Invar36 sheet, was used to characterize this mechanism by experiments, FEM
modeling and a fast reduced model. The predictions of the thermal models agree well
with the temperature measurements, while the final simulated displacement after 15
pulses deviates up to a factor two from the measurement, using standard isotropic
hardening models. Furthermore, it was found from the experiments and models that
a small bridge width and a large bridge thickness are beneficial to decrease the sens-
itivity to disturbances in the process. The experiments have shown a step size as
small as 0.1 µm, but with a spread of 20%. This spread is attributed to scattering in
surface morphology, which affects the absorbed laser power. To decrease the spread
and increase the positioning accuracy, an adapted closed-loop learning algorithm is
proposed. Simulations using the reduced model showed 78% of the alignment trials
were within the required accuracy of ±0.1 µm.

This chapter is reprinted with permission from SPIE from: Folkersma, K. G. P.
Römer, G. R. B. E. Brouwer, D. M. Huis in ’t Veld, A. J. “In-plane laser forming for
high precision alignment”. In: Optical engineering 53.12 (2014), pp. 126105–126105.
doi: 10.1117/1.OE.53.12.126105. .

http://dx.doi.org/10.1117/1.OE.53.12.126105
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2.1 Introduction

Laser micro-forming has been used in several applications in which high precision
position adjustments to components are needed, often after component assembly [18,
20, 42, 43]. Applications are found in alignment of optics, diode laser packaging or
optical fiber alignment, where the required positioning accuracy is in many cases be-
low 1 µm. For these applications a stiff actuator is required for minimizing alignment
errors due to external disturbances, for example due to external loads, thermal in-
fluences or vibrations. In this paper we research the use of laser forming for 0.1 µm
precision post-assembly adjustment.

2.1.1 Laser forming mechanisms

During laser forming the temperature profile, induced by the absorbed laser energy,
results in a permanent deformation of the material under consideration. This de-
formation is a result of the generation of stress and strain fields by elevated local
temperatures due to thermal expansion. That is, the material is heated (just) be-
low the melting temperature, the compressive stress exceeds the yield stress, and a
compressive plastic deformation with no spring-back is induced [22].

There are three types of direct thermal forming mechanisms, which are referred
to as the Temperature Gradient Mechanism (TGM), the Upsetting Mechanism (UM)
and the Buckling Mechanism (BM) [14, 22, 44]. The first two mechanisms are mostly
applied for sub-micrometer resolution adjustments [18, 20, 30, 31].

The driving force for the TGM (also known as laser-bending) is a temperature
gradient over the thickness of the substrate. The TGM is dominating over other mech-
anisms if the workpiece thickness is in the order of the laser beam diameter [22] and
the interaction time is short, or in general, for small Fourier numbers. For the TGM
several analytical and FEM models have been successfully developed, predicting the
bending angle based on the (laser) processing parameters [22, 45–47]. However, since
this mechanism is based on the bending of thin mechanical structures (or actuators),
the stiffness in the actuation direction is low, which can cause alignment errors when
external disturbances are present.

The UM is based on a small or no temperature gradient between the top and bottom
surfaces of the irradiated material, see Figure 2.1. This near-uniform temperature
distribution along the thickness occurs when the laser spot diameter is significantly
larger than the thickness of the material [22] and/or the irradiation time is long
and/or the thermal diffusivity of the material is large. That is, uniform heating of
a cylindrical volume in the sheet is aimed at, resulting in an in-plane contraction
of the (thin) mechanical structure. This can be exploited to create a stiff actuator.
Therefore, the focus in this paper is on in-plane laser forming by the UM.

This mechanism has been exploited in actuators with multiple degrees of freedom
[30, 31] and is the main mechanism occurring in laser-bending of tubes [13, 14, 48].
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a b c

Fig. 2.1: The Upsetting Mechanism (UM). (a) Heating material with no or small
temperature gradient in the thickness direction. (b) The thermal expansion causes
compressive stresses that exceed the yield stress. (c) After laser irradiation, a con-
traction occurs as the material cools down.

Unfortunately, accurate prediction of the displacements of an actuator based on the
UM is not trivial. Quite some research has been conducted to find relations between
the input parameters (such as laser processing conditions, actuator geometry and
material properties) and the obtained deformation [14, 48–50]. In a recent study it was
shown that a minimum step size of 0.1 µm can be achieved when a so-called “three-
bridge actuator“ (see section 2.2) is used [51]. However, a relatively large spread of
about 20% was found in the final position of the actuator, which was mainly attributed
to scattering of the process parameters.

2.1.2 Goal

To the best of our knowledge, no study has been published on methods to improve
the positioning accuracy of actuators based on in-plane laser adjusting by the UM.
Therefore, in this paper models, experiments and control-algorithms are presented
and discussed, aimed at the improvement of the positioning accuracy of actuators
exploiting the in-plane laser adjusting. We want to use the UM in a feedback system,
where the laser power is adapted, based on the incremental change of deformation.
This approach has been successfully applied for laser bending [40, 52].

2.1.3 Outline

In section 2.3.1, a 3-D FEM model, relating the maximum occurring temperature and
the resulting displacement, is presented and discussed, in order to investigate the res-
olution of the forming mechanism and the sensitivity to changes in geometry and laser
parameters. Further, in section 2.3.2, a “reduced model“ based on first principles, that
allows the prediction of the displacements of the three-bridge actuator, is presented
and discussed. Section 2.4 presents the experimental setup, which was used to validate
the models, as well as to determine the spread in displacement. The latter is used to
simulate the performance of a closed loop algorithm for a one-dimensional alignment
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problem. Section 2.5 presents the experimental and simulation results. Results of the
reduced model and experiments are compared to results of the FEM model. The
computational load of the reduced model is low, which allows statistical and robust-
ness analysis of closed-loop algorithms. Using this reduced model, a new alignment
algorithm is presented in section 2.6, that is robust for the disturbances in the laser
forming process. Finally, section 2.7 summarizes the conclusions.

As mentioned before, the models, experiments and control-algorithms were de-
veloped for, and evaluated on, a three-bridge actuator. Therefore the characteristics
and dimensions of this actuator are discussed in detail in the next section.

l

w

1 mm

200 µm

Fig. 2.2: Microscope image of three bridge actuator in Invar, after irradiation by
several laser pulses. The areas on the bridges are bright due to laser-induced surface
modifications. l = 500 µm, w = 750 µm.

2.2 Three-bridge actuator

In all laser forming mechanisms, a counteracting force, opposing the thermal expan-
sion is a prerequisite for plastic deformation to occur in the material. Consequently,
the deformation can only be a contraction of the heated material. These constraints
need to be taken into account when designing an actuator structure. A common struc-
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ture is the “bridge actuator“ [30, 50, 53]. It consists of multiple bridges (rods, bars)
connecting the fixed part of the mechanism to the free part of the actuator structure,
see Fig. 2.3. Heating one of the bridges, referenced to as A, B and C in Fig. 2.3,
with a stationary laser beam causes thermal expansion, which is counteracted by the
other bridges. The resulting compressive stress in the heated bridge causes compress-
ive plastic deformation, shortening the bridge when cooling down. Such a structure
has two actuation degrees of freedom; a bi-directional rotation (θ) (by shortening
one of the outer bridges i.e. A or C) and a translation (y) in one direction (when
shortening all bridges). In this paper we study a simple planar three-bridge actuator,
see Fig. 2.3 and Fig. 2.2. For this research, the 3-bridge actuator is preferred over a
2-bridge actuator, since the stresses and strains in each bridge can be considered to be
pure tensile or compressive, whereas the 2-bridge actuator also requires considering
in-plane bending stress and strain in the bridges. The bridges were designed with radii
to prevent stress concentrations in sharp corners.

+

+
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Fig. 2.3: Dimensions of the three bridge actuator studied in this paper. The directions
of motion for a sequence of laser pulses on the respective bridges (A,B and C) are
indicated by dashed arrows.
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2.3 Models

In this section, the 3D and 2D FEMmodels are presented, which were used to simulate
thermal and mechanical behavior of the 3-bridge actuator. While these models are
flexible in terms of geometry and thermal modeling, they are computationally intens-
ive if multiple successive laser forming steps are required. This results in computation
times that are unsuitable for statistical analysis of alignment algorithms. Therefore,
a fast reduced model for the three-bridge actuator was developed to predict stresses
and (plastic) strains from laser heating. This reduced model is outlined in section
2.3.2.

2.3.1 FEM model

To predict the deformation of the bridges from a set of process parameters, a time-
dependent 3D FEM model of the three bridge actuator was created in comsol mul-
tiphysics.
The heat dissipation in the material due to deformation is very small compared to the
heat induced by the laser. Therefore, the heat transfer and structural mechanics are
only coupled by the thermal expansion of the material. The laser source was modeled
as a surface heat flux with a Gaussian intensity profile I in a polar coordinate system,
defined by

I(r, φ) = I0 exp

(

−
8

d2
r2
)

,

where I0 =
8

πd2
P.

Where P is the laser power and d the 1/e2 spot diameter. The Von Mises yield cri-
terion was implemented in the structural model. Isotropic strain hardening was used,
with a bilinear stress-strain curve using the material tangent modulus. All structural
material properties were assumed to be temperature-dependent, and obtained from
[31]. A symmetric boundary condition was used for the geometry to reduce calculation
time, see Fig. 2.4.

For thin planar structures, where the temperature gradient over the thickness is
small, a 2D plane stress model suffices if the bending is not of interest. The 2D model
predicts a displacement that is 2-20% less compared to the 3D model for the tested
cases (see table 2.3), but shows a significant drop in computational load.
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Fig. 2.4: A typical temperature distribution after one pulse on bridge B (s = 250 µm,
w = 750 µm, l = 1000 µm, d = 560 µm, P = 7 W, tpulse = 300 ms). Note that
the model has a symmetric boundary condition at the symmetry plane of the bridges.

2.3.2 Reduced model

To make the reduced model as simple and fast as possible, the geometry is reduced
to three rectangles for the thermal model, and three hinged one-dimensional elasto-
plastic truss elements for the mechanical model, see Fig. 2.5. Furthermore, all physical
properties are assumed to be uniform over the bridges, which implies that for example
the laser intensity distribution is assumed to be uniform over the whole bridge. The
simulated time is divided in small time-steps, which is necessary to incorporate the
temperature dependent material properties (thermal conductivity κ , thermal expan-
sion coefficient αth, Young’s modulus E and yield stress σy), which are updated each
step. The step size ∆t was set to 0.125 ms, as smaller time-step did not result in a
significant change in the final displacement. This reduced model allows for an explicit
solution of each time-step, and a low computational load.

The temperature Ti,k of time step i of bridge k is obtained using the heat capacity
of the bridge and the laser power. The conduction to the bulk material is modeled as
a one-dimensional in heat flow to the bulk material:

Q̇cond = −κ ·w · s
(Ti−1,k − Tbulk)

1
2 l

Ti,k = Ti−1,k +∆t
(P ·A+ 2Q̇cond)

ρcpV
. (2.1)
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k = 1 2 3
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P

Fig. 2.5: Reduced model. (left) For the thermal model the bridges are assumed to
be rectangular. (right) The mechanical model is an analogy to a system with three
hinged bars, connected to a rigid block.

where cp the specific heat and ρ the density of the material. A is the laser absorption
coefficient and V = w · l · s is the volume of a single bridge. The laser power P is set
to zero after t > tpulse. Tbulk is the temperature of the bulk material, which is approx-
imated by a constant factor of the current bridge temperature by Tbulk = 0.25Ti−1,k.
This factor was found empirically by comparing with the FEM model.

As mentioned before, the driving force for the laser adjusting displacement is
thermal expansion. The thermal strain for time step i of bridge k equals

εthi,k = αthTi,k , (2.2)

The elastic strain can now be calculated from

εeli,k − εeli0,k = ∆ε ·βk, (2.3)

∆ε = εthi,k + εpli−1,k − εpli0,k,

where εpl is the plastic strain, i0 is the initial time step of the current pulse and
βk is the factor of elastic strain in bridge k relative to the current difference in strain
∆ε.
For a symmetric three-bridge structure this factor can be found by considering the
force balance, assuming the strain in the other bridges is purely elastic.

∑

F = F1 + F2 + F3 = 0, where F1 = F3

−F2 = 2F1 = 2F3 (2.4)

−εel2 E2 = 2εel1 E1 = 2εel3 E3 (2.5)

Where Fk is the force in bridge k. For the current bridge k = 2, we have an equal
strain for all bridges due to symmetry, resulting in

εel2 +∆ε = εel1 = εel3 . (2.6)
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Combining equations (2.5) and (2.6) gives:

εel2 = −∆ε
1

1 + E2

2E0

, (2.7)

where E0 is the Young’s modulus of the other bridges (at room temperature). For
k = 1 we get the geometric relation:

εel1 +∆ε = 2εel2 − εel3 (2.8)

From equation (2.5) follows

εel2 = −2εel1
E1

E0
, (2.9)

εel3 = εel1
E1

E0
. (2.10)

Substituting equations (2.8), (2.9) and (2.10):

εel1 = −∆ε
1

1 + 5E1

E0

(2.11)

Due to symmetry the result is the same for k=3, so we get

β1 = β3 = −
1

1 + 5 E
E0

, (2.12)

β2 = −
1

1 + E
2E0

. (2.13)

(2.14)

The stress σ then follows from

σi,k = εeli,kE , (2.15)

Assuming a perfect plastic material behavior (no hardening), the plastic strain is
calculated as

εpli,k = εpli−1,k +

{

σi,k−sign(σi,k)σy

E
if σi,k > σy

0 if σi,k ≤ σy

(2.16)

Finally, the total strain εtoti,k in the kth bridge is calculated, and multiplied with a
constant vector Gk to obtain the total strain in the other bridges,

εtoti,k = εeli,k + εthi,k + εpli,k, (2.17)

ε
tot
i = ε

tot
i0

+ (εtoti,k − εtoti0,k
)Gk. (2.18)
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The vector Gk relates the total strain of all bridges to the known total strain of
bridge k. This value is 1 for k = 2, where all bridges have the same strain due to
symmetry. For k = 3 this vector can be found from the geometrical relation

εtot2 =
εtot1 + εtot3

2
, (2.19)

and from equation (2.4) we have

− εtot2 = 2εtot1 . (2.20)

Substituting equation (2.20) with equation (2.19) yields

εtot2 =
2

5
εtot3 and,

εtot1 = −
1

5
εtot3 .

A similar result is obtained for k = 1. The resulting combined matrix G then reads

G =





G1

G2

G3



 =





1 2
5 − 1

5
1 1 1
− 1

5
2
5 1



 (2.21)

The strains and stresses in the remaining bridges k′ are calculated from

εpli,k′ = εpli−1,k′ (2.22)

εthi,k′ = 0 (2.23)

εeli,k′ = εtoti,k′ − εpli,k′ (2.24)

σi,k′ = εeli,k′E. (2.25)

For each subsequent laser pulse this process is repeated, where the strains and
stresses from the final time-step are taken as initial values for the next pulse. The
total strain is multiplied by l to obtain the absolute displacement of each bridge.

An interesting result, following from this model and its assumptions, is that the
geometry of the bridges is only of influence on the bridge temperature in equation
(2.1). The relation between the temperature and strains is independent of the geo-
metry. As a result, if the laser power or pulse time is scaled with the bridge width
or thickness, the displacement per pulse will not change. Furthermore, the spacing
between the bridges has no effect on the strains, however a larger spacing makes the
angular motion of the actuator smaller.
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2.4 Experimental setup

To verify the FEM model, an experimental setup was designed and implemented that
allows to measure the displacement of the actuator, during the laser adjusting process.
The three-bridge actuator structure was cut from a plate by wire electrical discharge
machining (EDM). A photo of the three bridges is shown in Fig. 2.2. The material used
for the actuator was the low thermal expansion nickel alloy Invar 36 (FeNi36) [31].
Invar is chosen, because it has well-known temperature dependent material properties
and has a small expansion coefficient at room temperature. The latter is beneficial
for the stability of the alignment of components at room temperature. Above 200 ◦C,
the thermal expansion coefficient of Invar increases sharply with temperature, which
allows for the thermal expansion stresses to exceed the yield stress, without exceeding
the melting temperature of 1450 ◦C. The Invar samples were polished in 5 steps to
a surface roughness of 1 µm and cleaned with alcohol before each experiment. Argon
was used as a shielding gas, to prevent oxidation of the surface during the heating
cycle. Two capacitive sensors measured the in-plane translation and rotation of the
actuator, and a third capacitive sensor measured the out-of-plane bending of the
sample, see Fig. 2.3; s1 to s3. The samples were clamped to a base plate at one end,
while at the free end, a brass block was mounted to create a measuring surface for
the capacitive sensors, see Fig. 2.6.

A 100 W, 1080 nm fiber laser (JK Lasers JK100FL) was used to heat the bridges.
A single-mode fiber and beam delivery optics delivered a Gaussian intensity profile
near the focus of the beam. A variable working distance allows for an adjustable spot
size. The intensity profile was measured (using the Primes FocusMonitor) for the used
spot sizes and can be considered Gaussian [51].

During the process, the spatial maximum temperature at the surface was measured
by a high-speed two-color pyrometer (Sensortherm Metis HQ22). The intensity is
measured at 1450 nm and 1800 nm wavelength, which makes it insensitive to the laser
reflection. This pyrometer has an absolute temperature range of 500 ◦C to 1300 ◦C
and a response time of 80 µs. The pyrometer optics were aligned such as to cover
roughly the same area as the laser spot on the bridges. The emissivity slope of the
material was found by heating a sample in an oven, while measuring the surface
temperature with a thermocouple as well as with the pyrometer. The signals of the
displacement sensors and the pyrometer were captured by a data acquisition system
running Matlab xPC, sampling at a frequency of 10 kHz. The same system was used
to control the laser power and triggering, as well as controlling the stage motion,
allowing positioning of the sample relative to the laser beam.

The direction of the in-plane rotation can be set by the sequence of heating the
bridges (see Fig. 2.2). This sequence was chosen to be repeating B-A-C in all experi-
ments, which results in a combination of in-plane rotation and translation of the free
end of the actuator.
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Shielding gas nozzle

3-bridge actuator position sensors

Fig. 2.6: Photo of the sample clamping and position measurement in the experimental
setup.

2.5 Results

2.5.1 Temperature measurements

The driving force for the laser forming mechanism is the temperature change in a
bridge over time. Therefore, accurate temperature measurements are the key to un-
derstanding the forming mechanism. The reproducibility of the temperature meas-
urement was checked by repeated laser pulses of 300 ms on a fixed position on an
Invar plate. After 6 pulses, the plate was moved to a new (virgin) location. It has
been found that the repeatability of the temperature cycle strongly depends on the
surface morphology of the Invar plate. Fig. 2.7 shows a typical temperature cycle of a
polished surface with a roughness of about 1 µm. The standard deviation of the max-
imum temperature of 36 heating cycles was found to be 12 ◦C, which is 1.3% of the
average maximum temperature. Similar tests with an approximated surface roughness
of 3 µm, 6 µm and 18 µm showed a standard deviation of 9 ◦C (1.1%), 65 ◦C (6.2%)
and 110 ◦C (9%) respectively.
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Fig. 2.7: Measured temperature cycle of 6 subsequent laser pulses on different locations
on the polished Invar plate. s = 220 µm, P = 43 W, d = 730 µm.

This indicates that a surface roughness of less than 4 µm is required for a repeatab-
ility better than 5%. The surface roughness appearing at the surface after irradiation
(see Fig. 2.2), also affects the laser absorption after several pulses.
However, when the same measurements are carried out on the bridges of the 3-bridge
actuator, the repeatability of the measured temperature decreases strongly, see Fig.
2.8 for a typical measurement of 3 pulses on each bridge. The standard deviation in
this figure is 42 ◦C (4.3%). However, with a different actuator geometry (width and
thickness of the bridges) and laser parameters, this deviation may even increase up to
130 ◦C (12.5%). Notice that the temperature spread for a single bridge is much less
than for all bridges combined. The small deviations in geometry of the bridges due to
the manufacturing process may contribute to this spread, but this does not account
for the large temperature differences. This indicates that the laser absorption varies
between the bridges, even after polishing. This can be attributed to poor polishing at
the edges of the actuator structure in combination with the large overlap of the laser
spot over these edges of the bridges.

Due to this large spread in temperature, the absorption coefficient can not be con-
sidered constant for all bridges. Therefore, the temperature measurement and not the
actual laser power, was taken as the input for the FEM model of the forming mech-
anism. This allows for direct comparison of samples with different surface qualities,
and the model validation is therefore less sensitive to the polishing process.
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Fig. 2.8: Measured temperature cycle of 3 laser pulses on each bridge of the polished
actuator. w = 750 µm, s = 220 µm, l = 500 µm, P = 50 W, tpulse = 300 ms,
d = 1000 µm.

2.5.2 Displacement measurements

The displacement of the free end of the actuator sample was measured by capacitive
sensors. Sensors s1 and s2 measured the in-plane deformation and s3 the out-of-plane
bending angle, see Fig. 2.3. The distance ds between s1 and s2 is 12 mm and s3 is
located at 15 mm from the center of the sample. The material surrounding the bridges
is assumed to be rigid and the rotations are assumed to be small. Therefore, the dis-
placement of each bridge can be calculated from the two displacement measurements.
The displacement of bridge B is the average of s1 and s2: yB = ( s1+s2

2 ). The dis-
placement of bridge A and C are then calculated from yA = s2−s1

ds
(w + l) + yB and

yC = s1−s2
ds

(w + l) + yB respectively.
Fig. 2.9a shows the measured displacement during and after the first laser pulse

on bridge B. The thermal expansion causes expansion up to t = tpulse. After cooling,
the shortening of all bridges is equal due to the symmetry. The displacement at
t = 0 is re-zeroed for each pulse, and therefore the compression results in a negative
displacement. After the pulse, a tensile stress is present in the irradiated bridge B,
while a compressive stress is present in bridge A and C.

Due to this first shot on bridge B, a small rotation of the free end of the actuator is
always present. The rotation is noticed by a difference between sensor readings s1 and
s2 (not visible in Fig. 2.9a), which can be caused by a misalignment of the laser spot
with respect to the bridges, sample geometry imperfections or initial internal stresses
in the material. A pulse on bridge A and C (Fig. 2.9b and 2.9c) results in a shortening
of those bridges, causing a combination of in-plane rotation and a translation of the
actuator.
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Fig. 2.9: Measured displacement due to the first laser pulse on each bridge in the
sequence B-A-C. s = 220 µm, w = 750 µm, l = 500 µm, d = 1000 µm,
P = 50 W, tpulse = 300 ms.

This process can be repeated in the same sequence (here B-A-C) to induce larger
deformations. Here, the final deformation (after 20 s cooling time) of each pulse was
gathered. Fig. 2.10 and 2.11 show the cumulative displacement of the first 5× 3 laser
pulses on two different bridge geometries and corresponding laser settings. The first
3 pulses result in a larger displacement than the subsequent pulses, because there is
no initial stress in the (virgin) material of each bridge. After the first three pulses,
one on each bridge, the subsequent iterations of the same sequence show a constant
deformation with each series of pulses.

Significant bending, measured by sensor s3, has been found in samples with a
thickness over 500 µm. This implies that the temperature gradient over the thickness
of the sample was significantly high for the TGM to occur. However, in a carefully
designed actuator, this bending is suppressed by the rest of the structure. The bending
is therefore not considered in this paper. While the sensors s1 and s2 are located in
the neutral axis of the actuator plate (see Fig. 2.3), there was still a small coupling
between the bending of the sample and the displacement measured by sensors s1
and s2. Therefore, a linear correction was applied to decouple the bending from the
in-plane displacement, using the information from s3.

2.5.3 FEM model validation

To validate the FEM model, model predictions were compared to the experimental
results. The heat transfer model was checked independently from the forming process,
by using data from the pyrometer.
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Fig. 2.10: Measured cumulative displacement of bridges A, B and C for 15 pulses.
s = 220 µm, w = 750 µm, l = 500 µm, d = 1000 µm, P = 50 W, tpulse = 300 ms
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Fig. 2.11: Measured cumulative displacement of bridges A, B and C for 15 pulses.
s = 560 µm, w = 500 µm, l = 500 µm, d = 730 µm, P = 40 W, tpulse = 300 ms

Heat transfer model

Polished Invar plates with a thickness of 220 µm and 480 µm were heated by a sta-
tionary laser spot with a pulse duration of 300 ms. The pyrometer does not provide
measurements below 500 ◦C, therefore an extrapolation algorithm was used that fits
a 6th order polynomial to the measurement signal with constraints T (0) = 23 ◦C
and T (tpulse) = Tmax, where Tmax is the maximum measured temperature. The
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measurements were simulated by the 3D FEM model, using the measured intensity
profile of the laser in the center of a 10 mm by 10 mm plate.

time (s)

M
a
x
su

rf
a
ce

te
m
p
er
a
tu

re
(◦
C
)

FEM model
Measured
Extrap. meas.

0 0.2 0.4 0.6 0.8 1
0

200

400

600

800

1000

Fig. 2.12: Simulated and measured temperature cycle on Invar plate. s = 220 µm,
d = 1000 µm, P = 50 W, tpulse = 300 ms.
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Fig. 2.13: Simulated and measured temperature cycle on Invar plate. s = 480 µm,
d = 730 µm, P = 60 W, tpulse = 300 ms.

The absorption coefficient in the model was found iteratively by matching the
maximum temperature with the measurement from the pyrometer. For a polished
Invar plate with a surface roughness of about 1 µm, this absorption coefficient was
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found to equal 13%. As can be observed from two test cases in Fig 2.12 and 2.13, the
simulations match well with the measured temperature.

Mechanical model

To verify the mechanical model independently from the spread in temperature ob-
served in the experiments, the temperature measurements are taken as an input for
the FEM model. To prescribe a temperature distribution in the heat transfer model
without knowledge of the absorption coefficient, the laser power in the FEM model
was automatically adjusted each time step, to obtain the same spatial maximum
temperature as in the measurements. Fig. 2.14 shows a comparison of the simulated
displacement at the sensor locations with a measurement, for 8 pulses. A cooling time
of 20 s per laser shot was used, however data has been cut-off after each 5 s for clarity.
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Fig. 2.14: Example of a comparison of measured and simulated displacement at the
sensor positions, for 8 laser pulses. s = 220 µm, w = 500 µm, l = 500 µm,
d = 730 µm, P = 32 W, tpulse = 300 ms.

While the displacement from the model shows the same trends as the experiments,
the absolute displacement error after the 8 pulses is 35%. For other parameter sets this
error can be as high as 100% (i.e. the simulated displacement is twice the measured dis-
placement). The main cause of this error is likely to be found in the chosen hardening
model. While isotropic hardening is often used in laser-bending (TGM) models with
success [13, 54, 55], it may not suffice for the in-plane laser-forming process, where
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more stress relaxation may occur due to the high temperatures. Moreover, hardening
models require the temperature-dependent tangent modulus, which is scarcely avail-
able for most materials. Another cause may be a change in grain size due to laser
irradiation leading to a change in yield stress, as proposed by Shen et al. [56].

2.5.4 Deformation sensitivity

To study the effect of different bridge geometries and the effect of laser parameters,
the deformation sensitivity of the three-bridge actuator is defined as the deformation
of bridge B per pulse for a repeated B-A-C sequence. Therefore, the cumulative de-
formation of bridge B in Fig. 2.10 was fitted by a linear least-squares fit. The first
three pulses were omitted, to remove the start-up effects and initial stresses. The slope
of this fit ȳB is the deformation sensitivity in µm per pulse. This deformation sensitiv-
ity was calculated from experiments with different three-bridge actuator geometries.
The dimensions of the actuators and laser parameters used in the experiments are
listed in Table 2.1. The bridge length was fixed to 500 µm, since the effect of this
parameter was found to be small in the FEM model. The laser spot diameter was
chosen to be about 140% larger than the bridge width. This makes the laser beam
alignment less critical. However, about 10% of the incident power is lost at the sides
of the bridge in this setting. To ensure small temperature gradients over the thickness,
in order to prevent excessive bending of the actuator, the pulse duration has to be
chosen sufficiently long and has been set to 300 ms. For longer pulses, heat flowing to
the surrounding bridges can not be ignored and will influence the results.

Table 2.1: Actuator dimensions and laser parameters used in the experiments

number of 3 thickness bridge width bridge length spot diam. laser power
bridge actuators s (µm) w (µm) l (µm) d (µm) P

6 250 400 500 590 3× 25 W, 3× 28 W
6 250 500 500 730 5× 30 W, 1× 35 W
6 250 750 500 1000 4× 45 W, 2× 25 W
6 500 500 500 730 6× 40 W
3 500 750 500 1000 3× 55 W

The experimental results are shown in Fig. 2.15 for the different actuator geo-
metries. On the horizontal axis the maximum temperature at the end of the pulse,
averaged over all 15 pulses for the sample under consideration is plotted. The spread
of this temperature showed a standard deviation of 50 ◦C, averaged over all measure-
ments. Error bars for this spread are not shown here for clarity. A linear least-squares
fit through the measurements shows the relation between the maximum temperature
and the displacement per laser pulse.
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Fig. 2.15: Displacement sensitivity: Average measured step size of yB per shot versus
the maximum measured temperature.
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If small displacement steps are desired for an actuator, a low sensitivity to tem-
perature variation is preferred. This makes the displacement more predictable when
the absorbed laser power is not constant. However, when a large range of motion is
required, a small sensitivity requires more successive laser pulses or higher temperat-
ures. The minimum repeatable step size was found to be 0.1 µm for a bridge width
of 500 µm and a thickness of 500 µm. For the measurements with these dimensions,
the sensitivity is independent of the maximum temperature. To reach an even lower
sensitivity, it is possible to use lower laser power, as long as the threshold for plastic
deformation is reached.

In these experiments, a small sensitivity is generally achieved with a small bridge
width. This is the result of the relatively low thermal flow in the length direction
of the bridge for narrow bridges. This makes the effective heated length smaller for
the same maximum temperature, resulting in less deformation. On the other hand,
the actuators with a larger thickness show a lower sensitivity compared to the thin
actuators. This is a result of the temperature gradient in the z-direction that is present
in the thicker samples. Due to this gradient, the average temperature over the z-
direction is considerably lower as the measured surface temperature, and therefore
the total in-plane deformation is smaller.

The FEM model was applied for the same conditions as the measurements in Fig.
2.15, and the simulated sensitivity is shown in Fig. 2.16. The displacement sensitivity
calculated in the model is much larger than the sensitivity found in the experiments.
Possible causes are explained in section 2.5.3. Moreover, the measurements show a
sensitivity that is linearly dependent on the surface temperature, which is not the case
for the FEM model below 800 ◦C. Nevertheless, in both figures the same trends can
be observed; the sensitivity increases with increasing bridge width, and the sensitivity
decreases with increasing bridge thickness.

2.5.5 Model comparison

The 3D and 2D models (outlined in section 2.3.1), a 2D FEM verification model and
the reduced model (outlined in section 2.3.2) are compared using 6 benchmark cases
listed in table 2.2. For each case, 15 pulses are simulated, and all models assume
perfect plastic material behavior (no hardening). The verification FEM model uses
the same geometrical simplifications as the reduced model, with rectangular bridges,
which are mechanically connected by rigid bulk material. The radii of the bridges in
the full models make the bridge volume larger than the rectangular bridges in the
reduced model, which has a significant influence on the mean bridge temperature.
Therefore, since the bridge width only appears in the thermal part of the reduced
model, the bridge width ŵ in the reduced model and verification model is adjusted to
ŵ = w + (1 − 1

4π)l, which is the mean bridge width of geometry including the radii.
To models are compared by the temperature at t = tpulse, the final translation yB and
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the final rotation θ after 15 pulses. The temperature is the spatial mean temperature
over a rectangular volume with dimensions w × l × s.

Table 2.2: Parameters used in the test cases for the models. The bridge length l is
1000 µm for all cases.

bridge
thickness

bridge
width

laser spot
diameter

laser
power

pulse
length

pulse
sequence

case s (µm) w (µm) d (µm) P (W) tpulse (ms)

1 500 500 375 13.8 300 B-A-C
2 250 500 375 7.8 100 B-A-C
3 250 500 375 6.75 300 B-A-C
4 250 750 560 11.3 100 B-A-C
5 250 500 375 5.3 300 B-A-C
6 500 500 375 13.8 300 B-A-C-B-C-A

The results are listed in table 2.3, where ”verif.” and ”red.” denote the verification
2D FEM model and the reduced model, respectively. For case 2, a comparison between
the bridge displacements of the verification model and the reduced model is shown
in Fig. 2.17. The average difference between those models is 4% for the temperature,
11% for the translation and -1% for the rotation. This deviation is a result of the
Gaussian heat input in the FEM model, while the reduced model has an averaged
heat input for the whole bridge. In practice the plastic deformation is concentrated
in the center of the irradiated zone, but when only displacement is of interest, this
lumped approach is found to be a good approximation.

When comparing the reduced model to the 2D or 3D model, the error is close to
constant for all 6 cases. In other words, the reduced model consistently predicts the
bridge displacements to be 42% smaller (with a standard deviation of 3%) compared
to the 3D FEM model. This is a result of the rectangular bridge approximation, and
the lack of a hardening rule in the reduced model . However, once this factor is known
for a given material and bridge length, the displacement of all subsequent pulses
can be predicted by the reduced model using the correction factor. This significantly
reduces the computation time compared to solving the full 3D FEM model.

2.6 Simulations of closed-loop alignment algorithms

The reduced model, combined with a closed loop strategy, was used to simulate the
fine adjusting for an alignment problem, where the actuator must be positioned to
a predefined position, with a predefined accuracy. This alignment algorithm must
be robust enough to compensate for the spread in sensitivity between samples, as
observed in the experiments. With the reduced model it is possible to simulate a
large number of alignment cases in a limited amount of time, which makes it possible
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Fig. 2.17: Comparison of displacement from the reduced model (solid line) with the
validation FEM model (dashed line) for case 2 (see table 2.2)

Table 2.3: Maximum temperature and final displacement and rotation of the three-
bridge actuator after 15 pulses, for each test case. ”red.” and ”verif.” denote the
reduced and verification model, respectively. ”SD” denotes the standard deviation.

temperature (◦C) translation yB (µm) rotation θ (mrad)
FEM FEM FEM

case 3D 2D verif. red. 3D 2D verif. red. 3D 2D verif. red.
1 749 743 749 725 -35,8 -30,9 -18,2 -20,1 20,0 17,9 9,4 10,2
2 603 607 603 639 -26,8 -21,7 -15,2 -16,8 13,7 13,8 7,6 7,5
3 722 722 736 714 -33,4 -28,6 -17,9 -20,1 19,8 18,5 9,3 9,5
4 656 654 639 679 -32,1 -27,1 -16,2 -19,2 14,2 13,9 7,2 7,2
5 591 594 604 595 -25,7 -21,9 -14,9 -14,5 13,8 14,1 7,4 6,8
6 748 752 749 725 -36,4 -35,8 -18,2 -20,1 4,1 3,9 1,9 2,0

error with respect to FEM 3D
Mean - 0% 0% 0% - -13% -47% -42% - -4% -50% -50%
SD - 1% 2% 3% - 5% 3% 3% - 4% 4% 2%

to do statistical analysis on hundreds of simulated alignment trials. First, a closed
loop strategy for laser bending, proposed by Henninge et al. [40], was modified for the
three bridge actuator. Based on the observed shortcomings of applying this strategy
for the three-bridge actuator, an improved algorithm was developed and tested.

2.6.1 Test case

A test case for a three-bridge actuator was used, with an irradiation sequence B-A-
C-B-C-A. This sequence results in an equal shortening of all bridges. As a result,
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the actuator is characterized by one effective degree of freedom. A random desired
position of −30 µm ≤ yd ≤ −20 µm was chosen for each trial, and it is assumed that
the current position yi (and therefore the remaining error ei = yd−yi), after irradiation
step i, is known at all times. The motion can only be negative (contraction), which
means that if the current position is beyond the destination, it can not be corrected.
Furthermore, the maximum number of laser pulses was limited to 50, to prevent
excessive process time in practice. The spread in laser absorption and displacement
found in the experiments was used in the simulation. This was modeled as a random
spread of ±10% per bridge plus a ±5% spread between actuators, around the nominal
laser power.

2.6.2 Adapted plate bending algorithm

The algorithm proposed by Henninge uses the first two irradiations to find a linear
relation between the used power and the displacement:

∆yi
Pi

Pmax
= c(Pi − Pmin), (2.26)

where c[µm/W] is the sensitivity to the laser power, Pi is the laser power and
Pmax is the maximum power that can be used without damaging the actuator. For
a three-bridge actuator, using the B-A-C-B-C-A sequence, the step size ∆yi is not
constant for two subsequent irradiations (similar to the B-A-C sequence in Fig. 2.11).
However, the step size is constant with three steps in between (i.e. for i = 1, 4, 7...,
i = 2, 5, 8... and i = 3, 6, 9...). Therefore, at each third step, the step size ∆y was
averaged to calculate ∆ŷ. c was calculated after two complete sequences (the 12th
step), using Pmax for the first 6 pulses, and 0.75 ·Pmax for the 6th to 12th pulse:

c =
(∆ŷ6 −∆ŷ12)

0.25Pmax
(2.27)

Pmin = Pmax −
∆ŷ6
c

(2.28)

The total number of steps imin, assuming the step size will not change, is estimated
using the remaining error after the 12th pulse e12 from

imin =
e12

Pmax · c(1−
Pmin

0.8Pmax
)
+ 12, imin ∈ N. (2.29)

The number of steps was calculated with 80% of the maximum power, allowing
a correction of the laser power if the sensitivity was lower than expected. For the
remaining steps, the optimal step size was defined as:
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∆yopt =
e12

imin − 12
(2.30)

The laser power was changed once every 3 irradiations, and was defined by

Pi = Pmin + (∆yopt +
γ(∆yopt −∆ŷi−1)

c
(2.31)

The difference between the expected and the obtained step size multiplied by a
factor γ = 0.5 is added to the optimal step size, correcting for deviations from the
expected step size. This strategy is repeated until the error e is within a fixed accuracy
of ±0.1 µm.

When this algorithm was tested with the reduced model, it was found that the
position y was overshooting the desired position yd frequently (87%), because the
algorithm can not correct in advance for the spread in step size due to the random
spread in absorbed laser power. Therefore the optimal step size for the last 6 shots was
changed to ∆yopt = 0.3ei−1. Furthermore Pmin was updated to the current power Pi

whenever ∆ŷi < 0.01 µm. This prevents the algorithm from using a power level, where
the deformation is purely elastic, when the initial approximation in eq. 2.28 was too
low. The final error for 200 trials is shown in a histogram in Fig. 2.18. Only 58% of the
trials is within the goal of ±0.1 µm, while the remaining 42% are still overshooting the
destination. For the successful trials, the average number of irradiations required is
27. This means that the last few steps were too large, despite the corrections made for
the last 6 irradiations. It turns out that the mismatch between the expected step size
and the obtained step size is much larger than the desired final accuracy, which means
that the linear prediction for the required power on basis of the first two sequences is
not accurate enough, despite the on-line correction based on the previous step.

2.6.3 Improved algorithm

Based on these findings, a new algorithm was developed. This algorithm uses the first
15 pulses to learn the sensitivity of displacement ∆y to laser power P . The power
for these 15 pulses is Pmax to 0.6Pmax, with equal power for three subsequent pulses.
Before every next pulse, sensitivity is obtained with a linear least-squares fit through
the history of used power and the resulting displacement. Three separate fits are
made for for i = 1, 4, 7..., i = 2, 5, 8... and i = 3, 6, 9..., instead of averaging over three
steps. The optimal step size was defined as ∆yopt = 0.4ei−1, but is limited by the
maximum displacement that was measured during the first 15 pulses. The power for
the next pulse is obtained from the corresponding fit and the desired step size. Again,
when the step size is too small, the power for the next pulse is increased by 5%.
When tested with the same conditions as with the algorithm proposed by Henninge
et al., the histogram shows that 78% of the 200 trials is within the goal of ±0.1 µm.
The average number of steps to reach the destination is 38. This improvement is a
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Fig. 2.18: Histogram of the final error of 200 repetitions for the adapted algorithm
by Hennige et al. 58% of the trials is within the goal of ±0.1 µm A negative error
represents an overshoot of the desired position, which can not be corrected. A positive
error remains when the maximum number of steps is exceeded.
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Fig. 2.19: Histogram of the final error of 200 repetitions for the proposed algorithm.
78% of the trials is within the goal of ±0.1 µm

direct result of the more accurate and constantly updated estimations of the three
displacement sensitivities.
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2.7 Conclusion

In-plane laser forming, using the Upsetting Mechanism, can be used for high precision
alignment of components where a high actuator stiffness is required. A three-bridge
actuator fabricated in Invar36 sheet metal was studied. FEM models and experiments
were used to find the relation between maximum surface temperature and the dis-
placement step size for different bridge geometries. FEM models showed a good match
with the measured temperature in the experiments. However, when multiple pulses
are considered, the simulated displacement shows deviations up to a factor of two
compared to the measurements. This deviation was mainly attributed to limitations
in the isotropic hardening model.

Generally when high precision is required, sensitivity of the step-size to changes
in temperature should be low, at the cost of a limited range of motion. Experiments
showed that this is achieved with a small bridge width and large thickness of the
actuator. A minimum step size of 0.1 µm was achieved in the experiments. However,
a spread of about 20% was found in the final position of the actuator, which was
attributed to scattering in process parameters. Due to this spread, a closed loop
algorithm is required to reach a desired position with high precision. A fast reduced
model was developed to test such alignment algorithms for robustness and accuracy.
This model assumed the bridges to be square and to have uniform temperature, stress
and strain distribution over the bridges. This was found to be a good approximation
by comparing it with the FEM models.

An existing algorithm for laser bending was adapted, that uses the measurements
of the actual position after each pulse, and adapts the laser power for the next pulse.
The algorithm is robust to disturbances that were found in the experiments. 78% of
the simulated alignment trials were within the required accuracy of ±0.1 µm.
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Chapter 3

Micro tube laser forming for component
alignment

Abstract A micro actuator for precision alignment, using laser-forming of a tube,
is presented. Such an actuator can be used to align components after assembly. The
positioning of an optical fiber with respect to a waveguide chip is used as a test case,
where a sub-micron lateral alignment accuracy is required. A stainless steel micro
tube with an outer diameter of 635 µm was used as a simple and compact actuator,
where the fiber is mounted concentrically in the tube. An experimental setup has been
developed to measure the fiber displacement in real-time with a resolution better than
0.1 µm. In addition, this setup allows the axial and radial positioning of the laser spot
over the surface of the tube. Several tube samples were (de)formed to move a fiber
to a predefined position, using a laser with a wavelength of 1080 nm, a pulse length
of 200 ms and a power between 4 W and 10 W. On average of 18 laser pulses were
required to reach the targeted position of the fiber with an accuracy of 0.1 µm. It
has been found that increasing the laser power not only results in a larger bending
angle, but also in a larger uncertainty of this angle. The opposite is true for the radial
bending direction, where the uncertainty decreases with increasing laser power.

This chapter is reprinted from: Folkersma, K. G. P. Brouwer, D. M. Römer, G.
R. B. E. “Micro tube laser forming for precision component alignment”. In: - (2015).
Submitted for publication.
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a b

β

α

laser beam

Fig. 3.1: Tube laser bending. a: Heating due to absorbed laser energy induces a bend-
ing of angle β ’away’ from the laser. b: after cooling, the tube bends ’towards’ the
laser, finally getting at an angle of α.

3.1 Introduction

Laser micro-forming has been used widely in applications where high precision posi-
tion adjustments are needed. Different actuator configurations are extensively studied,
including two- and three bridge actuators [30, 41, 50], plate bending actuators [40] or
star actuators [31, 32, 43]. Those actuators allow for position adjustments in one or
more directions with sub-micrometer accuracy. However, these actuators require ded-
icated structures to be included with the components that require alignment. Many
applications require a more compact actuator with a low cost per product. Such an
application is the alignment of optical fibers to waveguides in silicon chips. Often mul-
tiple fibers in one array need to be fixed to a chip, but require individual alignment
to the chip with a sub-micron accuracy after assembly. With a fiber pitch in the order
of 1 mm, the available space for actuators is limited.

A common application of laser forming is the bending of tubes[14, 48, 58–60]. This
mechanism is activated by heating of one side of the tube, either by a stationary laser
spot or by scanning the spot in the axial or radial direction. The resulting thermal
strain in the tube wall introduces a compressive stress that exceeds the yield stress. If
the tube wall thickness is high enough to prevent buckling, this results in a compressive
plastic strain, and when the tube cools down, the heated portion of the tube wall will
effectively contract. The result is a bending of the tube towards the laser, see Fig. 3.1.
This process can be repeated several times to increase the deformation angle α and
iteratively converge to a desired angle. The simple continuous tube geometry offers
great potential for fiber alignment.

Laser tube bending for relatively large diameter tubes (> 10 mm) has been studied
experimentally, by FEM models [13, 14, 48, 58] and analytical models [59] with good
results. However, to our best knowledge, no significant experimental studies have been
done regarding micro tube bending (diameters < 1 mm), with a focus on positioning
accuracy.
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Aspheric lens Tube clamp tube fiber mating tube protective sleeve

2 mm

8 mm

d

Fig. 3.2: Optical fiber and tube assembly.

Therefore the goal of this research is to use a simple micro tube as a 3-D micro
actuator for aligning an optical fiber in two directions. For the case of aligning to
a waveguide chip, the lateral alignment accuracy should be better than 0.4 µm to
obtain an acceptable optical coupling loss of the fiber-chip connection. The minimum
reliable step size should smaller than 0.2 µm, and the total range of motion should
be at least 50 µm. While the tilt angles and axial translation of the fiber also require
accurate alignment, this research focuses on the lateral (X,Y ) displacement of the
fiber tip.

3.2 Method

Measuring displacements in the order of 0.1 µm in real-time requires a dedicated setup
with a resolution and long-term stability in the same order. Such a setup was designed
and is outlined in section 3.3. The experimental results are given and discussed in
section 3.4.

Previous results on laser forming [41], and preliminary tests on tube bending
showed that it is not useful to predict the exact response of the displacement to
the incident laser power when multiple laser forming steps (i.e. multiple laser pulses)
are used. The bending angle shows a large spread due to variations in absorption of
laser energy and initial stress states induced by earlier deformations. Therefore, the
focus is on the empirical estimation of the bending angle in relation to the laser power.

Additionally, a strong correlation between the radial position of the laser spot on
the tube, and the direction of motion of the tube is beneficial for the controllability
of the fiber tip position. The radial position of the laser can be obtained from the
direction of thermal expansion. Therefore, the difference between the direction of
thermal expansion and resulting motion is measured to determine the repeatability
for the bending direction.



3

42 Chapter 3 Micro tube laser forming for component alignment

To capture the rapid motion induced by the thermal expansion without disturbing
the bending process, a real-time and contact-less measurement of the tube deforma-
tion is required. The measurement system is designed to measure three translations
(X,Y, Z), and two rotations (rX, rY ). This is achieved by fixing an optical fiber in
the tube and measuring the position and direction of the laser light emitted from the
fiber end. The fiber is fixed concentric at one end of the tube, while the tip is free to
move at the other end, see Fig. 3.2. A bending angle α at a distance from the tip d
will induce a translation of the tip of δr ≈ d ·α.

3.3 Experimental setup

An experimental setup has been developed that is capable of measuring the tube
deformation in real-time, see Fig. 3.3 and Fig 3.4. The laser power and modulation,
beam position and focus, and the tube position are computer controlled in a Matlab
Simulink Real-time environment. All sensor data is acquired at a sample rate of 5 kHz,
which is high enough to capture the dynamics of the motion during the laser pulse.

The setup consists of three parts, which are detailed in the following sections.
Section 3.3.1 describes the assembly of the tube and fiber samples and how it is fixed
in the setup. Section 3.3.2 explains the laser system and positioning of the laser beam
on the tube. The measurement of the tube deformation is detailed in section 3.3.3,
including the calibration procedures.

3.3.1 Tube sample and clamping

The tube samples have an outer diameter of 635 µm, a wall thickness of 153 µm and
a length of 10 mm. The tubes manufactured by Vita Needles are TIG welded, plug
drawn from 304 stainless steel, and received a hard temper treatment. At one end, a
mating tube was inserted and fixed with adhesive to the outer tube and the fiber, see
Fig. 3.2. The fiber has an outer diameter of 125 µm. A protective sleeve was attached
to the fiber and mating tube for strain-relief, while handling the samples. The tubes
have been clamped over 2 mm length in a custom clamp (Fig. 3.3 #7). The clamp and
tube can be moved in 5 directions with respect to the measuring unit for centering and
calibration purposes (see section 3.3.3). The translations X,Y and Z are motorized,
while the rX, rY rotations around the fiber tip are set with a manual goniometer
(Fig. 3.3 #12).

The free end of the fiber is susceptible to sag due to gravity. This sag can be
estimated using basic beam theory, with a distributed load q on the fiber

q =
ρπr2lg

l
= 2.65 · 10−4 N/m, (3.1)
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Fig. 3.3: The experimental setup.

1. Camera for focus measurement
2. 50:50 beam splitter
3. Position Sensing Detectors (PSD)
4. Fixed mirrors
5. Aspheric lens (see Fig. 3.2)
6. Tube with fiber (see Fig. 3.2)
7. Tube clamp (see Fig. 3.2)

8. Beam alignment camera for laser
9. Focusing optics

10. High power laser input
11. Motorized Tip/tilt mirror
12. Positioning stages for tube
13. Fiber to align
14. Position measurement laser

where r = 62.5 µm is the fiber radius, l = 8 mm the free length of the fiber, ρ =
2200 kg/m3 the density of the fiber and g = 9.81 m/s2 the gravitational constant.
The sag δg is now obtained by

δg =
ql4

8EIa
= 0.15 · 10−6 m (3.2)

where E = 2200 N/m2 is the Young’s modulus and Ia = π
4 r

4 = 1.2 · 10−17 m4

the second moment of area of the fiber. The sag of 0.15 µm is in the same order as
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the minimum desired step size, and can therefore not be neglected. However, this
displacement is a constant offset, and has no effect on the relative displacement meas-
urements. Since δg is proportional to the fourth power of the fiber free length, the
tube can be shortened to decrease the sag, at the cost of a smaller total stroke.

3.3.2 Laser setup

The laser source which was employed is a JK-100FL 100 W fiber laser with a
wavelength of 1080 nm showing a Gaussian intensity profile. A motorized tip/tilt
mirror (Fig. 3.3 #11) is used to control the beam position. The beam was either
focused directly on the tube, or via two fixed mirrors near the tube, see Fig. 3.4. Us-
ing the tip/tilt mirror, three radial positions 120◦ from each other, and the complete
tube length is accessible by the laser. Additionally, since the spot size of 400 µm is
smaller than the tube diameter, a small deviation of ±35◦ from these radial positions
is achievable. This allows for more freedom in selecting the bending direction of the
tube.

The laser is focused on the tube by an focusing head (Fig. (3.3 #9) with a focal
length of 300mm. The head is mounted on a motorized stage. This is required to
re-focus the laser when changing radial position, and allows for an on-line variable
spot size. For the experiments in this paper the laser spot size on the tube was fixed
to 400 µm. A co-axial camera is mounted on the focusing head for beam alignment
with respect to the tube.

3.3.3 Fiber tip position measurement

For the purpose of measuring the tube deformation, a single-mode optical glass fiber
(Thorlabs SM600) was fixed to the tube (see Fig 3.2), and the other end was connected
to a low power laser source (2 mW, 650 nm), see Fig. 3.5 and Fig. 3.3 #14. The beam
emitted from the fiber was focused with an aspheric lens with a focal length of 4.6 mm,
see Fig 3.2. The beam position was measured with two duo-lateral Position Sensing
Detectors (PSD) (On-Trak PSM 2-4 and PSM 2-10, see Fig. 3.3 #3) and a CMOS
camera (Pixelink B741, see Fig. 3.3 #1), using two 50:50 beam splitters (Fig. 3.3
#2). A translation of the fiber results in an opposite translation of the beam on
the PSDs, with a different gain for both. A tilt of the fiber tip results in a signal
change that is approximately equal on both PSDs. The camera is used to measure
the spot size, which is proportional to the Z-translation of the fiber with respect
to the lens. Furthermore, the location of the tube clamp with respect to the lens
was measured by 5 capacitive sensors (Lion Precision CPL290 with C6D probes), to
correct for any external disturbances on the frame in real-time. These sensors have a
resolution of 50 nm and have been corrected for non-linearity (by calibrating with an
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Fig. 3.4: Beam manipulation schematic. The laser can reach the tube from three
directions using the tip/tilt mirror. 1: Direct path from above, 2/3: Via fixed mirrors.
The focus stage is used to keep the spot-size on the tube constant.

Aerotech ABL10100LT precision stage) and tilt misalignment with respect to their
target. The displacement measured by the these sensors was translated to the fiber
tip by a geometrical transformation matrix, giving the coordinates of the fiber tip
([Xc, Yc, Zc, rXc, rZc]).

This setup is capable of measuring both the fiber tip translations and the tip/tilt,
by combining the PSD and camera info. However, for this study, only the X and
Y translations were measured using both PSDs. This improves the accuracy, because
both PSD signals are effectively averaged. The tube bending angle α can be calculated
from the translation measurement and the known distance d from to the fiber tip, see
Fig. 3.2.

The relation of the four PSD signals XPSD = [XPSD1, YPSD1, XPSD2, YPSD2] to the
fiber tip position was found by moving the tube with the fiber randomly over a 7× 7
grid on the XY plane with a total size of 50 µm×50 µm, using the motorized stages.
For the calibration, the signals Xc = [Xc, Yc] and XPSD have been averaged over 0.5 s
for each grid point. This is repeated 3 times, resulting in N = 147 measurements. The
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Fig. 3.5: Measurement of the fiber tip position. Laser light emitted from the fiber
is collimated and projected on two duo-lateral PSDs and a camera via two beam-
splitters. A translation of the fiber results in a rotation of the beam, measured by the
PSDs.

relation was found by multivariate linear regression, with the regression matrix ΦN

and the output measurements YN gathered as:

ΦN =







1 XPSD(1) X
2
PSD(1)

...
...

...
1 XPSD(N) X

2
PSD(N)






(3.3)

YN =







Xc(1)
...

Xc(N)






(3.4)

The estimate matrix Ψ can be found, using the least squares estimate, by

Ψ = Φ
†
N
YN . (3.5)

Where Φ† is the pseudo-inverse of Φ.
The fiber tip position Xf as measured by the PSDs can now be found using

Xf = [Xf, Yf] = ΦNΨ . (3.6)

The measurement accuracy was verified by an independent measurement, moving
randomly over a 5 × 5 grid, with a total size of 40 µm×40 µm, and repeating this 5
times. The error has been defined as e = ‖Xf −Xc‖. This calibration and verification
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Fig. 3.6: Translation coordinates at the fiber tip.

process was repeated for each new tube sample. The maximum absolute measurement
error was 0.2 µm, with a repeatability better than 0.1 µm.

After calibration, the corrected fiber tip displacement X̂f was obtained by subtract-
ing the disturbance signal from the position signal as X̂f = Xf −Xc. This eliminates
long-term (< 60 s) thermal drift and reduces the sensitivity to external vibrations.

3.4 Experimental results

Each experiment is an alignment trial, where the process settings (laser power and
laser spot position on the tube), are adjusted by hand, in order to reach a desired
location of the fiber tip with a minimal number of laser pulses. For each experiment,
a new tube and fiber has been inserted in the setup, and a random destination loca-
tion Xd was chosen (see Fig. 3.6). The starting location, after calibration, is defined
as (0,0). It should be noted that this is not always the exact tube center, due to
inaccuracies in the sample assembly.

The laser radial laser position has been set to the direction of the vector X̂f −Xd,
which is opposite to the desired direction of motion. When the distance to the target

(δd =
∥

∥

∥X̂f −Xd

∥

∥

∥) was large, a large axial distance from the tip (5 mm ≤ d ≤ 7 mm)

was chosen (see Fig. 3.2), this results in a larger translation at the tip, for a given
bending angle α. Moreover, the laser power was chosen relatively high (7 W ≤ P ≤
10 W), to heat just below the melting point of the stainless steel. When δd was small,
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a location closer to the tip (3 mm ≤ d ≤ 5 mm) and a lower power (4 W ≤ P ≤ 7 W)
were chosen, to avoid overshooting the target location. After irradiating the tube for
200 ms, the tube was allowed to cool for 60 s to ensure a stationary situation. The
new location of the fiber has been used to plan the next bending step, and the process
was repeated. When δd ≤ 0.1 µm, this iteration was stopped.
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Fig. 3.7: Displacement of the fiber tip during heating (0 s to 0.2 s) and cooling (0.2 s
to 60 s) at P = 10 W and d = 7 mm. The final displacement is 11.3 µm Top: (X,Y )
path plot. Bottom: Time-displacement of the same measurement.

An example of the displacement during one heating and cooling phase is shown in
Fig. 3.7. In this figure the starting location is set to zero, and the final displacement
equals 11.3 µm. The displacement due to thermal expansion can be up to a factor 100
larger than the final displacement, and is 55 µm in this figure.

The process settings for these experiments are listed in Table 3.1. A typical path
of the fiber tip towards the target when using multiple laser pulses (steps) is shown in
Fig. 3.8. In this figure, each dot, connected by straight lines, represents a stationary
position after a bending step. The red dashed lines indicate the measured direction (φ)
of the thermal expansion at that step, which coincides with the radial laser position.
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Fig. 3.8: Typical path of the fiber tip in one of the 9 experiments. Each point is the
deformation after cooling. The target Xd = (−30, 27) is reached within 22 steps. The
dashed lines indicate the direction of thermal expansion at that point.

3.4.1 Bending magnitude

Nine identical tube samples have been aligned to their target locations, with a total of
159 laser pulses. On average, 17.6 iterations per tube were needed to reach the target
location. All measurements were combined to identify the sensitivity and spread of the
deformations to the laser power. Figure 3.9 shows the final deformation angle (α) for
each laser pulse. While α globally increases with increasing laser power as expected,
the spread of α also increases with increasing power.

To identify the cause of the spread at high power, the bending angle due to thermal
expansion (β) at the end of the laser pulse is shown in Fig. 3.10. The thermal expansion
is directly correlated to the temperature, and hence to the absorbed laser power.
While α and β show a similar spread, there is no clear direct relation between α
and β. Therefore the spread in α can not entirely be attributed to the laser-material
interaction.

Table 3.1: Process parameters used in experiments.

Parameter Value Unit
Tube outer diameter 635 µm
Tube inner diameter 330 µm
Laser spot diameter (1/e2) 400 µm.
Laser pulse duration 200 ms
Cooling time 60 s
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Fig. 3.9: Power used in experiments vs the maximum expansion angle α. The outliers
are indicated by crosses and excluded from the fit.
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Fig. 3.10: Power used in experiments vs the maximum expansion angle β

That is because the deformation angle α is strongly dependent on internal stresses
already present in the tube. These initial stresses can be present from the drawing
process of the tube, or from previous laser pulses near the current location. The latter
is the main contributor to the unpredictable behavior of the bending angle in these
experiments. For example, a pulse next to a previously irradiated area results in a
much larger bending angle for that pulse. This is the result of the high compressive
stresses that are already present, resulting in a larger compressive plastic deformation.
The opposite is true for a pulse radially opposite to a previously irradiated area. Here,
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Fig. 3.11: Difference between direction of expansion and direction final motion. The
dashed lines indicate the trend of the extreme values encountered in the measure-
ments. Using higher power ensures a more deterministic bending direction.

the initial stress is tensile, resulting in a smaller compressive plastic strain and hence,
a smaller bending angle.

The maximum bending angle in these experiments was found to equal 1.9 mrad at
P = 10 W, which is a translation of about 13 µm at the fiber tip when d = 7 mm.
Repeating this at the same location resulted in a smaller deformation, but when a
new heating location adjacent to the previous was chosen, a large bending angle could
be obtained again. No restriction on the total maximum displacement stroke has been
found, and is limited to the inner diameter of the tube. For the used tubes this is
100 µm in all directions. Therefore, with an alignment accuracy of 0.1 µm, the ratio
of accuracy to stroke is 1:1000.

3.4.2 Bending direction

Aside from predicting the magnitude of the bending angle, the bending direction is
equally important. When the tube is homogeneous and free of internal stresses, a
bending direction directly opposing the thermal expansion direction is expected, i.e.
the bending direction difference ω equals 0◦ (see Fig. 3.6). However this is not the case,
as for the mentioned reasons, stresses are present. Figure 3.11 shows this difference
for all measurements with different laser power settings. The dashed lines indicate the
trend of the extreme values encountered in the measurements. For a low laser power,
the bending direction is more unpredictable than for high power, with a large spread
up to ±150◦. This should be avoided, as δd will increase when −90◦ > ω > 90◦. When
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using higher laser power, the bending direction is more deterministic, and is opposing
the expansion direction with a higher certainty.

3.5 Towards prediction of optimal process parameters

The large spread in bending angle and direction introduces the need for a statistical
approach in planning the optimal settings for the next bending step. This planning is
a tradeoff between using a high laser power to have a deterministic radial direction,
but a large uncertainty in bending angle, or using a lower laser power, with a large
uncertainty of direction, but with a deterministic (small) bending angle. When only
the translation of the fiber tip is critical, d can be chosen small, to allow for a high
laser power while limiting the displacement δr. This increases the certainty in direction
and magnitude of the motion, at the cost of a limited maximum displacement.

3.6 Conclusions

With the experimental setup presented, the deformation of laser bending micro tubes
has been measured in real-time. Although accurate positioning was hampered by
magnitude and direction deviations, experiments on micro tube actuators have shown
that it is possible to use such an actuator to align an optical fiber with an accuracy
of 0.1 µm. This result is promising for applications where small optical components
need high precision alignment. The alignment can be done after assembly, avoiding
the risk of misalignment during the assembly process. Moreover, the initial alignment
accuracy can be relaxed to more than 10 µm, which reduces the assembly complexity.
No special structures in the tubes are needed, which makes each actuator very low-
cost. Despite the large spread in displacement and direction, a careful selection of
the process parameters from prior knowledge allows for a quick convergence to the
targeted deformation. These results show that it is possible to fully automate the
process, by using an algorithm that selects the optimal process settings with the
knowledge gained in previous steps. Such an algorithm, which minimizes the number
of iterations, is currently being developed.
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Chapter 4

Robust precision alignment algorithm for
micro tube laser forming

Abstract It is shown that laser tube bending can be used as a high precision actu-
ator to permanently align small (optical) components. Although the process causes
significant scattering in bending angle and direction, the desired deformation can be
achieved by multiple steps of decreasing size once the target location is in proxim-
ity. In this paper an iterative learning method is proposed which, for each bending
step, determines the best values of the main driving parameters; the axial laser spot
position on the tube and the laser power. These parameters depend on the direction
and distance to the target location and the results of previous pulses. This algorithm
is self-learning by using information of all previous steps and therefore works for dif-
ferent tube geometries. Moreover the learning is robust for differences in for example
the laser absorption between the tubes. A fully automated experimental micro tube
bending setup has been developed using the proposed method in an algorithm to align
an optical fiber to a virtual target with 0.1 µm accuracy, using tubes with a diameter
between 450 µm and 700 µm.

This chapter is reprinted from: Folkersma, K. G. P. Brouwer, D. M. Römer,
G. R. B. E. “Robust precision alignment algorithm for micro tube laser forming”. In:
- (2015). Submitted for publication.
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a b

β

α

laser beam

Fig. 4.1: Tube laser bending. a: Laser-induced heat results in thermal expansion, and
a bending of angle β away from the laser beam. b: after cooling, the tube bends
towards the laser beam, resulting in a final angle of α.

4.1 Introduction

The ongoing development in photonic integrated circuits requires advances in manu-
facturing and packaging of these waveguide chips [62]. Recent developments in wave-
guide design allow for shorter wavelengths into the UV range, combined with high
powers up to 300 mW [4]. Fibers and waveguides supporting short wavelengths have
small mode field diameters, which demands an increased alignment accuracy of the
fiber to the photonic chip. This means that a lateral alignment accuracy in the order
of 0.1 µm is required to obtain an acceptable optical insertion loss [4]. Traditional
passive alignment methods, such as etched V-grooves, are not suitable here since the
geometrical tolerances of commercial available fibers do not meet the requirements [2].
Therefore, there is a need for an alignment method to (re)align the fiber actively by
an integrated actuator. This one-time alignment can be done after any manufacturing
processes which might disturb the alignment, e.g. due to assembly and bonding.

Such (re)alignment can be achieved by laser-forming of metallic structures. Laser
micro-forming has been used widely in applications where sub-micron position adjust-
ments are needed [18, 31, 32, 40, 63, 64]. Laser forming is a contact-less process and
allows for a stepwise deformation of the material under consideration. A dedicated
structure that is part of the product can be used as an alignment actuator. Most
studies on precision alignment using laser forming are based on planar actuators [30,
32, 41, 50]. However, when multiple fibers in an array with a pitch <1 mm need to be
aligned, those actuators have a too large footprint in the actuation direction. Due to
this limited space, laser tube bending actuators offers great potential for a compact
high precision actuation [57].
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Fig. 4.2: Fiber and tube assembly.

4.1.1 Laser micro tube bending

The tube bending mechanism is activated by heating of one side of the tube, either
by a stationary laser spot or by scanning the laser spot over the surface of the tube in
the axial or radial direction, see Fig. 4.1a. The resulting thermal strain in the material
introduces a compressive stress in the tube that exceeds the yield stress. Given the
tube wall does not buckle, this results in a compressive plastic strain. Then, when the
tube cools down, the heated volume of the tube wall will effectively contract. This is
usually referred to as the Upsetting Mechanism [14]. The result is a bending of the
tube towards the laser beam, see Fig. 4.1b. This approach can be repeated multiple
times to increase the bending angle.

In literature, few authors have studied laser bending of tubes with a diameter
smaller than 1 mm. Jamil et al. [19] and Chandan et al. [65] recently studied the
bending of nickel and stainless steel micro tubes respectively, both with an outer
diameter of about 1 mm and a wall thickness between 50 µm and 150 µm. Qi and
Namba studied the laser bending of 8 mm diameter 304 stainless steel rods[64], by
scanning the laser spot in the axial direction of the tube. The authors achieved a
repeatable minimum bending angle of the rod of 1.75× 10−3 mrad. Moreover, it was
observed that multiple scans increase the bending angle linearly, except for the first
scan, which shows a significantly larger bending.

Previously reported results on laser forming of micro tubes show large uncertain-
ties in bending angle, even if the input parameters (laser power and position) are
accurately known [57]. Despite this scattering in bending angle, it was possible to
position an optical fiber within a lateral accuracy of 0.1 µm by carefully selecting the
process parameters for each deformation step. However, the optimal settings for the
next step can only be found from empirical data.

Such a statistical approach has been applied on plate laser bending by Henninge
et al. [40], where a limitation on the achievable bending accuracy has been identified
in relation with the experimental variance of the bending angle. However the plate
bending deformation is considered in one direction only. This is not the case for
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tube bending, where the bending can be in any direction provided that the laser
spot can be positioned around the tube. This eliminates the risk of permanently
overshooting the target bending angle. Then the final accuracy is determined by the
smallest achievable bending step. Furthermore it is not required to plan the number
of irradiations beforehand. Instead, new optimal settings can be calculated for every
step, in an iterative learning method.

4.1.2 Goal

The goal of this research is to develop a robust algorithm that determines the optimal
process parameters to align small components to a predefined position with a min-
imum number of steps, by laser forming of a micro-tube. The alignment of an optical
fiber with respect to an optical chip is taken as an example. The alignment algorithm
should be robust for the spread in response to the input parameters and minimize the
number of steps to reach the target position of the fiber tip within 0.1 µm.

4.2 Experimental setup

To test the performance of the tube bending alignment algorithm, an experimental
setup has been developed that allows for fully unattended laser bending of a micro
tube to align an optical fiber tip to a pre-set destination position. The optical fibers
to be aligned, are single-mode optical fibers with a diameter of 125 µm. Figure 4.2
shows the assembly of the tube with the fiber fixed to one end. The free end of the
fiber (left in this figure) is to be aligned to a target in two directions (X,Y ). This is
achieved by bending the tube at a position d from the fiber tip. Assuming the bending
angle α is small, the translation of the fiber tip equals δd = d ·α. The fiber is mounted
concentrically in a 18 mm long tube that will be deformed, and centered by a 10 mm
long mating tube, see Fig. 4.2. Both are fixed with adhesive. The tube is clamped
over 2 mm length to fix it to the setup. Three different sizes of tubes are tested (see
table 4.1). The used tube material is 304 stainless steel with a hard temper treatment
after drawing.

A fiber laser (max. 100 W, 1080 nm) showing a Gaussian intensity distribution and
a 1/e2 spot diameter of 400 µm is used to heat and deform the tubes. The laser spot
is either positioned directly on the tube, or via one of two fixed mirrors near the tube,
see Fig. 4.3. A camera is mounted on the focusing head to align the laser to the tube.
Using the tip/tilt mirror, three radial positions spaced 120◦ from each other, and the
complete tube length are accessible by the laser spot. Additionally, since the spot
size is smaller than the tube diameter, a small deviation of ± 35◦ from these radial
positions can be tolerated by moving the laser spot off-center, see Fig 4.4.
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Fig. 4.3: Schematic overview of the experimental setup.

The experimental setup depicted in Fig. 4.3 is used to measure the displacement of
the fiber tip in real-time. The displacement is measured by two duo-lateral Position
Sensing Detectors (PSD). A collimator lens focuses the light emitted from the fiber
on the two PSDs via beam-splitters, see Fig. 4.3. The tube clamp (see Fig. 4.2) can be
translated by three translation stages, and it’s position and orientation is measured
by 5 capacitive displacement sensors, with a resolution of 50 nm. The relation of the
signal from the PSDs and the fiber position is calibrated by moving the tube, and
measuring the translation by the capacitive sensors. By checking with the capacitive
sensors, the maximum absolute error of measuring the fiber tip position was found to
be 0.2 µm with a repeatability better than 0.1 µm. After calibration, the capacitive
sensors are used to subtract any external influences (for example vibrations or thermal
variations) from the measurement.

All measurement signals are processed by a Matlab Simulink Real-time environ-
ment, sampling at 5kHz. For each deformation step, the signals are processed to
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extract the relative tube deformation magnitude and direction. The beam position,
laser power, triggering and tube positioning stages are all fully computer-controlled.
The setup and measurement system is explained in more detail in [57].

4.3 Experimental results

Earlier work [57] showed that the relation between laser power and the tube bending
angle is subject to significant scattering. To test the effect of the tube dimensions,
three tube types, listed in table 4.1, are tested in the experimental setup. Due to
the relatively high values of the wall thickness of tube type 2, a longer pulse time of
200 ms is chosen for this tube. This is to prevent a steep temperature gradient over
the wall thickness, introducing additional bending stresses, which could invalidate the
comparison of the result to those of the other tubes. Due to the fully automated setup,
the deformations of a large number of bending steps could be measured to identify
the scattering for multiple tube samples.

Table 4.1: Tube dimensions and laser parameters used in the experiments

type
Outer
diam.
(µm)

Inner
diam.
(µm)

Wall
thickness
(µm)

Laser
power
(W)

Pulse
duration
(ms)

number of
samples

total number of
measurements

1 457 343 57 3.5-6.5 100 7 148
2 635 330 152 5-10 200 23 442
3 711 533 89 5-10 100 10 266

The relation between the laser power and the final bending angle α is shown in
Fig. 4.5 and the deviation ω from the expected bending direction is shown in Fig.
4.6. This expected direction of bending is opposite to the direction of expansion φexp,
and therefore opposite to the laser spot, see Fig 4.4. The direction deviation has a
mean equal to zero [57], but since the sign of the direction error is not of interest, the
absolute value is used, yielding ω = |φr − φexp − π|.

As can be concluded from these figures, the amount of scattering in α increases
with increasing laser power for all tube types. This means that large steps in α,
induced by relatively large laser power, show a high uncertainty in final bending angle.
However, at high laser power, φr is more deterministic, i.e. less scattering is present
in the direction. This means that there is a tradeoff between large angles with high
uncertainty in magnitude, but a predictable direction, or a guaranteed small angle
with an unpredictable direction of bending. Furthermore, tube type 2 shows a large
uncertainty in bending direction compared to type 1 and 3. This is best explained
by the larger wall thickness of the type 2 tube, in combination with a longer pulse
duration. The long pulse duration is required to obtain a uniform heat distribution
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Fig. 4.4: Translation coordinates at the fiber tip.

over the wall thickness, but also results in a larger heated volume in the axial and
tangential direction of the tube. This increases the chance of (re-)heating an area
with internal stresses, for example due to previous bending steps, potentially relaxing
these stresses.

4.4 Alignment algorithm

The final deformation can only be determined after cooling of the tube, which can
take up to 25 s. Therefore, to reduce the cycle time per tube, the number of iteration
steps to reach the target position Xd of the fiber should be minimized.

4.4.1 Parameter selection

Despite the scattering in displacement, it is possible to make guaranteed small steps
when the distance δd to the target position is small, using a low laser power in combin-
ation with a small distance of the laser spot from the tip d [57], see Fig. 4.2. However,
due to the tradeoff between high certainty in bending angle α and high certainty in
bending direction ω (see section 4.3), tuning P and d directly proportional to the de-
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Fig. 4.5: Measured bending angle (α) for the three tube geometries as a function of
the laser power (P ). Each point represents a single bending step. Outliers are removed
by Grubbs’ test [66] with with significance level 0.075. The shaded areas indicate the
standard deviation around the mean value of α.
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Fig. 4.6: Measured absolute difference between direction of expansion (φexp) and dir-
ection of final motion (φr) for the three tube geometries. ω = |φr − φexp − π|, see Fig
4.4. Note the different scales on the y-axis.
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sired step size is not the optimal approach. Instead, the number of steps is minimized
when the expected value of the distance between the target position and the actual
position after the bending step is minimized, given that the desired step size δd does
not exceed the maximum step size.

The scattering of α and ω is assumed to be uncorrelated and to have a normal
probability distribution. The standard deviations of α and ω, denoted as σα and σω

respectively, are obtained by a moving standard deviation (with a window of 0.5 W)
over all available (historical) data. The historical data of α, σα and σω are fitted as
a function of P by a cubic spline (with 10, 10 and 5 knots respectively) to obtain
the expectancy of the bending angle IE[α] = ᾱ, its standard deviation σ̄α and the
standard deviation of the direction error σ̄ω respectively, see Fig. 4.5 and Fig. 4.6. To
improve the robustness of these fits even when there are few data points available,
the fit is constrained to be globally increasing and concave for ᾱ and σ̄α and globally
decreasing for σ̄ω.

Both parameters P and d are tuned by the algorithm, with the distance to the
target δd as input. For any δd > 0, any combination of d and P that satisfies

δd =d · ᾱ(P ) with, (4.1)

3 mm ≤d ≤ 7 mm and

Pmin ≤P ≤ Pmax,

the expected value of the resulting distance is equal to the desired distance. That is,

IE[δr] = δd. (4.2)

Pmax and Pmin are the maximum and minimum power for the current tube geometry
(see table 4.1), and the limits in d are due to the tube clamp and mating tube, see
Fig. 4.2.

With equation (4.1), P remains as degree of freedom to be optimized, by minimizing
the expectancy of the error after bending. Without loss of generality, all iteration steps
can be simplified to a relative step, by moving and rotating the coordinate system
such that the fiber tip starts at Xf = [0, 0], and the target is at Xd = [δd, 0], see Fig
4.7. The new position after bending is defined by

Xr =

[

δr cosω
δr sinω

]

, (4.3)

where the ω and δr are normally distributed as ω ∼ N (0, σω) and δr ∼ N (δd, σδ),
with σδ = d ·σα.

The resulting error is the distance between the new position and the target position.
That is,
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Fig. 4.7: Visualization of the error e after bending, moving the fiber tip from Xf to
Xr, where the desired target was Xd. The green and red areas are spanned by one
and three times the standard deviation of ω and δ respectively. The colored area is
an example of the probability distribution of e for tube type 3, with δd = 10 µm,
P = 10 W and d = 3.15 µm.

e = ‖Xr −Xd‖

=
√

(δr cosω − δd)2 + (δr sinω)2 (4.4)

e2 = δ2d + δ2r − 2δdδr cosω (4.5)

The expected value of the squared error is defined by

IE[e2] = δ2d + IE[δ2r ]− 2δd IE[δr] IE[cosω]

= δ2d + (δ2d + σ2
δ )− 2δdδd exp

(

−σ2
ω

2

)

= σ2
δ + 2δ2d

(

1− exp

(

−σ2
ω

2

))

(4.6)

Note that σδ and σω, are estimated by d · σ̄α(P ) and σ̄ω(P ) respectively, which are
functions of the laser power P . Equation 4.4 ensures e ≥ 0, therefore minimizing IE[e2]
within the allowed range of P , gives the same result as minimizing IE[e]. That is,

arg min
P∈[Pmin,Pmax]

IE[e2] (4.7)

The optimum laser power Popt resulting in this minimum is found numerically, and
substituting this in equation (4.1) yields dopt. A special case is when the desired step
size can not be achieved in one step. That is when δd > δmax, where
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δmax = dmax · ᾱ(Pmax), (4.8)

For this case, the power is set to Pmax and the distance to the fiber tip is set to dmax.

4.4.2 Iterative learning

Each deformation step contains new measurement information about the bending
process. Therefore, between each step, the last measurement is added to the historical
data, and new fits (ᾱ, σ̄α and σ̄ω) are calculated (see section 4.4.1). Subsequently,
the optimal values for d and P are updated with the new fits. The complete flow
for one alignment is shown in Fig. 4.9. The automatic learning makes the algorithm
independent of geometry and material of the tube. When using a new tube type, the
user needs to identify the maximum laser power (to prevent melting), and do 10-20
‘manual’ bending steps at different laser power settings to get a stable fit for ᾱ, σ̄α

and σ̄ω.
Like other laser forming mechanisms [41], measurements on different tubes have

shown that the scattering in α and ω for a single tube is less than for many different
tubes of the same type. Therefore, when fitting the updated data, a higher weight is
put on the measurement points that are from the current tube sample. This makes the
algorithm more robust to per-sample differences like variations in the laser absorption
coefficient.

4.5 Results

4.5.1 Optimal parameters

The results of the optimal parameters for the three tube types versus the desired step
size δd are presented in Fig. 4.8 on a logarithmic scale. The data from Fig. 4.5 and
Fig. 4.6 were used as input for the algorithm. For large distances, Popt and dopt are
set to the maximum values and with decreasing δd, the distance d is decreased, while
the power is kept high, due to the higher certainty in direction. When d is at it’s
minimum value, the power must be decreased to prevent a too large step. For even
smaller distances, Popt increases with a step and the same shape can be observed
again. This step occurs, when multiple local minima are present in IE[e2] within the
allowable range of P and d. When for decreasing δd the global minimum is not in
this allowable range anymore, another minimum will now be the optimal solution,
resulting in a sudden step in Popt and dopt.
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Fig. 4.8: Example of the optimal settings from historical data shown in figures 4.5
and 4.6 for the distance to the fiber tip d and laser power P .
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Fig. 4.9: Flowchart of the alignment algorithm.

4.5.2 Simulation of algorithm

During development of the algorithm, quick testing of it’s performance was needed.
Therefore, a simple simulation was developed, that includes the scattering in final
deformation and direction shown in Fig. 4.5 and 4.6. It is assumed that the scattering
has a normal distribution, with a standard deviation that is calculated from the
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measurements. The simulation takes the laser power P and the positions d and φexp

as input, and gives the relative translation of the fiber tip.
Figure 4.10 shows the cumulative probability of reaching the target within 0.1 µm

for a number of steps. 10000 alignment trials are simulated for each tube type, each
with a random destination at a distance of 30 µm. The simulations show that tube
types 1 and 2 perform about the same. That is, to reach the target with a certainty
of 95%, 19.5 and 18.5 steps are needed respectively. Tube type 3 performs better and
needs 14.5 steps to reach 95% certainty. This is due to the relatively large maximum
bending angle, combined with a low scattering in direction when using a high laser
power (see Fig. 4.6c).

The number of steps when the desired accuracy is less can also be simulated. For
example, using tube type 3, a final accuracy of 0.2 µm or 0.5 µm is achieved in 10
and 8 steps respectively. This means a significant reduction in alignment time when
the required accuracy can be relaxed.
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Fig. 4.10: Simulated cumulative probability of reaching the destination with an accur-
acy of 0.1 µm. The histogram shows the same for 35 alignment experiments on tube
type 3. The total distance is 30 µm for both the simulations and the measurements.

4.5.3 Alignment experiments

The algorithm has been implemented with the experimental setup to do fully unat-
tended alignment to a pre-set target position. Fig. 4.11 shows examples of a typical
path of the fiber tip for two experiments on tube type 3. The dots show the stationary
position of the fiber tip after each step and the dashed lines indicate the direction
of thermal expansion. The complete path of the fiber tip is not shown for clarity. In
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Fig. 4.11b, the scattering is visible when the bending steps are small, causing frequent
overshoot of the target. This is not the case for 4.11a, where only 4 bending steps were
required to reach the target. These alignment experiments were performed for all tube
types. For 25 experiments using tube type 3, the cumulative probability histogram
for the number of required steps is shown in Fig. 4.10. The simulation matches well
with these experiments on all tube types.

4.6 Conclusion

With the use of the algorithm presented in this work, it is shown that components
can be aligned with a precision of 0.1 µm using laser forming of a micro tube, even
though the laser forming process causes significant scattering in the response of the
bending angle and direction. The alignment of an optical fiber to a virtual target
has been used as a test case. The fiber is concentric in the tube, and bending of the
tube results in a translation of the fiber tip. The algorithm minimizes the expected
value of the error between the target position and the actual position after a bending
step, by using measured data from previous steps. Two parameters are tuned by the
algorithm, the laser power and the axial distance of the laser spot to the fiber tip.

Simulations of the algorithm, using the measured empirical data, show good agree-
ment with alignment trials done in experiments. Furthermore the algorithm is robust
for changes in bending response for different tubes, due to the on-line learning of
the response per tube sample. Finally, it can be concluded from the simulations that
tubes which have a relatively large diameter with small wall thickness perform best
with the algorithm.
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Fig. 4.11: Measured path of the fiber tip during alignment. The points are stationary
positions after each step. The dashed lines indicate the direction of thermal expansion.
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Chapter 5

High precision optical fiber alignment using
laser tube forming

Abstract In this paper we present a method to align optical fibers within 0.2 µm of
the optimal position, using tube laser bending and in-situ measuring of the coupling
efficiency. For near-UV wavelengths, passive alignment of the fibers with respect to
the waveguides on photonic integrated circuit chips does not suffice. In prior research
it was shown that permanent position adjustments to an optical fiber by tube laser
bending meets the accuracy requirements for this application. This iterative alignment
can be done after any assembly steps. A method was developed previously that selects
the optimal laser power and laser spot position on the tube, to minimize the number of
iterations required to reach the target position. In this paper that method is extended
to the case where the absolute position of the fiber tip can not be measured. By
exploiting the thermal expansion motion at a relatively low laser power, the fiber tip
can be moved without permanent deformation (only elastic strain) of the tube. An
algorithm has been developed to search for the optimal fiber position, by actively
measuring and maximizing the coupling efficiency. This search is performed before
each bending step. Experiments have shown that it is possible to align the fiber with
an accuracy of 0.2 µm using this approach.

This chapter is reprinted with permission from Springer from Folkersma, K.
G. P. Römer, G. R. B. E. Brouwer, D. M. Herder, J. L. “High precision optical
fiber alignment using tube laser bending”. In: The International Journal of Advanced
Manufacturing Technology (2015). Accepted for publication.
doi: 10.1007/s00170-015-8143-6.

http://dx.doi.org/10.1007/s00170-015-8143-6
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5.1 Introduction

Recent development in photonic integrated circuits (PIC’s) require advances in the
optical alignment and assembly of the components. For single-mode fiber coupled
optical chips, the fiber alignment and packaging is the most expensive phase in the
manufacturing of these devices [3]. Moreover, for small wavelengths in the near-UV
range, the mode field diameter is small, resulting in a required lateral alignment
accuracy in the order of 0.1 µm, to obtain an acceptable insertion loss [62]. Passive
alignment methods, such as etched V-grooves in glass or silicon, can not be employed
here, due to the geometrical tolerances (most notably the core-cladding concentricity)
of commercial available fibers exceeding the alignment requirements [2]. This also
implies that fiber array assemblies can not be aligned simultaneously, since the core-
to-core pitch can not be guaranteed to be within the required tolerances.

Optical chip

Connecting
block

Tubes

Fibers

High power laser

Fig. 5.1: Sketch of how multiple fibers can be aligned to a PIC using tube bending.

Therefore we propose a one-time active alignment per fiber, where the optical
coupling efficiency is minimized by sending light through the device and measuring
the transmitted power. A hill-climbing algorithm or other optimization method can be
used to optimize the transmission while moving and aligning the fiber by, for example,
a high-precision motorized stage [6, 7]. When the optimal position is found, the fiber
is fixed to the chip, usually by UV-curing adhesive [2]. However, adhesives are prone
to shrinkage during or after the curing process, which causes misalignment after the
final bonding step [8]. Therefore, there is a need for alignment methods to (re)align
the fiber actively by an actuator integrated in the device. This one-time alignment
is done after any manufacturing processes that might disturb the alignment, such as
shrinkage of the used adhesives.

Previous work has shown that laser bending of metal tubes is a feasible method to
achieve this one-time precision alignment [57], despite the significant scattering of the
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bending magnitude and direction of this process. The scattering in bending magnitude
was found to increase for increasing laser power (and therefore with increasing bending
magnitude). On contrary, the scattering in bending direction was found to decrease
with increasing laser power.

Figure 5.1 shows a sketch of how the tubes and fibers are positioned to the chip.
The fibers are fixed in the tubes and the tubes are fixed to the connection block. The
connection block can be aligned and joined to the chip, which would typically result
in fiber to chip accuracies in the order of 2 µm to 5 µm. This assembly allows the use
of laser bending to align the individual fibers precisely with respect to the waveguides
in the chip.

This paper aims at developing a tube laser bending algorithm to align an optical
fiber to a PIC, making use of only the light through the fiber for position sensing. Due
to the fiber being fully enclosed by the tube, there is no knowledge of the absolute fiber
tip position. However, by moving the fiber the coupling efficiency can be maximized by
actively measuring the transmitted power. The complete iteration scheme for aligning
one fiber to its target can be broken down as:

1. Scan. Estimate the relative target position by moving the fiber using a scanning
algorithm.

2. Parameter selection. Determine optimal laser power and beam position on the tube
to reach the estimated target position.

3. Bending. Execute the laser bending step and measure the coupling efficiency.
4. Stop condition. Evaluate the stop condition based on the coupling efficiency. If it

is not met, go to step 1.

The following sections explain these steps in more detail. First the fiber alignment
tube actuator that was previously developed is detailed in section 5.2. The proposed
scan algorithm as well as the thermal expansion motion is presented in section 5.3. In
section 5.4 the selection of the laser power and laser spot position to reach the scanned
target is explained. The scan and bending step are repeated until the stop condition
given in section 5.5 is met. The algorithms are tested with an experimental setup,
see section 5.6. The results of experiments with the scan algorithm and alignment
experiments are given in section 5.7.1 and 5.7.2 respectively. Finally, the results are
discussed in section 5.8 and the conclusions are summarized in section 5.9.

5.2 Fiber alignment by laser tube bending

The assembly of the tube and the optical fiber is shown in Fig. 5.2. The single-mode
optical fiber is fixed concentrically in the 18 mm long metal tube using a 10 mm long
mating tube. The laser spot is located at an axial distance d from the fiber tip, at
an angle φexp. The 304 stainless steel tubes received a hard temper treatment after
drawing. The tube has a outer diameter of 711 µm and a wall thickness of 89 µm.
These dimensions were found to perform the best with the alignment algorithm [61].
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Fig. 5.2: Fiber and tube assembly used in the experiments. The coordinates of the
fiber tip are depicted on the left.

The bending angles are small, therefore the lateral displacement of the fiber tip can
be expressed as δr = d ·α, where α is the bending angle after the tube has cooled
down (see Fig. 5.2).

5.3 Scanning for the target position

The optimal position of the fiber is where the transmitted power from the fiber into
the PIC is maximized. The relative coupling efficiency can be measured by measuring
the laser power transmitted through the chip, while a fixed-power laser source is
connected to the fiber.

When using the Gaussian beam approximation [5] and assuming the angular align-
ment is perfect and the axial separation is zero, the theoretical coupling efficiency of
the interconnect reads:

η =

(

2wfwc

w2
f + w2

c

)2

exp

(

−
2δ2

w2
f + w2

c

)

, (5.1)

Where δ is the lateral offset between the fiber and target, and wf and wc are the mode-
field radii of the fiber and chip respectively. Figure 5.3 shows the coupling efficiency
for wf = 1.55 µm and wc = 2.25 µm, which is used in the remainder of this paper.
The fact that the optimal coupling efficiency is not 1, is due to the mode mismatching
of the fiber and the chip. As can be concluded from the figure, for δ = 0.2 µm, the
loss is 1% of the optimal coupling efficiency. When δ is larger than 4 µm, the coupling
efficiency is close to zero, and cannot be reliably measured.
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Fig. 5.3: Theoretical coupling efficiency of a fiber to chip coupling for wf = 1.55 µm
and wc = 2.25 µm, assuming perfect tilt and axial alignment.

5.3.1 Thermal expansion motion

The coupling efficiency through the interconnect is the only measured quantity for
the two-dimensional alignment. Therefore, a searching method for the optimal align-
ment position is required. This searching can be done between each bending step, by
exploiting the thermal expansion motion when heating the tube by laser irradiation.

That is, at low laser power (1 W to 3 W) and short pulse duration (50 ms), the
yield stress in the tube is not exceeded, and only thermal and elastic strain occurs.
That means that the final bending angle after cooling down is not changed. The
direction of thermal expansion is assumed to be equal to the laser spot angle around
the tube (φexp), and is therefore known. The magnitude of the thermal expansion
bending angle β however, is not known.

Using the experimental setup (described in section 5.6), it has been found that
the bending due to thermal expansion reproduces very well. A prerequisite for this
repeatability is that no initial stresses are present in the tube near the laser spot and
no oxidation of the tube surface due to the laser heat is formed. Therefore, the bending
angle due to thermal expansion is characterized at d = 7.5 mm, which is outside the
region where the actual bending is to occur (3 mm ≤ d ≤ 7 mm). Fig. 5.4 shows the
measurement of β for 36 laser pulses on different locations on four identical tubes, all
at a laser power of 3 W. The repeatability of this expansion angle β is 0.15 mrad, which
corresponds with a repeatability of 1.1 µm at the fiber tip. The maximum bending
angle at the end of the pulse is βmax = 3.2 mrad, corresponding to a tip displacement
of 24 µm. This limits area in which the target can be found to be a circle with a radius
of 24 µm around the current position Xf (see Fig 5.2). The same measurements have
been repeated for a laser power of 2 W and 1.5 W. The repeatability of the expansion
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angle were found to equal 0.12 mrad and 0.10 mrad respectively, corresponding with
a fiber tip position repeatability of 0.9 µm and 0.75 µm.
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Fig. 5.4: Measured bending angle for 36 laser pulses at different positions on four
identical tubes (each tube is indicated by a separate color). For the pulse duration of
50 ms and laser power of 3 W, the yield stress is not exceeded, and therefore the final
deformation angle is zero. The dashed red line indicates the 4th order polynomial fit
through the heating phase, used for estimating the angle for thermal expansion.

To estimate β when aligning the fiber to a chip (where the fiber tip position is
unknown), the heating phase of these measurements is fitted with a 4th order polyno-
mial β̄, shown by the red dashed line in Fig. 5.4. This curve relates the elapsed time t
of the laser pulse to the expansion angle. With the known scan direction φscan = φexp,
the position of the fiber tip Xf during heating can be estimated by:

X̂f(t) = d · β̄(t)

[

cosφscan

sinφscan

]

. (5.2)

5.3.2 Scanning algorithm

To find the maximum coupling efficiency, the fiber is moved by thermal expansion in

the direction φ
(i)
scan, where i is the ith scanning iteration. The initial direction φ

(1)
scan

is set to the direction of the initial guess of the relative target position X̂
(0)
d . This
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initial guess is the estimated destination position from the previous scanning action,
or is set by the user when it is the first scan.

The relative coupling efficiency η is measured in real time during the scan. However,
its maximum value ηopt for a perfect alignment is unknown due to uncertainties of
the transmission through the chip and fibers.

If no signal is found (i.e. max η(t) = 0), or if the number of scan iterations is less
than 4, φscan is set in the center of the largest ‘unscanned’ area, and the measurement
is repeated. With this method, the 4 initial scan iterations always result in a ‘+’ shape
of the scan path. Figure 5.5 shows the flowchart of the scanning algorithm.

When a signal is found, the maximum coupling efficiency η
(i)
max, occurs at t = tmax.

The best estimate of Xd is now X̂
(i)
d = X̂f(tmax). The next scan direction is now

chosen according to a simple hill-climbing algorithm by

φ
(i+1)
step = −0.5φ

(i)
step (5.3)

φ(i+1)
scan = φ(ibest)

scan + φ
(i+1)
step , (5.4)

where ibest is the scan iteration where the overall maximum coupling efficiency
occurred. This means that the next scan direction alternates around the direction
where the best coupling efficiency was measured, with the step size halving each
iteration.

If a signal (η) is found for 4 or more scan iterations, a 2-dimensional Gaussian
surface is fitted through the measurement data (η and X̂f) of all previous iterations.
If the squared 2-norm of the residuals of this fit is above 10, it is discarded. This
is necessary to prevent bad fits due to numerical problems or noise in the measured
data. If the fit is discarded, the hill-climbing is continued. Otherwise, the maximum

of this fit is now the best estimate of Xd, and φ
(i+1)
scan is set to the direction of this

maximum.
The iteration is stopped when the change in coupling efficiency from the previous

iteration and the difference with the overall maximum is within a tolerance ηtol. That
is, when both

|η(i)max − η(i−1)
max | < ηtol and

|η(i)max − η(ibest)
max | < ηtol

(5.5)

are satisfied. With decreasing ηtol, the target position estimation is more accurate, at
the cost of more iterations. Therefore, the tolerance depends on the coupling efficiency
η0 before the scan as ηtol = 0.1 · (1−η0). That is, the tolerance is 10% of the difference
of the initial coupling efficiency to the theoretical maximum. This results in a more
accurate estimation of Xd when the target is already close.

Furthermore, the laser power is lowered when the target is near, to increase the
accuracy of the fit β̄ (see section 5.3.2). The power is reduced to 2 W or 1.5 W when
the estimated distance to the target is below 2 µm or 1 µm respectively.
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Fig. 5.5: Flowchart of the scanning algorithm.
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5.4 Laser parameter selection

The estimated destination location X̂d is found by scanning before each bending step
(see section 5.3.2). This position is relative to the current fiber position Xf. Therefore

the estimated distance of the fiber tip to the target is δ̂d = ‖X̂d‖.
An method has been developed [61], that determines the optimal laser power Popt

and laser spot position dopt to minimize the required number of bending steps. This
method takes the scattering into account, by ‘learning’ from position measurements
of previous bending steps. A tradeoff has been identified between high certainty in
either the bending angle α when choosing a low laser power, or in bending direction
φr when choosing a high laser power. An optimum in d and P can be found or each
desired step size δd, by minimizing the expectation of the error e (see Fig. 5.2) after
the bending step , by assuming a normal probability distribution for α and ω, with a
mean and variance depending on the laser power P .

However, as stated earlier in this paper, it is assumed that the fiber position can
not be measured directly. Therefore, the learning algorithm from [61] can not be used.
It is therefore required to gather historical response data of the bending angle and
direction to the laser power beforehand. Figure 5.6 shows the optimal parameters
used in this paper, based on the measurements presented in [61].
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Fig. 5.6: The optimal parameters depending on the desired fiber tip displacement δd,
based on the optimization and data from [61]. The laser power is limited to 10 W to
prevent melting of the tube.
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5.5 Stop condition of alignment iteration

The scanning and bending iterations continue until the coupling efficiency η is within
1% (0.15 µm, see eq. (5.1)) of the optimal coupling efficiency ηopt. However, ηopt is
unknown beforehand. Therefore, ηopt is estimated by the maximum coupling efficiency
that has been measured during the past scanning and bending steps. This estimated
maximum η̂opt converges to ηopt with an increasing number of bending and scanning
steps. The stop condition is defined by

1−
η

η̂opt
< 0.01. (5.6)

However, the stop condition can be met before η̂opt has converged close to ηopt.
This is avoided by requiring the condition in eq. (5.6) is met twice. The scan step in
between those two bending steps (see section 5.3.2) ensures that the estimate η̂opt is
improved, due to the scanning in all directions.

5.6 Experimental setup

To test the performance of the scanning and alignment algorithms, an experimental
setup has been developed that allows for fully unattended laser bending of the tube
to align an optical fiber to a pre-set destination position.

A fiber laser (max. 100 W, 1080 nm) showing a Gaussian intensity distribution and
a 1/e2 spot diameter of 400 µm, is used to heat and deform the tubes. The laser spot
is either positioned directly on the tube, or via one of two fixed mirrors near the tube,
see Fig. 5.7. A camera is mounted on the focusing head to align the laser beam to the
tube. Using the tip/tilt mirror, three radial positions spaced 120◦ from each other,
and the complete tube length are accessible by the laser spot. Additionally, since the
spot size is smaller than the tube diameter, a small deviation of ± 35◦ from these
radial positions can be tolerated. This means that for φexp three evenly spaced ‘blind
spots’ of 50◦ are present that can not be reached by the laser beam.

While the position of the fiber can not be measured during the fiber to chip align-
ment, the lateral displacement of the fiber tip is of interest to evaluate the performance
of the algorithm. Therefore, this experimental setup is used to measure the fiber tip
position by the light emitted from the fiber, instead of the coupling efficiency. This
means that a PIC chip is not used in this setup. However, the coupling efficiency with
respect to such a chip is simulated in real-time by using eq. (5.1) and the measured
distance to the destination δd. This simulated coupling efficiency is therefore used to
test the alignment algorithm.

Figure 5.7 shows the optical elements to measure the displacement of the fiber tip.
A collimator lens focuses the light emitted from the fiber on two duo-lateral Position
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Fig. 5.7: Schematic overview of the experimental setup.

Sensing Detectors (PSDs) via beam-splitters. The tube is clamped over 2 mm length
to fix it to the setup (see Fig. 5.2) and can be translated by three translation stages.
To calibrate the PSD signals with respect to the lateral displacement, the position of
the clamp is measured by capacitive displacement sensors. The relation of the signal
from the PSDs and the fiber position is calibrated by moving the clamp with the
tube, and measuring the translation by the capacitive sensors. After calibration, the
capacitive sensors are used to subtract any external influences (for example vibrations
or thermal variations) from the measurement. The resulting signal gives the lateral
position of the fiber tip with a maximum absolute measurement error of 0.2 µm and
a repeatability better than 0.1 µm.

All measurement signals are processed by a Matlab Simulink Real-time environ-
ment, sampling at 5kHz. For each deformation step, the signals are processed to
extract the relative tube deformation magnitude and direction. The beam position,



5

82 Chapter 5 High precision optical fiber alignment using laser tube forming

laser power, triggering and tube positioning stages are all fully computer-controlled.
The setup and measurement system is explained in more detail in [57].

5.7 Results

Both the scanning and alignment algorithms were tested with the experimental setup.
Five alignment experiments are performed, where the initial distance to the target
was set to 10 µm, each with a random direction, see table 5.1.

Table 5.1: The results of 5 alignment experiments. All experiments start at the location
Xf = (0, 0)

# Target Xd (µm) Nr. of steps Final error e (µm)

1 (-8, 6) 16 0.19
2 (1, 10) 8 0.04
3 (-6, -8) 12 0.19
4 (5, 9) 5 0.09
5 (-9 5) 12 0.09

5.7.1 Target searching experiments

The scan algorithm has been evaluated with the experiments listed in table 5.1. The
estimated target position error is defined as escan = |X̂d −Xd|. Figure 5.8 shows the
histogram of the error relative to the distance to the target (escan/δd) for 94 scan
experiments. The histogram shows that 90% of the scans have an error that is smaller
than the distance to the target, resulting in a bending step that is likely to converge
to the target. The remaining 10% of the scans have an error larger than the distance
to the target, which mostly happens when the δd < 0.5 µm. This is a limitation on
the accuracy of the fit β̄ at the start of the pulse (see section 5.3.1). This accuracy
is mostly limited by the sampling time of the acquisition hardware combined with
the fast motion of the fiber during the thermal expansion. An even lower laser power
would result in a slower expansion, but 1.5 W is the minimum power for the used
laser system.
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Fig. 5.8: Histogram of the relative error of the scanning algorithm to the (real) distance
to the target δd for 94 scan experiments. escan = |X̂d −Xd|.

5.7.2 Alignment experiments

The alignment algorithm has been tested using the estimated target positions X̂d

(see section 5.7.1). For experiments listed in table 5.1, the number of steps required
to reach the stop condition is between 5 and 16. All experiments ended within 0.2 µm
from the target position. A typical path is shown in Fig. 5.9. Note the large deviation
from the planned path for the second step in this figure. This is due to the ‘blind
spots’ on the tube that cannot be accessed by the laser (see section 5.6), instead the
closest accessible direction is chosen.

5.8 Discussion

In this paper we have shown the principle of precision optical fiber alignment by laser
tube forming on steel tubes. It is expected that even better accuracy and stability
can be obtained using tubes from low thermal expansion metals such as Invar. Unlike
steel, the linear thermal expansion coefficient (CTE) of Invar at room temperature
(1.6× 10−6 K−1) is comparable to that of the chip (1× 10−6 K−1 to 2.5× 10−6 K−1).
Above 200 ◦C the CTE of Invar rises sharply, making it suitable for laser forming,
while the position is stable at the operating temperature of the device.

Furthermore, the length of the tube has been chosen such that d can be chosen
between 3 mm and 7 mm, allowing for a wide range of step sizes δd. However, it is
expected that the initial ‘rough’ alignment of the tube assembly is within 5 µm. Figure
5.6 shows that in this case dopt does not exceed 4.5 mm. Therefore, the tube (and
the free fiber length) can be shortened significantly, to increase the stiffness of fiber
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Fig. 5.9: Path of alignment experiment 2 (see table 5.1). The red circle indicates the
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tip position and reduce its mass. This improves the stability of the fiber tip when the
device is subject to external vibrations.

5.9 Conclusion

Fiber positioning using micro tube laser bending was demonstrated to be accurate
enough for the alignment with respect to an photonic integrated circuit chip. Because
the fiber position can not be measured inside the tube, the optical coupling efficiency
is measured instead. The maximum of this coupling efficiency is found by moving
the fiber tip, by exploiting the thermal expansion motion of the tube. A scanning
algorithm is developed to find the estimated position of this maximum, even when no
light is transmitted in the initial position. The estimated position is used as target for
the laser forming step, resulting in a permanent deformation. This is repeated until
a stop condition based on the coupling efficiency is met.

Experiments using this searching and alignment algorithm show that a final ac-
curacy of 0.2 µm is achieved within 5 to 16 steps. The accuracy is limited by the
repeatability of the thermal expansion motion and the measurement timing precision,
while scanning for the target position.
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Chapter 6

Conclusions and recommendations

6.1 Conclusions

A novel integrated actuator for high precision assembly of an optical fiber with respect
to a photonic integrated circuit chip has been proposed. After a fiber is coarsely
joined up to 10 microns of a target, a laser forming actuator fine positions the fiber
to a sub micron level. This actuator consists of a simple millimeter sized prismatic
tube in which the fiber is fixed concentrically. When the position of the fiber can be
measured directly, the fiber was aligned to the target within 0.1 µm. By using the
coupling efficiency as a measure of misalignment, this accuracy was within 0.2 µm,
without the need of position sensors.

The presented results show that laser forming in general can be used for high
accuracy alignment, even when the repeatability of the process is low. This is achieved
by a ‘learning’ algorithm that takes the scattering of the process in account from
previous measurements, and set the optimal process laser power and beam position.
A further prerequisite for achieving a high accuracy alignment is the ability of the laser
forming actuator to generate a bi-directional motion, while laser forming deformations
are restricted to one direction only. For the tube actuator presented, this is achieved
by freely positioning the laser spot around the tube, which allows for correction of
overshoot of the target position.
In the remainder of this section, the main conclusions of this thesis are summarized
and related to the research objectives as defined in section 1.5.

Objective: Explore and quantify the repeatability, sensitivity and range of mo-
tion to variations in the process and its parameters, of laser forming deforma-
tions.

For both the in-plane three-bridge actuator and the tube actuator, the sensitivities of
the deformations with respect to the laser power and geometry of the actuator have
been identified. The sensitivity for the three-bridge actuators was found to range
between 0.1 µm and 1.3 µm per laser pulse. This sensitivity was found to increase
with increasing bridge width, and decrease with increasing bridge thickness. For the
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tube actuator the sensitivity has been identified for three different tube geometries.
A maximum bending angle of 4 mrad per pulse was found, while the minimum meas-
ured bending angle of 0.05 mrad was limited to the repeatability of the measurement
system. For both actuators no hard limit was found for the range of motion, however
the inner diameter of the tube actuator limits the range of motion of the fiber.

2D and 3D FEM models and a reduced lumped model have been have been de-
veloped for the three-bridge actuator, to be able identify this sensitivity without
experiments. The results from the reduced model matches well with the 2D FEM
model, at a fraction of the computational load compared to the FEM models. How-
ever, all models showed large deviation from the experimental results for repeated
laser irradiation steps. This was mainly attributed to limitations in the hardening
function used in the 3D FEM model, combined with the alternating compressive and
tensile stresses in the bridges. Despite the low absolute accuracy of the models, the
models are a valuable tool for gaining insight in the relative sensitivity to several
input parameters. Furthermore, this reduced model was used to study the statistical
behavior of alignment algorithms by simulating a large number of alignment trails
with a low computational effort.

For both actuator types, a significant scattering of the deformation magnitude for
repeated measurements with the same conditions have been found. Measurements of
the temperature on laser-irradiated Invar sheet revealed that a low surface roughness
(obtained by careful polishing) has a positive effect on the repeatability of the ab-
sorption coefficient. However, similar measurements on the bridges of a polished three
bridge actuator showed a significant scattering up to 12.5% of the maximum laser-
induced temperature. This was attributed to geometrical inaccuracies of the samples,
combined with a low polishing quality at the edges of the bridges.

The temperature of the stainless steel tubes has not been measured directly. How-
ever, the repeatability of the thermal expansion is within 0.15 mrad (5%) when a
relatively low laser power (< 3 W) is used to prevent plastic deformation. Therefore,
the scattering of the bending angle of up to 50% was mainly attributed to the internal
stresses in the material due to previous bending steps. Furthermore, the scattering in
magnitude of the bending angle was found to increase with increasing laser power,
while the scattering bending direction was found to decrease with increasing laser
power.

Objective: Based on these insights, develop robust algorithms for aligning com-
ponents with sub-micrometre accuracy using laser forming.

With the knowledge of the sensitivity and uncertainty of the laser forming deform-
ations, the alignment to a target has been fully automated. For the three bridge
actuator, alignment of the translation degree of freedom has been tested with a nu-
merical simulation of the developed algorithm. This algorithm ‘learns’ from the fist 15
iterations, and adapts the laser power for the subsequent steps. It has been shown that
78% of the alignment trials are within the required accuracy of 0.1 µm. The remaining
22% overshoots the target, and can not be corrected for, due to the one-directional
deformation, which is characteristic for the upsetting mechanism.
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Because laser forming is a slow process (each step can take up to 25 s to complete),
the alignment algorithm for the tube actuator minimizes the number of required steps
to reach the target within a specified accuracy. While laser forming of tubes is also
based on the upsetting mechanism, it is not restricted to bending in one direction.
Due to the continuous prismatic geometry of the tube, the bending can be chosen in
any radial direction by moving the laser spot to a specific location on the tube surface.
The laser power and laser spot location are optimized by minimizing the expected
value of the error for the current bending iteration. This expected value is obtained
from from statistical data of the scattering in bending magnitude and direction of all
previous bending steps. This continuous learning of the algorithm makes it robust for
process uncertainties, like for example variations in the laser absorption coefficient.
Furthermore, this learning makes the algorithm adapt to new tube geometries and
materials with only a few calibration experiments. Experiments have shown that the
best performing actuator geometry (tube diameter of 710 µm and a wall thickness of
90µm) needs 14.5 steps to reach the target position within 0.1 µm with 95% certainty.

Objective: Develop a suitable laser forming actuator with an accompanying
experimental setup, that can be applied for aligning an optical fiber with respect
to an optical chip with sufficient accuracy.

A tube bending actuator has been developed that consists of a stainless steel tube
concentric around the fiber. The fiber is fixed to one end of the tube, while the other
end of the tube is bonded to the PIC chip. Bending the tube at a distance from
the chip results mainly in a translation of the fiber tip. Three tube geometries have
been tested, with an outer diameter between 450 µm and 710 µm and a wall thickness
between 50 µm and 150 µm. An experimental setup has been developed that optically
measures the fiber tip position with a repeatability better than 0.1 µm. Furthermore,
this setup allows for fully computer controlled laser spot positioning on the tube.
Experiments have shown that this actuator is capable of aligning the fiber tip to
a target with a lateral accuracy of 0.1 µm. The simple continuous geometry of the
actuators makes them cost effective.

Objective: Apply these algorithms and the actuator to the fiber alignment case
and determine its performance by experiments.

When the tube actuator is fixed to a PIC chip, the absolute fiber tip position can not
be measured because the fiber is fully enclosed by the actuator. Instead, the coupling
efficiency is measured and maximized during the alignment. To find this maximum, a
scanning algorithm is developed that uses the thermal expansion at low laser power,
to induce motion without permanent plastic deformation. For 90% of the scanning
experiments, the estimated target position converged to the actual target position.
The other 10% of the scans have an error that is larger than the actual distance
to the target. This was attributed to limitations in the data acquisition rate of the
experimental setup, combined with the fast thermal expansion. This scan algorithm
has been combined with the algorithm for finding the optimal laser parameters for a
desired step size. Experiments have shown that the alignment accuracy is better than
0.2 µm within 5 to 16 iterations using this method.
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6.2 Recommendations

A number of recommendations for future research are suggested in this section, as well
as some opportunities for improving the performance of the fiber alignment actuator.

• Axial separation. The tube actuator presented in this thesis is only used for
lateral alignment of the fiber. However, the axial separation of the fiber to the
chip is ideally zero, to increase the coupling efficiency. Therefore, the tube actu-
ator should be combined with other laser forming actuators, like the three-bridge
actuator presented in chapter 2, to add a third translation for decreasing the axial
separation, after the lateral alignment is corrected.

• Process speed improvements. Laser forming actuation is a fairly slow process
because the achieved deformation is only accurately known when the actuator has
fully cooled down to room temperature. For the proposed tube actuators, this can
take up to 25 s per heating cycle. However, accurate knowledge of this deforma-
tion is not required for large steps at high laser power, where the uncertainty in
deformation magnitude is already high (see section 4.3). Therefore, the alignment
time could be reduced substantially by starting the next iteration well before the
previous step reached a steady state.
Furthermore, active cooling using an inert gas may be employed. However, vi-
brations of the actuator due to turbulent gas flow may decrease the accuracy of
the position measurements. In that case, the position measurement should be per-
formed only after the cooling.
When an array of fibers is to be aligned, one laser source can be shared by switching
the laser beam to different actuators, or even multiple devices, while the others are
in the cooling phase. When this switching takes one second, one laser source can be
used for simultaneous assembly of 20 fibers, significantly reducing the investment
costs for large production volumes.

• Thermal stability. The actuators for fiber alignment in this thesis are tested with
stainless steel tubes. However, the linear coefficient of thermal expansion of steel
(17.3× 10−6 K−1) is high compared to that of the optical chip (1× 10−6 K−1 to
2.5× 10−6 K−1), consisting of silicon or quartz glass. This might lead to misalign-
ment at fluctuations in operating temperature of the device. Therefore, low thermal
expansion alloys such as Invar (1.6× 10−6 K−1) should be used to better match
the thermal expansion of the chip. As shown in chapter 2, such materials work
well with laser forming, due to the steep rise in coefficient of thermal expansion for
elevated temperatures.
An additional advantage of these materials is the short cooling time before a steady
state deformation is achieved. This is because the cooling time down to the point
where these materials show a low coefficient of thermal expansion is very short,
compared to the remaining cooling time to room temperature.
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• Long term stability. Measurements of the long term deformation of laser forming
actuators are needed to determine their stability in the lifetime of the device. Due
to the high residual stresses, close to the yield stress of the material, creep might
occur when the operating temperature of the device is high. While laser forming
has been successfully used in manufacturing processes, no literature was found on
the long term stability.

• Deformation sensing. In chapter 5 the position of the fiber tip can not be meas-
ured because it is fully enclosed by the tube and chip. However, direct contact-less
relative measurements of the deformation of the tube can be made by optical meth-
ods such as interferometry or triangulation. These deformation measurements can
be used instead of the thermal expansion fit proposed in section 5.3.1. This elim-
inates the calibration step of this thermal expansion as well as the dependency of
the target estimation accuracy on the repeatability of the expansion deformation.

• Fiber tip position stiffness. The free length of the fiber within the tube actu-
ator was chosen to be 8 mm, see Fig. 4.2. This allows the laser spot position to be
chosen between 3 mm and 7 mm from the chip. However, a long free length reduces
the stiffness of the fiber tip position, and might lead to alignment problems when
external vibrations are exerted on the device. Therefore the free length is ideally as
short as possible. Experiments on tubes have shown that only a few of the larger
steps use the maximum laser spot distance from the chip. The free fiber length
could therefore be decreased to increase the stiffness, at the cost of maximum step
size. Additionally, both the actuator tube and the mating tube can be shortened
to reduce the mass of the actuator and therefore the sensitivity to vibrations.

• Actuator fixation. The assembly and fixation of the tube array (see Fig. 5.1) to
the optical chip has not be considered in this thesis. Although this initial alignment
can be coarse, an important requirement of such a fixation is positional stability,
even for fluctuating operating temperatures. Adhesive bonding can offer a stable
fixation, but the re-alignment should not be started before any creep of the adhes-
ives has settled. Other bonding methods that do not suffer from long term creep,
like laser welding or soldering could be used, but require metallizing of (a part of)
the chip [2].
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