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Summary
Automated Sub-micron Accurate Optical Fiber Alignment for Photonic Applications

The market of photonic integrated circuits is growing rapidly. Photonic integrated circuits integrate multiple photonic functionalities into one device similar
to conventional electrical integrated circuits. Based on light they can reach higher
bandwidths, be more efficient and enable new applications (e.g. new forms
of sensing and imaging) when compared to conventional electronic integrated
circuits. Assembly and packaging are becoming an increasingly important issue
for photonic integrated circuits (PICs). The optical fiber alignment and fixation
have been a bottleneck in terms of product performance, cost and production
volume, especially for single-mode edge-coupled optical chips. These optical
fibers are used to guide light in and/or out of the photonic device. Planar
waveguide devices with small mode field diameters (MFD) require a lateral
alignment accuracy in the order of 0.1 µm to achieve an acceptable efficiency.
Assembly and packing are the most expensive phases in the manufacturing
process estimated at more than 50 % of the overall cost of any fiber-optic device.
This has created a desire for a new and more efficient approach for the alignment
of multiple optical fibers in an automated way, which is the focus of this thesis.
The first part of this thesis focuses on the development of a new sub-micron
accurate optical fiber array, where multiple fibers are actively aligned with
respect to each other and fixated to a flat substrate using UV-curable adhesive.
This fiber array can later on be aligned to the PIC. This two-step approach allows
for dedicated assembly equipment resulting in a faster and more economical
production, and reduces the risk of discarding an entire chip when a fiber
alignment has failed. In this concept, camera-based optical feedback is used to
position the fiber cores such that they are vertically aligned above the substrate
with a predefined horizontal pitch. Contrary to traditional alignment methods
such as placing fibers in a V-groove array, this optical feedback compensates for
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fiber production tolerances. The adhesive layer is used to overcome differences
in fiber tolerances such that all fiber cores are positioned on the same reference
line. Adhesives are prone to shrinkage which can disturb the fiber alignment.
As a result, not the alignment process itself but rather the fixation process forms
the bottleneck in reaching the required sub-micron alignment. To investigate the
sensitivity of process variables on the adhesive bond geometry, simulations are
performed for the proposed concept. In addition, experiments are performed to
determine the shrinkage-induced fiber displacement for multiple selected types
of adhesives. The results show a controllable adhesive shrinkage where fibers
can be aligned with a 3σ position reproducibility of 40 nm, which is more than
sufficient for the most critical fiber alignment applications. Environmental tests
are performed to evaluate the long-term stability of the adhesives since these
are prone to mechanical creeping and stress relaxation over time. The results of
these tests indicate a sufficient dimensional stable adhesive bond for photonic
fiber alignment with a 3σ position reproducibility of 110 nm.
The second part of this thesis focuses on the development of the automated
fiber array alignment machine to produce the fiber array described in Part I.
Using automatization, a reproducible sub-micron fiber alignment accuracy can
be obtained while simultaneously costs are reduced and throughput increased.
The production should furthermore be generic (for different types of PICs and
fibers) and scalable for volume production of fiber arrays. Firstly, the production
order and considerations of the machine to come to a complete fiber array are
explained in detail. Secondly, the design considerations and detailed design
of the machine are discussed. The machine consists of three translational
motion axes to align the fibers on the substrate in the most critical degrees of
freedom. The other degrees of freedom of the fibers are aligned using passive
mechanical features. A vision system is used as feedback for the alignment
by measuring the core position of each fiber. To prevent deviations from the
desired fiber placement position, a calibration method for this vision system is
described and executed. Furthermore, since one of the translation axes consists
of a force-closed crossed-roller bearing guidance which friction can disturb the
required sub-micron alignment accuracy, experiments are performed to identify
the frictional properties of this bearing.
The end result of this project is a hardware realization of the described machine. The machine is able to assemble a 16-fiber array within 4 minutes with a
configurable fiber pitch as small as 127 µm. Assembled arrays showed a lateral 3σ
alignment accuracy of less than 100 nm. Together with the identified long-term
stability of the adhesive this results in an approximately 8× smaller alignment error in horizontal x-direction and an approximately 18× smaller error in vertical
y-direction when compared to the currently commonly employed V-groove fiber
arrays for multi-fiber photonic alignment.

Nomenclature
Throughout this thesis a coordinate system is adopted which is defined as follows:

ψ
y

θ

z

x

ϕ

The symbols x, y, z, φ, ψ and θ are used to indicate the respective degrees of
freedom.
Abbreviation
AST
BP
CM
CMOS
CTE
DAC
DoF
FEA
FoV
FRF
HNA
InP
LED
MEMS
MFD
MMF
MP

Description
Accelerated Stress Test
Bearing Pole
Center of Mass
Complementary Metal Oxide Semiconductor
Coefficient of Thermal Expansion
Digital-to-Analog Converter
Degree of Freedom
Finite Element Analysis
Field of View
Frequency Response Function
High Numerical Aperture
Indium Phosphide
Light-Emitting Diode
Microelectromechanical Systems
Mode Field Diameter
Multi-Mode-Fiber
MegaPixel

iv
NIR
PIC
PID
PMF
SiP
SMD
SMF
TTL
UV
VCA
WGA

Nomenclature
Near-InfraRed
Photonic Integrated Circuit
Proportional Integral Derivative
Polarization Maintaining Fiber
Silicon Photonics
Surface-Mounted Device
Single-Mode-Fiber
Transistor-Transistor Logic
Ultra Violet
Voice Coil Actuator
Waveguide Array

Term
Modal dispersion

Mode field diameter
Mode shape
Multi-mode
waveguide
Orthographic view
Polarization-maintaining
optical fiber
Single-mode
waveguide
(Optical) Waveguide

Description
The spreading of the signal over time resulting
from interaction of different propagation
modes in the waveguide.
Measure of the width of the irradiance distribution
across the waveguide. This width corresponds
to 1 − 1/e2 (86.5 %) of the optical power.
The spatial distribution of the optical power
of the guided light.
Waveguide, which supports multiple mode shapes.
View, in which the projection lines are orthogonal
to the projection plane.
Single-mode optical fiber, in which linearly
polarized light, if properly launched, continues
to be linear polarized.
Waveguide, which supports only a single
mode shape.
The structure in which light is confined
to a certain geometry.
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Chapter 1
Introduction

The need for data transfer is growing exponentially in today’s society. Around
10 % of the world’s total electricity consumption is being used by the internet and
at the current pace this is expected to grow to over 20 % by 2030 [1]. At the same
time, electronically integrated circuits, used in current computing devices such as
computers and mobile phones, are reaching limits in the amount of data that can
be transmitted via electrical wires. Instead of using electrons to carry information,
light based (photonics) integrated circuits show a large potential to solve these
problems by providing low energy, high bandwidth data transmission. In addition, photonics enables new sensing and imaging technologies in areas such as
data transfer, automotive, medical devices, consumer infotainment, data processing, machine control and aviation. Examples of these are non-invasive imaging
techniques for very early detection of diseases and LIDAR (Light Detection And
Ranging), used to measure distances with high resolution and precision which
can be applied in autonomous vehicles. The photonics integrated circuit market
is expected to grow rapidly to an estimated market value of more than 3.9 billion
USD by the end of 2025 [2].

1.1

Photonic Integrated Circuits

A photonic integrated circuit (PIC) integrates multiple photonic functions on a
single chip. Using elementary optical components such as passive waveguide
structures, amplitude manipulators, polarisation manipulators and phase manipulators, optical circuits can be made. Light is guided in these structures according to the physical principle that a medium with an index of refraction, n, greater
than the surrounding media will create a path for the propagation of light. This
is analog to the path wires create for an electrical signal in traditional integrated
circuits. The structure in which light is confined to a certain geometry is called an
optical waveguide. Today, multiple PIC platforms exist such as Silicon Photonics
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(SiP) and Indium Phosphide (InP), all with their own advantages and disadvantages. A major advantage of InP based chips is the direct integration of light
sources, where SiP based chips are very promising in terms of production volume and costs for high volume manufacturing due to the compatibility with the
complementary metal-oxide-semiconductor (CMOS) processes already widely in
use in the production of electronic integrated circuits. In Fig. 1.1 examples are
shown of an InP PIC and a SiP PIC.
B)

A)

Internal waveguides

Optical ﬁber array

SiP chip

Figure 1.1: Examples of an Indium Phosphide (InP) photonic integrated circuit (PIC) and a Silicon
Photonics (SiP) PIC: A) complex InP PIC with multiple internal waveguides visible [3], B) packaged
SiP PIC with an attached optical fiber array [4].

Assembly & packaging
The manufacturing costs of a photonic chip itself is only a small part of the total costs of a photonic module. Especially the assembly and packaging costs are
dominant and are estimated at more than 50 % of the overall costs of a photonic
module [5]. At the moment there is very limited automation and standardization
available for photonic packaging and assembly. The existing operator-driven assembly processes are only viable for high cost and low volume photonic applications such as for advanced fiber optic telecommunication. To be able to meet
the demands of emerging photonic applications, a mature photonic assembly and
packaging industry is needed to reduce costs and increase production volumes.
Currently photonic packaging is orders of magnitude more expensive than electronic packaging [6]. Especially the assembly of optical connections to the internal waveguides of a photonic integrated circuit (PIC) is a major contributor to
the assembly and packaging costs. Optical interconnects from the PIC to external
optical components are typically formed using optical glass fibers which have
the advantage of low attenuation losses over the fiber length. Strict alignment
tolerances between these optical fibers and the internal PIC waveguides are required to ensure efficient operation of the optical components. This results in a
time-consuming and costly assembly operation. These strict alignment tolerances
occur from the small, sometimes sub-micron, dimensions of the internal waveguides of the PIC. As a result, even a slight misalignment of the fiber with respect
to the coupling interface of the PIC can result in large (light) coupling losses.
The fiber-to-chip coupling can be subdivided into two classes as schematically visualized in Fig. 1.2: 1) edge-coupling and 2) grating-coupling. In edgecoupling, the light beam is coupled in/out from the PIC waveguide from the
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lateral sides of the chip. In grating couplers, the light beam is entering from the
top or bottom surface of the PIC and a diffractive grating modifies the direction
of the incoming light beam required to couple the light into the PIC waveguide.
In general, edge-coupling enables broadband transmission but requires a strict
alignment tolerance [7]. Grating coupling is more alignment tolerant at the cost
of a more limited bandwidth. In this thesis only the edge-coupled PIC category
is considered.

B)

A)

Grating

Optical ﬁber
PIC waveguide

Taper

Edge-coupling

Grating-coupling

Figure 1.2: Schematic visualization of the two fiber-to-chip coupling classes: A) edge-coupling, B)
grating-coupling.

1.2

Waveguides

Optical waveguides, such as optical fibers and the internal dielectric waveguides
of a photonic integrated circuit (PIC), are used to guide light along a certain geometry. The propagation of light through a waveguide is possible by the difference in refractive index between the core of a waveguide and the surrounding
material which is called the cladding. The core is made of a high-index optical
medium where the cladding is made out of a low-index media. The confinement
of light into the core can be explained by total internal reflection of light rays at
the core–cladding interface for waveguide dimensions which are several times
larger than the wavelength of the light. For much smaller waveguide dimensions this explanation is not valid anymore and the wave nature of light should
be taken into account. The waveguide should then be analyzed as an electromagnetic waveguide structure, by solving Maxwell’s equations with material dependent constitutive relations. This results in the wave equation which describes
the propagation of electromagnetic waves through the waveguide. By applying boundary conditions imposed by the waveguide geometry, multiple discrete
solutions to the wave equation can be found, often referred to as ‘modes’. In
Fig. 1.3A, a conceptual representation of such modes is presented. The displayed
mode shapes describe the spatial distribution of the optical power of the guided
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light. The waves can propagate freely in the z-direction due to the lack of reflections, while in the y-directions standing waves are formed due to the reflections
of the waves at the boundary between the core and cladding.
B) Cladding

ncladding

A) Cladding

ncladding
Mode shape

Direction of
propagation
ncore

Core
u=3
Cladding

u=2

u=1

ncladding

ncore>ncladding

MFD
Core

y

z

Cladding

Direction of
propagation
ncore

ncladding

y

z

ncore>ncladding

Figure 1.3: Schematic visualization of waveguide modes: A) The first three guided modes in a waveguide, B) Schematic representation of the mode shape of a Gaussian beam travelling through a singlemode waveguide. Indicated is the mode field diameter (MFD) of the waveguide which corresponds
to 1 − 1/e2 (86.5 %) of the optical power.

In Fig. 1.3B, the mode shape of a single-mode waveguide is schematically
shown. Single-mode indicates that only a single mode shape is supported by the
waveguide contrary to multi-mode waveguides. Waveguides employed in photonic integrated circuits are typical single-mode as well as the associated optical
fibers used for coupling. The fundamental or first mode shape can be approximated by a Gaussian function, the Gaussian beam model. Please note that a small
part of the light propagates through the cladding and that the spatial power distribution never diminishes to zero. Due to this last property the width of the
mode shape is typically defined as the width corresponding to 1 − 1/e2 (86.5 %)
of the optical power. This width is known as the mode field diameter (MFD) of a
waveguide.
Optical fiber characteristics
Optical fibers are used as waveguides for the coupling to the internal waveguides
of photonic integrated circuits. A typical optical fiber is composed of a very thin
strand of silica glass with a diameter of 125 µm. The silica glass strand consists
of two parts: the core and a surrounding cladding, as visualized in Fig. 1.4. The
core of the fiber can be doped with impurity atoms such as P2 O5 and GeO2 [8] to
create a slightly higher refractive index (about 1.4475 at λ = 1500 nm) than the
surrounding cladding, which can be doped with B2 O3 or F impurities to lower
the refractive index (about 1.444 at λ = 1500 nm). By this difference in refractive
index the light guidance is enabled. For mechanical and chemical protection, a
coating, which can consist of multiple layers, is applied to the fiber. This protective buffer is usually made from a polymer material.
Single-Mode Fibers (SMF) have a relatively small core of typical 2 to 11 µm
depending on the wavelength for which the fiber is designed. The dispersion,
the spreading of the signal over time, is low in an SMF since only one mode is
able to propagate. This results in a high transmission rate over a long distance.
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Secondary protective coating Ø900 μm
Acrylic protective coating Ø245 μm
Cladding Ø125 μm

ψ
y

Core Ø2-11 μm

θ

z

x

ϕ

Figure 1.4: Schematic visualization of a Single-Mode-Fiber (SMF). The indicated coordinate system,
which is defined with respect to an optical fiber, will be used throughout this thesis.

B)

A)

Dcladding, ﬁber C)

e
Dcladding, major

Cladding

Core

Dcladding, nominal
Dcladding, minor

Figure 1.5: Common manufacturing tolerances of optical fibers: A) Core-cladding eccentricity,
typical ±0.7 µm, B) Cladding diameter variation, typical ±0.5 µm, C) Cladding ovality, typical
2( Dmajor − Dminor )
( Dmajor + Dminor )

· 100 % ≤ 0.7 %.

Multi-Mode Fibers (MMFs) have a larger core diameter, typically between 50 and
100 µm, which supports the propagation of multiple light modes. MMFs typically have a lower bandwidth and higher transmission losses compared to SMFs.
Modal dispersion, the spreading of the signal over time resulting from the interaction of different propagation modes in the fiber, is the main limiting factor.
Photonic integrated circuits (PICs) typically require to be coupled to SMFs. Some
types of PICs require to be coupled to Polarization-Maintaining-Fibers (PMFs).
This special type of fiber maintains a linear polarization during propagation
when linearly polarized light is properly launched into the fiber. This fiber type
is less frequently used for the coupling to PICs. Throughout this thesis, the indicated coordinate system in Fig. 1.4 will be used. This coordinate system is defined
with respect to an optical fiber where the light propagation direction is indicated
by the z-coordinate.
During the manufacturing process of the optical fibers several production
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variations occur. The most frequently occurring fiber production errors are visualized in Fig. 1.5. High performance SMFs, with a typical diameter D = 125
µm, have a typical core-cladding eccentricity of ±0.7 µm, a cladding diameter
variation of ±0.5 µm and a cladding ovality error of ±0.87 µm (

2( Dmajor − Dminor )
( Dmajor + Dminor )

·
100 % ≤ 0.7 %) which results in a worst-case fiber-core position inaccuracy of
approximately ±2.07 µm [8, 9].

1.3

Optical alignment challenge

The coupling between two optical devices often results in losses of optical power.
The most common sources for coupling losses are misalignment, mode field diameter mismatch, refractive index mismatch and non-ideal end-faces. In Fig. 1.6
these common coupling loss sources between waveguides are depicted.

Δx
Translational misalignment

MFD1

z+Δz

Δ

MFD2

Mode Field Diameter mismatch

Angular misalignment

n1

Separation misalignment

n2

Refractive index mismatch

Non-ideal end-faces

Figure 1.6: Schematic representation of common sources of coupling loss between waveguides.

The coupling losses should be minimized for an efficient and correct operation of a photonic integrated circuit (PIC). A typical major contributor to the
total coupling loss is the alignment between the waveguides. The required absolute position accuracy for an efficient coupling is dependent on the waveguide
dimensions and wavelength of the used light. The optical coupling losses as a result of geometrical inaccuracies between the considered waveguides can be calculated from the coupling efficiency η by considering the overlap between the
wave functions of the emitting and receiving waveguides according to [10]:
RR
χ1 ( x, y)χ2∗ ( x, y) dx dy
RR
,
(1.1)
η = RR
|χ1 ( x, y)|2 dx dy
|χ2 ( x, y)|2 dx dy
where χ1 and χ2 are the wave functions (optical power distribution) of the emitting and receiving waveguides, respectively. By simulating both wave functions
and by subsequently computing Eq. 1.1 numerically, the coupling efficiency could
be determined. Alternatively, the wave functions of the waveguide modes can be
approximated by Gaussian functions, the Gaussian beam model, which allow for
an analytical solution of the optical coupling efficiency. The first or fundamental
mode in the waveguides can be approximated by the following Gaussian function:
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−4

χi ( x, y) = e

x2
MFD2x

y2
+
MFDy2


,

(1.2)

where MFDx and MFDy represent the mode field diameter (MFD) in the x- and
y-direction, respectively. By substituting this Gaussian beam model into Eq. 1.1,
analytical expressions can be obtained for the coupling efficiency as function of
waveguide misalignment errors or mode field diameter mismatches [10, 11].
Misalignment losses
To investigate the sensitivity of alignment errors on the coupling loss, the edgecoupling of an InP waveguide with MFD InP = 4.86 × 1.53 µm to a single-mode
fiber with MFDSMF = ⌀3.2 µm is simulated for a wavelength λ = 1550 nm.
For this investigation a Gaussian beam model is assumed for the mode shape of
both single-mode waveguides. The coupling losses are calculated for different
misalignment errors between the waveguides. The analytical solution of Eq. 1.1
for the Gaussian beam model is used for this [10, 11].
The results of this simulation, visualized in Fig. 1.7, show that the coupling
appears to be very sensitive to translational misalignments. An in-plane shift
of the two waveguides in the order of the position inaccuracy of the core relative to the cladding diameter due to fiber manufacturing tolerances (worst-case
fiber-core position error approximately ±2.07 µm), significantly influences the
overlap of the two wavefunctions. The sensitivity of the coupling losses for angular misalignment is considerably less significant. For misalignments up-to a
few degrees, the coupling loss can be neglected. Also, separation between two
waveguides is not critical for the coupling efficiency, allowing separation errors
of a few micrometers before significant coupling losses occur. While most of the
alignment error sources are straightforward, a separation misalignment is not. A
separation misalignment on itself will not result in coupling losses, assuming no
attenuation due to the intermediate medium. The light, however, will spread at
the end of the emitting waveguide since it is no longer confined by the cladding
resulting in a deviation at the interface of the receiving waveguide, as shown in
Fig. 1.8. The spreading can result in additional mode-field diameter mismatch
losses and losses due to curvature of the iso-phase plane. Since most of the coupling occurs close to the optical axis, it is often not necessary to take the effect of
the curvature on the coupling efficiency into account.
Mode-field diameter mismatch
Next to misalignment losses, the contribution of a mode-field diameter mismatch
to the coupling losses is often significant. High refractive index PIC materials
(e.g. n InP ≈ 3.3 at λ = 1550 nm) result in small mode-field diameters in the
order of 0.5 − 4 µm. In contrast, the silica glass material of optical fibers has a
lower refractive index (nSiO2 ≈ 1.44 at λ = 1550 nm) resulting in a larger MFD
of typically 10.4 µm at λ = 1550 nm. Moreover, where optical fibers have a
symmetric mode spot, PIC waveguides typically features an asymmetric mode
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Figure 1.7: Simulated coupling losses in [dB] for a typical InP-fiber edge-coupling as function of misalignment. The following parameters have been used for the simulation: MFD InP = 4.86 × 1.53 µm,
MFDSMF = ⌀3.2 µm, λ = 1550 nm. Only coupling losses due to misalignment of the waveguides are
shown. The coordinate system of Fig. 1.4 is adopted for the error directions.

Cladding

R(z)

Cladding

Iso-phase plane

Core

Core
z
Cladding

Cladding

Figure 1.8: Schematic representation of the spreading of the wave function after leaving the emitting
waveguide. The blue solid lines indicate equal phase in the plane of the cross section (iso-phase
planes).

spot. Excessive coupling losses, in the order of around 10 dB (factor of 10) occur,
when a standard single-mode fiber is directly edge-coupled to a PIC waveguide.
To prevent these losses, often specialized optical fibers or on-chip spotsize converters are used to minimize the MFD mismatch. On-chip spot-size converters
transform the internal PIC waveguide mode into a mode that is more suitable
for fiber coupling by enlarging the spot and making it more symmetrical. For
the fiber side of the coupling, lensed or tapered fibers can be used to improve
mode matching and coupling efficiency to a PIC as shown in Fig. 1.9. A smaller
spot size is obtained by tapering the fiber core or by fabricating a micro-lens at
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the tip of the fiber, or the combination of both. The ideal spot size is obtained
at a certain working distance from the end-face of these fiber due to the focusing of the light spot. The manufacturing tolerances of lensed and tapered fibers
results in a working distance variation of typically ±2 − 3 µm [12]. As a result,
these fibers require a better axial alignment process for an acceptable coupling
loss than standard fibers. Alternatively, high numerical aperture fiber (HNA)
with a mode-field-diameter as small as ⌀3.2 µm at λ = 1550 nm can be used,
which is fusion spliced to standard single-mode fibers to obtain a better mode
matching with the internal PIC waveguides. This approach does not result in
an axial working distance variation and therefore a less complex axial alignment
process can be used. Often, on-chip spot-size converters are combined with the
mode-size altering fibers to obtain a better mode matching.
Cladding

B)

A)

Spot size

Core
Working
distance
Figure 1.9: Special fibers used for better mode matching with the internal waveguides of a PIC: A)
Tapered fiber [12], B) Schematic visualization of a lensed fiber.

1.4

Alignment strategies

In this section an overview of photonic alignment methods will be provided. In
general, alignment methods for optical waveguides can be divided into two main
categories: active or passive alignment, which will be discussed in this order in
the next paragraphs.
Active alignment
The typical small dimensions of the internal waveguides of a photonic integrated
circuit result in strict alignment requirements for the optical fiber to obtain low
optical loss. Especially the transversal alignment is critical, as shown in Section 1.3, often requiring sub-micron position accuracies. Active alignment techniques rely on optical feedback to optimize the waveguide alignment. Light is
guided in one waveguide while the other waveguide is used to monitor the coupled optical power. An optimal coupling is established by moving one waveguide with respect to the other while optimizing for the coupling efficiency. Hereafter, the two waveguides can be fixated relative to each other, preferably without
disturbing the alignment. Active alignment techniques enable alignment accuracies in the sub-micron range since it can compensate for manufacturing tolerances
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of the involved waveguides. This is especially key in fiber-to-chip couplings due
to the large position tolerance of the fiber core relative to the cladding of approximately ±2.07 µm as mentioned before. Since optical power measurements do not
provide direct positions deviations from the ideal position, iterative alignment algorithms are typically employed. Furthermore, a pre-alignment between the two
coupled waveguides is required before the active alignment procedure can be
initialized as sufficient light coupling is necessary. As a result, active alignment
methods are typically time-consuming and expensive. A cycle time, including
setup of the system, in the order of one hour is reported in [13] for the active
alignment of a single mode fiber with a grating coupler of a silicon photonic device. The cycle time depends on the required coupling efficiency, type of photonic
components involved, dynamical performance of the actuator, initial alignment
of the waveguides, number of alignment axes and the iterative alignment algorithm being used. Many of the reported active alignment methods are based on
manipulators which are integrated into the final product to minimize position
shifts of the waveguide due to fixation processes such as adhesive fixation.
In [14], a MEMS (Microelectromechanical systems) based adjustable photonic
waveguide array is presented which uses thermal actuators for active sub-micron
alignment in two degrees of freedom with respect to a photonic chip. The MEMS
chip (Fig. 1.10A) remains in the photonic device after alignment and fixation of
the waveguides resulting in a relative expensive and bulky solution. A method
to align optical fibers within 0.2 µm of the optimal position is presented in [15]
which is based on tube laser bending in two degrees of freedom and in situ measurement of the coupling efficiency. For this method a metal tube is fixated to
the fiber and subsequently laser microforming is used to position the fiber core
relatively to a waveguide of photonic device, as shown in Fig. 1.10B. Because
of the metal tube around the optical fiber, the minimal achievable fiber pitch is
restricted.
A)

B)

Figure 1.10: Two examples of active alignment methods: A) MEMS-based positionable photonic
waveguide array (WGA) [14], B) Active optical fiber alignment using tube laser bending [15].

Passive alignment
Methods which do not use the optical feedback of intensity measurements of the
propagated light for alignment are classified as passive alignment methods. In
general, passive alignment is based on the manufacturing accuracies of mechan-
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ical alignment features such as rectangular, U- and V- shaped grooves, pedestals
and end-stops. In addition, methods which use the position feedback of cameras
are also categorised as passive alignment. Contrary to active alignment, this feedback is based on the geometry of the component and patterned fiduciary markers
and not on measurements of the intensity of the propagated light in the waveguides. In general, passive alignment methods result in faster cycle-times at the
cost of less accurate alignment compared to active alignment methods due to the
inability to compensate for manufacturing tolerances of the optical components.
The most common passive alignment method for fiber-to-chip coupling uses
a V-groove array in which multiple optical fibers are placed as visualized in
Fig. 1.11. The faces of the V-grooves determine the position of the fibers with
respect to each other. After the assembly of a fiber array it can be aligned with
respect to the waveguides of a photonic devices. The inability to compensate for
the manufacturing tolerances of optical fibers and the V-groove array itself results
in lateral alignment errors of typical > ±2 µm where often sub-micron alignment
accuracies are required to the internal waveguides of photonic devices for an efficient coupling. In [16] an automated approach is described to align fibers in
on-chip V-grooves. A passive chip-to-chip alignment method is described in [17]
which uses pedestals to align the internal waveguides of the photonic chips mutually with a sub-micron accuracy.

Figure 1.11: Passive alignment using a V-groove fiber array [18].

State of art
The choice between passive and active alignment methods depends mainly on
the required alignment accuracy and number of optical interconnects. Often companies or consortia which provide photonic packaging solutions support both
active and passive alignment methods. However, the number of actively aligned
(lensed) fibers is typical limited, e.g. up-to 4 actively aligned fibers, as well as the
corresponding fiber pitch, e.g. > 500 µm [19, 20]. For the fixation of these actively
aligned fibers often a laser-welded fiber attach process is used [6]. Fiber arrays
are typical employed for the passive alignment of multiple (e.g. up to 32) optical
fibers [19]. To align these arrays to the waveguides of the photonic integrated
circuit an active alignment procedure is often used where the outermost fibers
in the array are used to optimize the signal. Fixation of these arrays is typically
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provided using adhesive.

1.5

Objectives

Photonic integrated circuits can provide low energy, high bandwidth, data transmission and simultaneously enable new sensing and imaging technologies. A
bottleneck in the large-scale deployment of photonic devices is related to the large
assembly and packaging costs estimated at > 50 % of the overall costs of a photonic module, and several orders of magnitude more expensive than electronic
packaging. Especially the required sub-micron accurate alignment of multiple
single-mode optical fibers to the internal waveguides of an edge-coupled photonic integrated circuit is an important issue hampering widespread adoption.
The goal of this project is to develop a solution for automated sub-micron
accurate optical fiber alignment for photonic integrated circuits. This thesis describes the development of a sub-micron accurate fiber array followed by the design and realization of an automated assembly machine for this new array type.
This thesis work aims to make a contribution in making photonic assembly 1)
more cost-efficient, 2) less labor intensive, and 3) possible for higher production
volumes while simultaneously making no compromises in alignment accuracy.

1.6

Thesis outline

This section presents an outline of the chapters in this thesis and briefly discusses
the contributions of each chapter. Figure 1.12 shows a schematic layout of the
thesis. The thesis can be split into two parts: (I) The development of a new fiber
array platform with sub-micron mutual fiber alignment (Chapters 2, 3) and (II)
The design of array assembly machine (Chapters 4, 5, 6). The new fiber array
platform described in Part I forms the basis for the development of the fiber
array assembly machine in Part II. The remainder of this section summarizes the
individual chapters.
Part I: Development of a sub-micron
accurate optical ﬁber array

Part II: Design, realization and validation of
the ﬁber array assembly machine

Chapter 2: A concept for accurate edge-coupled
multi-ﬁber photonic interconnects

Chapter 4: Design requirements, considerations
and operating procedure

Chapter 3: Long term stability of the adhesive
ﬁber ﬁxation

Chapter 5: Detailed design
Chapter 6: Experimental evaluation

Chapter 7: Conclusions, future work and outlook

Figure 1.12: Schematic layout of this thesis.
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Chapter 2 describes the development of a concept for a sub-micrometer accurate
multi-fiber array where fibers are actively aligned with respect to each other
and fixated to a flat carrier using UV-curable adhesive. Since adhesives are
prone to shrinkage, which can disturb the fiber alignment, the adhesive bond is
discussed in detail. Simulations and experiments are performed to investigate
the sensitivity of process variables on the adhesive bond geometry and the
adhesive shrinkage. The contributions of this chapter have been published in
[21].
Chapter 3 describes the long term stability of the adhesive fiber fixation. The
adhesive fiber fixation of the new array concept should be able to hold the
fiber alignment over a period of years in varying environmental conditions. The
polymeric adhesives show both mechanical creep and stress relaxation over time,
negatively influencing the position stability of the aligned fiber. Environmental
tests are performed for several adhesive types to investigate the long term
behavior of the adhesive fixation. Based on these tests and the shrinkage measurement results of Chapter 2, a suitable adhesive is selected for the fiber fixation.
Chapter 4 provides the design requirements, considerations and the operating
procedure of the designed and realized fiber array assembly machine for the
developed fiber array concept. Based on the adhesive measurement results of
Chapter 2 and 3, the accuracy requirements of the new assembly machine are
determined. A design overview is given after which the operating procedure of
the fiber array assembly machine is described in detail.
Chapter 5 presents the detailed mechanical design of the fiber array assembly
machine. A detailed description and underlying design considerations are given
for each subcomponent of the machine. Furthermore, a calibration method is
provided for the vision system which is used for the active alignment of the
optical fibers.
Chapter 6 provides the experimental evaluation of the realized prototype of the
fiber array assembly machine. Experimental system identification is performed
on each motion axis followed by an evaluation of the tracking performance.
Hereafter the vision system used for the used active alignment procedure is
assessed regarding measurement reproducibility, followed by a calibration
using the described method in Chapter 5. Multiple fiber arrays are assembled
using the prototype machine to evaluate the alignment accuracy and machine
performance. A comparison to a traditional V-groove array is provided for the
alignment performance.
Chapter 7 summarizes the main conclusions and formulates recommendations
for future research. Finally, an outlook to photonic packaging and assembly in
the future is provided.

Part I
Development of a sub-micron accurate optical fiber
array

Chapter 2
A concept for accurate edge-coupled
multi-fiber photonic interconnects
The alignment and fixation of multiple single-mode optical fibers to photonic integrated
circuits is currently a challenging, expensive and time-consuming task. In this chapter
a concept for a sub-micrometer accurate multi-fiber array is presented where fibers are
actively aligned with respect to each other and fixated to a flat carrier using UV-curable
adhesive. Adhesives are prone to shrinkage which can disturb the fiber alignment. As
a result, especially the fixation process and not the alignment process itself forms the
bottleneck in reaching the required positioning accuracy. Simulations are performed to
investigate the sensitivity of process variables on the adhesive bond geometry which is
important for the shrinkage magnitude. Furthermore, an experimental setup has been
designed and fabricated to measure the shrinkage-induced fiber displacement for three
selected types of adhesives. The results show a controllable adhesive shrinkage where fibers
can be aligned with a position reproducibility of ±40 nm, which is more than sufficient for
the most critical fiber alignment applications. With this concept an important step can be
made in enabling sub-micrometer accurate photonic interconnects in a cost effective way
which is suitable for automated production.

This chapter is based on:
M.H.M. van Gastel, P.C.J.N. Rosielle and M. Steinbuch. A Concept for Accurate
Edge-Coupled Multi-Fiber Photonic Interconnects. Journal of Lightwave Technology, vol. 37, no. 4, pp. 1374-1380, 2019.
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Introduction

Assembly and packaging are becoming increasingly important issues for photonic integrated circuits (PICs). For single-mode edge-coupled optical chips especially the fiber alignment and fixation has been a bottleneck in terms of product
performance, cost and production volume. Planar waveguide devices with small
mode field diameters (MFD) require a lateral alignment accuracy in the order of
0.1 µm to achieve an acceptable insertion loss [22]. The assembly and packing is
the most expensive phase in the manufacturing process, estimated at > 50 % of
the overall costs of any fiber-optic device.
Passive alignment methods based on mechanical alignment features such as
placing fibers in etched V-grooves [23, 24] are often preferred due to their intrinsic simplicity. However, due to geometrical fiber tolerances, especially the corecladding eccentricity, the required alignment accuracy cannot be met using these
methods. As a result, active alignment methods based on the feedback of an optical signal are often employed. By measuring the transmitted optical power while
moving the fiber using a high precision actuator, the required alignment accuracy
can be met. The current applied techniques are however time-consuming, expensive, not easily automated and often not applicable for multi-fiber interconnect
due to a large footprint [25, 26]. In this chapter an alignment and assembly approach is proposed which addresses these issues. For this concept first an array
is manufactured where individual fibers are actively aligned with respect to each
other and fixated using an UV-curable adhesive with a resulting < 0.1 µm accurate mutual alignment of the fiber cores. Subsequently, this array can be aligned
and fixated to the optical chip. In this chapter we focus on the assembly of the
fiber array.
We start by introducing the proposed optical fiber array concept and by discussing its properties and advantages over the current solutions. The adhesive
fixation of the fibers is the most critical step of the proposed concept regarding
the alignment accuracy since adhesives are prone to curing shrinkage, which results in fiber displacements after alignment. In Section 2.3 the adhesive fiber fixation will be investigated in more detail. Simulations are performed to investigate
the sensitivity of the bond geometry for varying adhesive volumes and fibersubstrate distances and the corresponding meaning concerning shrinkage shifts
will be discussed. To investigate the position stability of the adhesive bond an
experimental setup is designed and built which will be discussed in detail. Using this setup the fiber displacements during the curing process for three types
of adhesives for varying process parameters are measured. In addition the speed
of the fixation process and stability of the bond is investigated experimentally.
Finally, the results of these experiments are discussed and the feasibility of the
proposed array concept is shown.

2.2

Proposed optical fiber array concept

The main challenge to obtain a low loss coupling in PICs is to overcome the accuracy bottleneck due to the core eccentricity of the individual fibers. In the pro-
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posed concept the alignment is split up into two steps. First a fiber array is assembled with a mutual lateral alignment accuracy of < 0.1 µm between the fiber
cores. Later on this fiber array is assembled in one step to the PIC. With this decoupled approach we eliminate the risk of having to discard an entire chip when
a fiber alignment has failed. Additionally, this allows for dedicated assembly
equipment, resulting in a faster and more economical production.
Predened core pitch in horizontal direction
Cladding

Cores on reference line above substrate

Adhesive
layer
Core

y
x

Figure 2.1: The proposed concept of the optical fiber array. Multiple single-mode fibers are fixated
to a flat Quartz carrier substrate using UV-curable adhesive. Before fixation, the fiber cores are positioned on a horizontal reference line above the substrate and with a predefined pitch in horizontal
direction. The adhesive layers are used to overcome differences in core-cladding eccentricities and
other manufacturing tolerances of the fibers.

Figure 2.1 visualizes the proposed fiber array concept. The array consists of
multiple single-mode fibers which are fixated to a flat Quartz carrier substrate using UV-curable adhesive. Each fiber is individually actively aligned with respect
to the already fixated fibers using a high-precision manipulator before curing.
The adhesive layers are used to overcome differences in core-cladding eccentricities and other manufacturing tolerances of the fibers. During the alignment process the cores of the fibers are positioned with no variation in vertical direction
on a horizontal line above the substrate and with a predefined pitch in horizontal direction. By using an adhesive as fixation method, the achievable distance
between the fibers can be kept to a minimum since the adhesive only needs to
be present at a small portion of the fiber diameter. The fiber pitch is only limited
by the outer diameter of the fiber and on the tolerances of the fiber core position. Since fiber core-eccentricities are small, typical ±1 µm, the adhesive layer
thickness can be kept small such that the vertical shrinkage can be minimized.
Moreover, a small adhesive thickness is preferred for high bond stiffness and a
low sensitivity for thermal expansions. The usage of a simple flat carrier without
the need for any electrical connections or mechanical adjustments results in a cost
effective solution where the number and pitch of the fibers can be easily varied for
specific chip designs. In addition, multiple types of fibers, such as polarizationmaintaining and lensed fibers can be combined onto one carrier. Both single fibers
and fiber ribbons can be used as input in the proposed concept without fundamental limitations. Due to the relatively small footprint of this array in comparison with other methods which rely on more bulky (active) alignment structures
[14, 15], it can be integrated more easily into a package. Fused Quartz is selected
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as material of the carrier substrate since it has the same coefficient of thermal expansion (CTE) as the Fused Silica of the optical fibers, viz. 0.55 · 10−6 K−1 . This
results in minimal thermal stresses and introduced coupling losses when the temperature changes. The Fused Quartz light transmission range of 310 − 2000 nm
allows for UV-curing from below the substrate. By curing from beneath the substrate, a homogeneous illuminated bond is obtained, which prevents fiber tilts
due to uneven curing over the length of the bond profile. UV-curing adhesives
are preferred over thermal-curing adhesive to obtain fast processing speeds and
less thermal disturbance during the alignment and fixation process. To create optical interconnects at the other side of the array, the opposite fiber ends should be
attached to, for example, a connector. Since the alignment tolerances are usually
more relaxed for this side of the fibers due to a larger mode field diameter, passive alignment methods or standard connectors could be used prior to or after
the assembly of the proposed array. We aim to obtain a lateral alignment accuracy of < 0.1 µm for an acceptable insertion loss. The bottleneck in achieving
this accuracy in present solutions is especially the fixation process and not the
active alignment process itself [27, 28]. Adhesives are prone to shrinkage during
or after the curing process, which causes misalignment after the final bonding
step. The magnitude of this shrinkage should either be 1) small enough to obtain
the desired alignment accuracy, or 2) the adhesive shrinkage should be repeatable such that an offset can be applied before the curing process. To investigate
this in more detail simulations and experiments are performed. Simulations are
performed on the bond geometry for different fiber-substrate distances and adhesive volumes. These simulations are important to study the effect of process
variables on the variability of the adhesive bond and consequently the shrinkage
behavior. Existing multi-fiber V-groove arrays have the advantage of an entirely
passive alignment in a quick batch process. The array concept proposed in this
work relies on active alignment. The main advantage of this concept over the
existing passive solutions is the ability to compensate for production tolerances
of both the fibers and the substrate. Simultaneously, the proposed concept is flexible in the number and pitch of fibers. Due to these tolerances, passively aligned
V-groove arrays are limited to a typical ±1.0 µm mutual fiber alignment, which
results in undesirable coupling losses for interconnects to small mode field diameter devices such as InP PICs.

2.3

Adhesive joint geometry

The magnitude and direction of the shrinkage of the adhesive is determined by
two factors: 1) the chemical properties of the adhesive, and 2) the adhesive bond
geometry. Furthermore the bond strength and thermal expansion are also dependent on this geometry. The wetting of the adhesive droplet between the fiber
and substrate is not bounded by mechanical features such as with V-groove arrays, but is solely determined by surface tension and hydrostatic pressure. The
software package Surface Evolver [29] is used to simulate the geometry to investigate the sensitivity of the bond for a varying fiber-substrate distance and adhesive volume. The fiber-substrate distance is defined as the minimum distance

2.3. Adhesive joint geometry

21

Fiber-substrate distance
y
x

z

y

h
w

l

Figure 2.2: Front- and sideview of the evolved Surface-Evolver model of a fiber positioned in an
adhesive droplet above a flat surface (substrate). Indicated are the width (w), height (h) and length (l)
of the adhesive droplet and the fiber-substrate distance.

between the fiber circumference and the surface of the substrate. Surface Evolver
evolves the adhesive surface to its minimum-energy shape subject to various constraints such as the body volume. In Fig. 2.2 the model is visualized. The material properties and parameters of a typical selected UV-adhesive (contact angles:
θ f ib/subs− adh = 40◦ , surface tension: γ = 0.037 N/m) are used for the simulations.
More details on the selected adhesives can be found in Section 2.4.3. The initial
horizontal droplet position with respect to the fiber is varied in the simulations
to not only account for exact axis-symmetric droplet dispensing.
2.3.1

Simulation results

The minimum surface energy is reached for a bond geometry which shows a
vertical symmetry around the y-axis with respect to the fiber as shown in Fig. 2.2.
No or negligibly small disturbance is therefore expected for the fiber alignment in
horizontal direction during a homogeneous cure. The variation of the initial horizontal droplet position shows no effect on the bond geometry in the simulations

1000

Figure 2.3: Bond geometry versus adhesive volume for a fixed fiber-substrate height z = 3 µm from
Surface-Evolver simulations. A contact angle of θ f ib/subs−adh = 40◦ and surface tension of γ = 0.037
N/m are used as parameters for the adhesive droplet in the simulations.
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and is therefore not further discussed. The bond geometry shows furthermore
a large aspect ratio between the width and length of the droplet. In Fig. 2.3 the
results are visualized for the bond geometry, i.e. height, width (left figure) and
length (right figure), as function of adhesive volume for a fixed fiber-substrate
distance of z = 3 µm. For increasing adhesive volumes the geometry shows an
increasing trend in all direction where in particular the droplet will spread in its
length direction (Fig. 2.3, right). The slope of the curves in Fig. 2.3 gradually levels off for larger volumes which corresponds to the cylindrical shape of the fiber.
Since the vertical shrinkage is directly dependent on the adhesive thickness, the
results indicate that for larger volumes (V > 800 pL) the sensitivity for variation
in dispensed adhesive volume decreases. In Fig. 2.4 the simulation results are
visualized for the bond geometry as function of the fiber-substrate distance (z in
Fig. 2.2) for a fixed droplet volume of V = 1000 pL. The results show that for decreasing fiber-substrate distances the droplet will spread in the length direction
where the droplet width and height decrease. The curve of the droplets length
shows a rapidly increasing slope for smaller fiber-substrate distances. The curves
of the droplets width and height both show a more linear trend as function of
the distance. The slope of these both curves decreases for smaller fiber-substrate
distances. Since the magnitude of the vertical shrinkage is directly dependent
on the adhesive thickness, an almost linear trend for the shrinkage magnitude is
expected as function of the fiber-substrate distance. The decreasing slope of the
droplet height as function of the fiber-substrate distance indicate the preference
for smaller fiber-substrate distances. A variation in fiber-substrate distance will
than likely less affect the magnitude of the vertical shrinkage due to reduced sensitivity. Next to simulations, experiments are performed to investigate the fiber
drift due to adhesive shrinkage as function of the fiber-substrate distance. An

Figure 2.4: Bond geometry versus fiber-substrate distance for a fixed droplet volume of V = 1000 pL
from Surface-Evolver simulations. A contact angle of θ f ib/subs−adh = 40◦ and surface tension of γ =
0.037 N/m are used as parameters for the adhesive droplet in the simulations.

2.4. Experimental setup

23

2

1

3

8
7
4

5

6

Figure 2.5: Overview of the experimental setup used to characterise the adhesive shrinkage.
1. Inductive displacement probe

5. Microscope camera

2. Flexural fiber manipulator

6. Translation stage for camera focusing

3. Vacuum fiber gripper

7. Positioning stages for substrate

4. LED UV-curing head

8. Substrate with fixated reference fibers

experimental setup is therefore designed and built.

2.4

Experimental setup

An experimental setup is designed to investigate the feasibility of the proposed
fiber array concept regarding the position stability and repeatability of the curing
process for different types of adhesives and process parameters.
In Fig. 2.5 the experimental setup is visualized. The setup is able to accurately
measure the shrinkage during the curing process for an adjustable fiber-substrate
distance (indicated in Fig. 2.2). To vary the fiber-substrate distance, a flexural
mechanism is designed, which can translate over a stroke of ±185 µm in vertical
direction. A single-mode fiber (∅125 µm) is held in this mechanism using an integrated vacuum V-groove gripper. The geometry of the V-groove passively aligns
the fiber with respect to the other components of the setup. The flexural mechanism consists of a parallelogram structure which is actuated using a differential
micrometer with a 1:6 lever. This results in backlash-free motion with a resolution
of u ≈ 0.12 µm, which is sufficient to set a repeatable fiber-substrate distance. To
measure the displacement, an inductive probe (Mahr Millimar 1301) is integrated
on top of the mechanism. A CCD camera (Basler acA640-90um) is placed in front
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of this flexural mechanism to capture the curing process. A translation stage is
used to focus the camera with respect to the front surface of the fiber. Underneath
the flexural mechanism a substrate holder is present where the substrate is supported on two outer edges. The substrate holder is placed onto two translation
stages to align the droplet with the fiber in horizontal direction and to place the
fiber and droplet in the same focus field of the camera. A rectangular cutout is
present in the holder to enable UV-curing from underneath the substrate. For
the UV-curing a 365 nm LED Spot Curing System (Omnicure LX500) is used to
minimize thermal input during the measurements. The different components are
fixated to a stiff frame with a calculated lowest eigenfrequency of 1200 Hz to
maintain the mutual position. To reduce the influence of external disturbances,
the whole setup is placed onto a vibration isolated table.

2.4.1

Fiber position measurement

To measure the position of the fiber core during the curing process, a measurement is performed relative to two already fixated reference fibers. A low power
laser source (2.5 mW, 635 nm) is used to launch light into the single-mode fibers.
The beams emitted from the fiber and references are focused onto the CCD camera using a microscope lens and aspheric lens. The image is subsequently processed in Matlab. The emitted laser beams approximately have a Gaussian intensity distribution and therefore a Gaussian least-squares-fit is used to extract
the pixel-positions of the fibers. To relate the pixel-position to displacements, a
calibration step is performed. In this calibration the fiber-end is displaced using the flexure mechanism over a range of ±185 µm in 20 steps. A linear calibration is obtained using a least-square-estimate between the pixel position and
real-life displacement of the fiber using the inductive probe with a 3σ repeatability smaller than 0.1 µm, where σ indicates the standard deviation. Measurements
are performed relative to two reference fibers which are fixated to the substrate.
This results in a short measurement loop which eliminates sources of errors such
as movements of the substrate or flexure mechanism, e.g. due to thermal expansion. In Fig. 2.6 the front surface of three fixated fibers and the corresponding
emitted laser spots are visualized. Using camera feedback for alignment, the position to obtain optimal alignment is instantly known and therefore the process
time can be significantly reduced compared to other active alignment procedures
which are based on optical power measurements. In the latter case, first the emitted light has to be localized and subsequently a complex alignment process has to
be started since the movement direction of the fiber to obtain the optimal alignment is unknown. When directly coupling individual fibers to waveguides on the
PIC, an absolute alignment is required, which does not allow the use of a camera.
However, as the fibers of the array have to be mutually aligned a camera can be
used, which significantly reduces the most time-consuming part of the alignment
process. Hereby, only for the final alignment of the entire array to the PIC, an
optical power measurement has to be used.

2.4. Experimental setup
A) Optical ber
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Figure 2.6: Typical end-face images of fixated fibers: A) when laser is turned off, B) when laser is
turned on.

2.4.2

Procedure

In Fig. 2.7 a block diagram of the measurement procedure is visualized. Before
each measurement batch, the Quartz substrate is rinsed and cleaned from contaminations using Isopropanol (IPA) in an ultrasonic cleaner. Single-mode fibers
with a diameter of 125 µm are used for the experiments. For each measurement,
the fiber-end is stripped from the plastic covering, cleaned using IPA and cleaved
before placement in the vacuum gripper. A pin transfer process is used to dispense adhesive droplets of V ≈ 1000 pl on the substrate. After the adhesive
dispensing, the substrate is loaded into the substrate holder. The fiber is subsequently placed into the droplet and the fiber-substrate distance, the minimum
distance between the fiber circumference and the surface of the substrate, is set
using the flexural mechanism. Hereafter the adhesive is cured and the displacement is measured. Before each measurement batch, two fibers are fixated to the
substrate as reference.
2.4.3

Adhesive selection

Three types of adhesives are selected for the experiments: Summer Lens Bond
SK9 and Nordland Optics 61 and 81, which are all single-component adhesives.
In Table 2.1 an overview of the key adhesive properties, as specified by the manufacturers, is visualized. The adhesives are selected for a low shrinkage upon cure
which is necessary to provide a long term dimensional stability and to minimize

Figure 2.7: Block diagram of the measurement procedure.
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curing stress. Furthermore the adhesives have a relatively high modulus of elasticity to provide a stiff connection with the substrate, yet being compliant enough
to accommodate stresses due to differential expansion. The Telcordia GR-1209CORE standard for passive optical components requires a temperature range between −40◦ C and 85◦ C [30]. Therefore adhesives are selected with a small CTE,
to minimize the difference with the silica/quartz of the fiber and substrate, and a
high glass transition temperature. Other considered adhesive properties are the
viscosity and surface tension for dispensing and wetting, strength/adhesion to
glass, curing times and water absorption, which should be minimal for dimensional stability.

2.5

Experimental results and Discussion

The experimental results of the three selected adhesives are discussed in this section.
2.5.1

Typical time-response

An example of the measured fiber displacements during the curing process is
visualized in Fig. 2.8. In this figure the displacements of the fiber to be cured is
visualized relative to the two already fixated reference fibers. When the UV head
is turned on, a vertical displacement (Fig. 2.8, lower plot) is observed of about
230 nm for the fiber to be cured as a result of the adhesive shrinkage. The velocity
of this displacement increases when the light is turned on and then decreases
again when the adhesive is reaching its cured state. As expected with a vertical
symmetrical bond profile, no significant (< 10 nm) horizontal displacement (top
plot) is observed during the curing process. The reference fibers show a negligible
(< 10 nm) mutual displacement during the curing process.
2.5.2

Shrinkage measurement results

To measure the shrinkage of the selected adhesives, the fiber-substrate distance is
varied between 1 and 3 µm in discrete steps of 1 µm using the flexure mechanism.
Table 2.1: Key material properties of the selected adhesives.

E-modulus
[GPa]
Linear
shrinkage
CTE
[◦ C−1 ]
Tg
[◦ C]
Water
absorption

NOA 81

NOA 61

SK9

1.4

1.1

2.8

Not available

1.5 %

0.25 %

Not available

25·10−5

7·10−5

125

125

100

Not available

0.16 %

0.8 %

2.5. Experimental results and Discussion

27

Figure 2.8: Measured fiber displacements during the adhesive curing process. The displacements are
shown relative to fixated reference fibers.

This selected range is sufficient to overcome the most typical core-eccentricity
magnitudes. Larger adhesive layer thicknesses are unfavorable due to a lower
bond stiffness and an increased sensitivity for temperature induced displacements. For each combination of adhesive and fiber-substrate distance, the experiment is repeated 10 times to identify the sensitivity and repeatability of the
process. Figure 2.9 shows the results of the adhesive shrinkage experiments. In
this figure the solid blue lines represent the linear least-squares fit through the
black measurement points. The dashed blue lines represent the 3σ-prediction
bounds of this fit. The horizontal displacement upon curing is not shown since
all results show no significant fiber displacement in this direction (< 10 nm) as
also observed in the time-response of Fig. 2.8.
A negative linear trend can be observed for the shrinkage as function of the
fiber-substrate distance in the examined range of 1 to 3 µm for all considered adhesives. The magnitude of the vertical fiber displacement upon curing has a value
between 100 − 220 nm, which is in general too large to achieve the required alignment accuracy. The repeatability of the process is however quite good with maximum 3σ-prediction bounds of ±35 − 40 nm for the linear least-squares fit through
the shrinkage measurement points. This linear fit can be used to apply an offset
to the position of the fiber before curing to reach the desired alignment. Please
note that this fit only applies to the examined fiber-substrate distance range between 1 and 3 µm. The slope of the linear least-squares fit is relatively low, viz.
about 35 − 45 nm vertical shrinkage per µm increase in fiber-substrate distance
which results in a linear shrinkage of 4.3 %, 3.6 % and 4.5 % for respectively the
NOA 61, NOA 81 and SK9 adhesive. This low slope of the shrinkage curve results
in a favorably sensitivity of the process for a varying fiber core-eccentricity.
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Figure 2.9: The vertical fiber displacement due to adhesive shrinkage as function of the fiber-substrate
distance for three adhesives: A) NOA 81, B) NOA 61, C) SK9. Indicated are the measurement points
(black dots), least-squares estimation (solid black line) and 3σ prediction bounds (dashed blue lines).

2.5.3

Curing times

A fast processing speed is desired for an automated volume-production of fiber
arrays. Therefore the curing times of the adhesives considered is investigated experimentally as function of the UV-intensity. The curing time is defined as the
time after no movement is detected of the fiber during curing. For optimal bond
strength a post-cure could be necessary to obtain full cross-linking of the polymer
chains. The results in Fig. 2.10 indicate an exponential decreasing curing time as
function of an increasing light intensity for all adhesives considered. This indicates that a certain activation energy is required to start the reaction and that after
a certain intensity, the maximum chemical reaction speed is reached [31]. After a
threshold, higher UV-intensities will therefore not result in a significant decrease
in curing time. For low UV-intensities the SK9 adhesive cures significantly faster
than the two other considered adhesives. For higher intensities the differences
in curing speed between the adhesives diminishes to a small value. The magnitude of the adhesive shrinkage shows no influence on the UV-intensity which
permits high UV-intensities for a faster curing time. A cure in less than 5 seconds is possible for a UV-intensity of 2 W/cm2 . This is a relative short fixation
time when compared to other fixation/alignment methods typically used in active alignment procedures such as laser forming and welding, which can take up
to 25 seconds [32].
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Figure 2.10: Curing time of the three considered adhesives as function of UV-intensity. An exponential
fit is used through the measurement points.

2.5.4

Discussion

In Table 2.2 an overview of the measurement results is shown. No significant
differences in the measurement results are observed between the adhesives considered. The aimed lateral alignment accuracy of < 0.1 µm can be met with all
adhesives considered. All adhesives show an adequate bond strength to overcome the basic forces acting on the fibers. This bond strength, however, is insufficient to meet the Telcordia 1209 standard which demands, among other things,
a straight pull test with a weight of 0.45 kg. A secondary, larger, adhesive droplet
is therefore applied at approx. 5 mm axial distance from the primary fixations
without disturbing the fibers’ position. Using this strain relief the fiber itself will
fail before the adhesive fixation both in a straight pull and side pull fiber test.
When the shrinkage measurement results are compared to the manufacture supplied specifications of Table 2.1, a discrepancy is observed: 4.5 % vs. 0.25 % for
SK9, and 4.3 % vs. 1.5 % for NOA61, respectively. The most likely explanation for
this discrepancy is the specific bond geometry in the experiments in comparison
with the standard samples employed by the manufactures, which is based on a
constant gap height. As shown in Fig. 2.4, the adhesive spreading results in a
thin bond with a large ratio of both width and length to height. In the work of
Lewoczko-Adamczyk et al. [33], it is reported that for this type of bond geometry, all of the volumetric shrinkage occurs in the height/vertical direction of the
bond. As a result, a larger percentage shrinkage is observed for samples with a
smaller gap. In addition, since no standard sample and measurement technique
for shrinkage is used, the specified values between manufacturers can also have
a different meaning.
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Table 2.2: Overview of the measurement results. Please note that the linear least-squares fits of the
vertical adhesive shrinkage only apply to the examined fiber-substrate distance range between 1 and
3 µm.
Adhesive
type
NOA 81
NOA 61
SK9

2.6

Linear fit of the vertical adhesive shrinkage

as function of fiber-substrate distance in µm nm]
−40.4∆y f ib−sub − 76.5
−32.4∆y f ib−sub − 81.5
−44.6∆y f ib−sub − 67.4

3σ Maximum prediction
 
bound of linear fit nm
±35.6
±42.9
±45.2

Curing time
 
at 2 W/m2 s
5.2
8.4
4.3

Conclusion

In this chapter a new concept for a sub-micrometer accurate edge-coupled fiber
array has been proposed. The proposed concept, which is based on a flat surface, results in a cost effective, flexible solution where pitch, number and type
of fiber can be varied without changing the manufacturing process. Contrary to
traditional passive V-groove fiber arrays, the use of adhesive layers compensates
for differences in core cladding eccentricities between the fibers. The stability and
shrinkage upon cure of this adhesive fixation is the most critical and uncertain aspect of the concept and therefore investigated using simulations and experiments.
Simulations of the geometry of the bond show that for relatively large adhesive
volumes (V > 800 pL) the sensitivity for variation in dispensed adhesive volume
decreases indicating the preference for larger adhesive volumes. An experimental setup is designed and built to measure the position stability and repeatability
of the curing process for three types of adhesives. The experimental results for
layer thicknesses of 1 − 3 µm, show vertical fiber displacements in the range of
100 − 220 nm and no horizontal fiber displacements due to presumably the symmetrical bond geometry. A 3σ-prediction bound of ±35 − 40 nm is reported for
the reproducibility of the process showing the feasibility of sub-micrometer accurate mutual fiber alignment. Due to this high reproducibility an offset to the
position of the fiber can be applied before curing to reach the desired alignment.
No significant differences are observed in the measurement results between the
adhesives considered. Curing times of less than 5 seconds are measured and
combined with camera-based active alignment this shows advantages over traditional active alignment methods regarding process time. This concept shows
its promise by making sub-micrometer accurate photonic interconnects available
in a cost effective way. To make this concept applicable for series production the
next step is to automate the manufacturing process.

Chapter 3
Long term stability of the adhesive fiber
fixation
The adhesive fixation should be able to hold the fiber alignment over a period of years in
varying environmental conditions. Polymer adhesives are viscoelastic materials which
exhibit both viscous and elastic characteristics when undergoing deformation. As a result
adhesives exhibit mechanical creep and stress relaxation over time, which is a key factor
in the dimensional stability of the bond. Besides the dimensional stability, the mechanical
properties of the adhesive such as the bond strength over the temperature range, should
not degrade significantly over the lifetime of the array. To investigate the long term behavior of the adhesive fixation, environmental tests are performed which are discussed
in this chapter. Based on these test and the shrinkage test results of Chapter 2 the most
suitable candidate of the considered adhesives is selected for the production of fiber arrays.
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3.1

Adhesive aging

The viscoelastic nature of the adhesive materials results in mechanical creep and
stress relaxation of the bond over time which can disturb the long-term fiber
alignment. Mechanical creep is the behavior where the material exhibits a gradual increase in strain when it is subjected to a load, such as adhesive shrinkage
stresses, over a prolonged period of time. Polymeric materials can undergo creep
at relatively low stress levels and low temperatures [34]. In amorphous1 polymers creep occurs by molecular rearrangements of the polymeric chains. To evaluate the long-term behavior of the adhesive bond in a relative short period, the
bond could be artificially aged using multiple degradation factors such as thermal
effects, humidity exposure, ultraviolet and high-energy radiation, chemical exposure, combined stress loads and environmental exposures, micro-organisms and
weathering. Key is to use the same failure mechanism in accelerated testing as occurs in operating conditions to obtain realistic long-term behavior. The fiber array
will be used in a phototonic package which is sealed and temperature controlled
during operation since photonic components typically show thermal dependent
behavior [6]. During transport of the array and photonic integrated circuit (PIC),
temperature and humidity fluctuations can occur. Furthermore no significant mechanical stress is acting on the array during normal operation. Therefore thermal
effects and humidity exposure are selected as degradation factors for accelerated
degradation of the bond.
Humidity
The humidity of the surrounding environment of the fiber array influences the
moisture absorption and desorption of the adhesive. Moisture absorption can
result in decreased mechanical properties (i.e. modulus of elasticity, strength)
due to disrupted interfacial bonds causing non-reversible damage [35]. Simultaneously the glass transition temperature Tg , which indicates the temperature
where amorphous materials change phase, from a hard state into a viscous state,
is reduced [36]. Furthermore the moisture can result in dimensional drift of the
adhesive due to swelling [37].
Thermal effects
The temperature range experienced by a PIC during its lifetime is not sufficient
for pure thermal polymer degradation. However, the temperature plays an important role as rate-controlling parameter for other degradation processes such
as oxidation and mechanical creep [38]. Oxidation is the process where free radicals present in the adhesive due the polymerization process react with oxygen to
form peroxide radicals. These peroxide radicals break down the polymer chains
by propagation reactions. It usually takes a relatively long initiation time of these
reactions to affect the mechanical properties of the polymer significantly. After
1

Amorphous polymers have their molecules oriented randomly and intertwined in a loose structure
which is never orderly or predictable.
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this long period the polymer degradation increases rapidly. An elevated temperature results in a much shorter initiation time and therefore lifetime of the
polymer [39]. Next to oxidation, an elevated temperature results in an increased
mechanical creep rate and therefore a reduced dimensional stability since it accelerates the relaxation response of the polymer chains [40]. Elevated temperatures
can also have a rate increasing effect on chemical attack, where the polymer is degraded due to a reaction with fluids such as water (hydrolysis), acids and alkalis
[41].
A varying temperature also influences the thermal expansion of the adhesive
which is reversible and in general does not influence the mechanical properties of
the adhesive. However since the adhesive have a different (≈ 70× higher) coefficient of thermal expansion than the Quartz of the connected fiber and substrate,
temperature fluctuations cause a stress to build-up at both interfaces particulary
at the edges. This stress can result in breakage of the bond by either the creation
of cracks at the material interfaces or extension of existing cracks [42, 43].

3.2

Accelerated stress test

An Accelerated Stress Test (AST) can be conducted to expose test samples simultaneously to an elevated temperature and humidity to accelerate the adhesive
aging process. The combination of these degradation factors results in an acceleration factor which denotes the ratio of the life at use conditions to the accelerated
life at test conditions.
The total acceleration factor of the aging process due to the AST can be described by the Arrhenius-Peck equation [44, 45]:
AFTH = AFT AFH,

(3.1)

where AFT is the temperature based acceleration factor and AFH is humidity
based acceleration factor. The temperature based acceleration factor is given by:
(
AFT = exp

"
#)
1
1
Ea
−
,
k B Tuse
Tstress

(3.2)

where Ea is the activation energy for the failure mechanism in eV, k B the Boltzmann’s constant and Tuse and Tstress denotes respectively the temperature where
the fiber array is typically used and the temperature during stress testing. The
humidity based acceleration factor is given by:

AFH =

RHuse
RHstress

M
,

(3.3)

where RHuse and RHstress indicate respectively the relative humidity where the
fiber array is typically used and the relative humidity during stress testing. M
denotes an experimentally determined constant for which a typical value of
M = − 2.66 is assumed for the environmental tests [46].
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The activation energy Ea is a material characteristics which quantifies, for a
single-step chemical reaction, the minimum amount of energy needed to allow a
certain chemical reaction to occur. A degradation process may invoke multiple
steps each with its own rate and activation energy and therefore Ea is often called
a quasi-activation energy. A key assumption is here that the degradation process
can be approximated over the full temperature range (test temperature range below Tg ) by the Arrhenius-Peck equation and that chemical degradation is the
major contribution as failure mechanism in comparison to stress related failures
[41]. A typical conservative value for polymers of Ea = 0.79 eV is assumed for
the environmental tests [47].

3.3

Environmental testing

The three considered adhesives in this thesis, Summer Lens Bond SK9, Nordland Optics 61 and 81, are subjected to environmental tests. These tests are performed using an Espec SH-242 climate chamber which is visualized in Fig. 3.1.
For each adhesive multiple test samples are made using the process described in
Section 2.4. Each sample consists of multiple optical fibers fixated at a height of
3 µm above the substrate. After the initial UV-cure of the adhesive, each sample
is post-cured for 30 minutes at an UV-intensity of 1.5 W/cm2 . Hereafter the samples are aged at 50 ◦ C for 12 hours to obtain the optimum adhesion to the Quartz
of both the fiber and substrate. The mutual position of the cores of the fibers are
measured after each curing and aging step to verify negligible fiber drift due to
these processes. The measurement procedure will be discussed in further detail
in Section 3.3.1.
Two environmental tests are performed in succession to each other:
• Accelerated Stress Test: 75 ◦ C, 65 % RHstress for 100 h.
• Thermal cycling: -40 ◦ C to 85 ◦ C for 30 cycles.
Using the Arrhenius-Peck equation 3.1 and assumed constants in Section 3.2, the
accelerated stress test parameters corresponds to about a 6 year period of use in
an environment of 20 ◦ C and 40 % RHuse . This period gives a sufficient impression of the dimensional stability of the bond while simultaneously the test period
can be kept short.
The thermal cycling is performed to test the ability of the bond to cope
with the coefficient of thermal expansion (CTE) mismatch between the adhesive
(α adhesive = 7 · 10−5 − 8 · 10−5 K-1 ) and Quartz (αQuartz = 0.55 · 10−6 K-1 ) of the
fiber/substrate under varying temperatures. The temperature range is selected
based on the Telcordia GR-1209-CORE standard for passive optical components
which requires temperature cycling between -40 ◦ C and 85 ◦ C [30]. A full temperature cycle takes about 1.5 hour on the Espec SH-242 climate chamber where
especially the cooling to -40 ◦ C takes the majority of time. A dwell time of 5 minutes is used at the extremes to allow the part to equilibrate to the air temperature.
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Figure 3.1: The Espec SH-242 climate chamber used for the environmental tests.

3.3.1

Fiber position measurement procedure

The fiber position measurements during the environmental tests are executed using the same setup and procedure as discussed in Section 2.4.1. In this procedure a Gaussian least-squares fit is used to extract the pixel positions of the fiber
light spots on the CCD camera. The reproducibility of this position measurement
method is assessed in Section 6.2. Due to the limited Field of View (FoV) of the
used telecentric vision system of 1 × 0.75 mm, three fixated fibers are observed
simultaneously. To determine the absolute vertical distance of the fibers to the
substrate and the position of the top surface of the substrate, a mirror image of the
light spots is used. To accomplish this, the fibers are fixated at an axial distance
from the front surface of the substrate as shown in Fig. 3.2. The mirror image is
subsequently formed by the reflection of the fiber on the top surface of the substrate. Since the image and object distance are equal for a plane mirror, both the
absolute vertical fiber distance to the substrate and the location of the top surface
of the substrate can be extracted. The location of the top surface of the substrate
is used to rotate the measured fiber positions with respect to the vision system
coordinate system. Subsequently the relative distance between each fiber combination in the FoV of the vision system is determined (e.g. fiber 1 vs. fiber 2, fiber 1
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A)

B)
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Figure 3.2: Mirror image formation during the fiber position measurements: A) Schematic side view
of the measurement situation; a mirror image of the fiber is formed by the reflection of the fiber on
the top surface of the substrate, B) Vision system view when no light is guided into the fiber cores, C)
Vision system view when light is guided into the fiber cores. Indicated is the relative distance between
two fibers in white and the fiber-substrate distance and location of the top surface of the substrate in
red.

vs. fiber 3) in horizontal and vertical direction as indicated in white in Fig. 3.2C.
By comparing these relative distances before and after an environmental test, the
relative fiber displacements are obtained. In addition the fiber-substrate distance
for each fiber is determined as indicated in red in Fig. 3.2C.
3.3.2

Accelerated Stress Test measurement results

The differences in mutual distance of the fibers before and after the AST are visualized in Fig. 3.3, 3.4 and 3.5 for the NOA 61, NOA 81 and SK9 adhesives respectively. In the figures both the relative horizontal and vertical displacements
are shown, and the relative displacement magnitude. Red bars in the figures
indicate a bond failure where the fiber is no longer fixated to the substrate via
the primary adhesive fixation. Please note that the displacements are shown in
nanometers. A summary of the most important measurement results, including
the mean fiber-substrate distance change due to the AST, is given in Table 3.1.
The NOA 61 and 81 adhesives show a comparable response to the AST. Both
adhesives show no substantial difference in average displacement magnitude
and standard deviation between the horizontal and vertical direction as shown
in Table 3.1. Due to the symmetrical bond profile and homogeneous curing from
underneath the substrate only a residual stress and therefore creep in vertical
direction was expected in the cured adhesive. A plausible explanation for this
horizontal movement of the fibers is the presence of the secondary fixation acting
as strain relief. This secondary fixation is located at a distance of about 5 mm
of the primary fixation. The fiber can show a bent curvature between these two
fixations since there is no exact alignment among the fibers after the primary fixation. As a result, a horizontal stress could act on the primary fixation which
can cause adhesive creep in horizontal direction as observed in the results. To ex-
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Figure 3.3: Measurement results of the NOA 61 samples after a 100 hour, 75 ◦ C, 65 % RH AST. Please
note that the displacements are shown in nanometers. A) Relative horizontal fiber displacements, B)
Relative vertical fiber displacements, C) Relative fiber displacement magnitude.

A)

B)

C)

Figure 3.4: Measurement results of the NOA 81 samples after a 100 hour, 75 ◦ C, 65 % RH AST. Please
note that the displacements are shown in nanometers. A) Relative horizontal fiber displacements, B)
Relative vertical fiber displacements, C) Relative fiber displacement magnitude.

clude this source of creep, an exact alignment between the primary and secondary
fiber fixation without a curvature in the fiber is required. Both the NOA 61 and
81 adhesive show no bond failures for all considered samples in the AST while
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A)

B)

C)

Figure 3.5: Measurement results of the SK9 samples after a 100 hour, 75 ◦ C, 65 % RH AST. Please
note that the displacements are shown in nanometers. A) Relative horizontal fiber displacements, B)
Relative vertical fiber displacements, C) Relative fiber displacement magnitude.
Table 3.1: Overview of the AST measurement results: mean and standard deviation of the relative
horizontal displacement, mean and standard deviation of the relative vertical displacement, mean
and standard deviation of the relative displacement magnitude, percentage of bond failures due to
the AST and the mean fiber-substrate distance change after the AST with respect to the initial distance
before the AST.
Adhesive type
NOA 61
NOA 81
SK9

µ x [nm]
-14.0
11.7
-

σx [nm]
28.7
46.0
-

µy [nm]
-10.5
12.1
-

σy [nm]
28.4
50.7
-

µmag [nm]
37.6
59.3
-

σmag [nm]
22.2
34.4
-

%-failure [%]
0
0
82.4

µ f ib.−sub. dis. change [nm]
226
218
-

more than 80 % of the bonds failed for the SK9 adhesive (indicated as red bars
in Fig. 3.5). Inspection of the failed bonds under a microscope revealed that the
failures occurs at the interface between the adhesive and substrate. As a result,
the SK9 adhesive is considered insufficient as option for a long term reliable fiber
bond. The smallest mutual displacement magnitude caused by the AST is shown
for the NOA 61 adhesive with a mean displacement magnitude of 37.6 nm and
a standard deviation of 22.2 nm. Furthermore the results show in general small
magnitudes with two outliers increasing the mean displacement magnitude and
standard deviation. The NOA 81 samples show a mean displacement magnitude
of 59 nm and a standard deviation of 34 nm. While the mutual fiber drift of both
considered NOA adhesives is small, the mean fiber-substrate distance changes
significantly with about 220 nm as visualized in Table 3.1. This distance change
will be discussed in the next section in more detail. No substantiated judgement
can be made on the SK9 results since the majority of the tested bonds failed. As
a result the SK9 adhesive is no longer considered as a suitable adhesive for the
assembly of fiber arrays.
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A)

B)

C)

Figure 3.6: Measurement results of the NOA 61 samples after 30 temperature cycles of -40 ◦ C to
85 ◦ C. Please note that the displacements are shown in nanometers. A) Relative horizontal fiber
displacements, B) Relative vertical fiber displacements, C) Relative fiber displacement magnitude.
Table 3.2: Overview of the thermal cycling measurement results: mean and standard deviation of the
relative horizontal displacement, mean and standard deviation of the relative vertical displacement,
mean and standard deviation of the relative displacement magnitude, percentage of bond failures
due to the thermal cycling and the mean fiber-substrate distance change after the thermal cycling
with respect to the initial distance before the AST.
Adhesive type
NOA 61
NOA 81

3.3.3

µ x [nm]
-1.3
4.9

σx [nm]
36.1
52.0

µy [nm]
5.6
5.1

σy [nm]
13.9
55.2

µmag [nm]
50.4
67.1

σmag [nm]
34.0
30.1

%-failure [%]
6.67
0

µ f ib.−sub. dis. change [nm]
12.7
41.3

Thermal cycling measurement results

The AST of the samples is succeeded by the thermal cycling test. Since the majority of the tested SK9 bonds failed only the NOA 61 and 81 samples are evaluated,
from which the results are visualized in respectively Fig. 3.6 and 3.7. Please note
that the indicated displacements are measured relative to the initial fiber positions and not the drifted fiber positions after the AST. This is adopted since the
total drift with respect to a newly assembled fiber array is particular of importance. In Table 3.2 a summary of the most important measurement results of
the thermal cycling tests is provided including the mean fiber-substrate distance
change.
Similar to the AST measurement results, no substantial difference in average
relative displacement magnitude and standard deviation between the horizontal and vertical direction of both adhesives are observed for the thermal cycling
experiments. Only a vertical drift was expected due to the symmetric bond geometry. As explained previously, stresses acting on the bond due to a fiber curvature present between the primary and secondary (strain relief) fixation, are likely
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A)

B)

C)

Figure 3.7: Measurement results of the NOA 81 samples after 30 temperature cycles of -40 ◦ C to
85 ◦ C. Please note that the displacements are shown in nanometers. A) Relative horizontal fiber
displacements, B) Relative vertical fiber displacements, C) Relative fiber displacement magnitude.

the cause of the horizontal drift. The results show in general smaller displacements amplitudes for the NOA 61 adhesive (mean displacement magnitude of
50.4 nm and a standard deviation of 34.0 nm) compared to the NOA 81 adhesive
(mean displacement magnitude of 67.1 nm and a standard deviation of 30.1 nm).
Both adhesives show a slightly enlarged mutual displacement amplitude (about
10 nm) due to the thermal cycling experiments compared to the AST results. Simultaneously the mean fiber-substrate distance change, as mentioned in Table
3.2 is considerably smaller for the thermal cycling experiments compared to the
AST results mentioned in Table 3.1. The considerably mean fiber-substrate distance change after the AST of about 220 nm has decreased to about 13 nm and
about 42 nm for respectively the NOA 61 and NOA 81 adhesive. The relatively
high relative humidity during the AST, has probably led to the penetration of
moisture into the adhesive resulting in a dimensional change of the adhesive due
to swelling. During the thermal cycling experiments the ingress of moisture has
presumably been baked out during the high temperature part of the cycles resulting in (partly) recovery of the swelling. A single bond failure has been observed for the NOA 61 adhesive while no bond failures were observed for the
NOA 81 adhesive. The failed NOA 61 bond showed an interfacial fracture were
the adhesive separated from the fiber surface. A possible cause of this failure is
insufficient cleaning of the fiber surface. The strength of the bond is verified after
both environmental tests by executing a straight pull and side pull fiber test. In
both instances the fiber itself failed before adhesive fixation indicating a sufficient
bond strength.

3.4. Final adhesive selection

3.4
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Final adhesive selection

In this section the most suitable adhesive for the assembly of fiber arrays is selected out of the three evaluated adhesives. This final selection is solely based
on the results of the performed environmental tests since the adhesive shrinkage
results of Chapter 2 show no sufficient distinction between the considered adhesives. The SK9 adhesive is deemed unsuitable for fiber array assembly since the
majority of these bonds failed during the Accelerated Stress Test (AST). The remaining NOA 61 and 81 adhesive showed in general relative small mutual drifts
between the bonded fibers in both the AST and the thermal cycling tests. During
the tests a maximum mutual drift magnitude of approximately 120 nm is observed for the NOA 61 adhesive while the NOA 81 adhesive showed an approximately 135 nm maximum mutual drift magnitude. While the small mutual fiber
drift makes both adhesive suitable for the production of sub-micrometer accurate
fiber arrays, the mean fiber-substrate distance changes significantly with about
220 nm during the AST for both considered adhesives. These distance changes,
most likely caused by swelling due to ingress of moisture in the bond during the
AST, disappears to a large extent during the thermal cycling experiments to about
13 nm and about 42 nm for the NOA 61 and NOA 81 adhesive respectively. Since
this recovery is presumably caused by baking out the penetrated moisture it is
important that before an assembled fiber array is placed into a photonic package
it is conditioned at an elevated temperature for a period of time. Eventually the
NOA 61 adhesive is preferred over the NOA 81 adhesive for the assembly of fiber
arrays due to the in general smaller drift magnitudes and a smaller distribution of
the measurement results. The failed NOA 61 bond is deemed insufficient to reject
this adhesive since it only concerns a single bond out of the evaluated 15 bonds
and a interfacial fracture is observed as failure type possibly related to insufficient cleaning of the fiber. The results of the environmental test of the NOA 61
adhesive showed that a long-term sub-micron accurate stable connection is possible. In addition the bond can cope with an increased humidity for a prolonged
period and can withstand a large temperature range despite a large difference
between the coefficient of thermal expansion of the adhesive and the Quartz of
the connected fiber and substrate.

3.5

Conclusion

In this chapter environmental tests are performed to evaluate the long-term behavior of the adhesive bonds for the three considered adhesives in this thesis.
In these tests the adhesive is artificially aged using a combined elevated temperature and humidity in an accelerated stress test followed by temperature fluctuations in a temperature cycling test. The majority of the SK9 adhesive bonds
failed during the AST and this adhesive is therefore deemed unsuitable for fiber
array assembly. The remaining NOA 61 and 81 adhesive showed a comparable
response in both the AST and temperature cycling tests. A relative small maximum mutual drift magnitude of < 120 nm and < 135 nm is observed between
the fibers after both tests for respectively the NOA 61 and 81 adhesive. Unexpect-

42

Chapter 3. Long term stability of the adhesive fiber fixation

edly no substantial difference is observed for the mutual fiber drift between the
horizontal and vertical direction. Only a residual adhesive stress and resulting
creep in vertical direction was expected due to a symmetrical bond profile and
homogeneous curing from underneath the substrate. Stresses related to a fiber
curvature present between the primary and secondary (strain relief) fixation, are
likely responsible for this horizontal drift. In order to prevent this during the production of fiber arrays, care must be taken to ensure that the fibers are stress-free
between the two fixations. The ingress of moisture during the AST is likely the
cause of a noticeable fiber-substrate distance change of about 220 nm. This distance change disappeared to a large extent during the subsequent temperature
cycles, presumably due to baking out of the moisture. As a result care must be
taken to condition the fiber arrays at an elevated temperature for a period of time
before placing them into a photonic package. The NOA 61 adhesive is selected
for the assembly of fiber arrays due to the in general smaller drift magnitudes
and a smaller distribution of the measurement results compared to the NOA 81
adhesive. Shown is that this adhesive is capable of a long-term sub-micron accurate stable connection while in addition the bond can cope with an increased
humidity for a prolonged period and can withstand a large temperature range.
Performed integrity tests after both environmental tests show fiber failure before
bond failure occurs indicating a sufficiently bond strength. A Monte-Carlo analysis is performed in Chapter 6 based on the adhesive measurements of this chapter
and Chapter 2 to compare the proposed fiber array concept with a traditional Vgroove fiber array. In this analysis also the measured alignment accuracy of the
realized fiber array assembly machine of Chapter 6 is taken into account.

Part II
Design, realization and validation of the fiber array
assembly machine

Chapter 4
Design requirements, considerations and
operating procedure
To assemble the proposed sub-micron accurate optical fiber array in an automated way, a
fiber array assembly machine is designed and realized. In this chapter the design requirements of this machine are discussed, followed by the conceptual design considerations.
An overview of the designed fiber array assembly machine is shown hereafter. Finally, the
operating procedure and underlying considerations are discussed.

4.1

Design requirements

As explained in Chapter 2, the largest bottlenecks in the fiber alignment and fixation to Photonic Integrated Circuits (PICs) are coupling alignment accuracy and
stability, costs and production rate. The proposed fiber array concept enables the
use of a dedicated fiber array assembly machine to address these issues. This
assembly machine together with the proposed array concept should enable for
a faster, more flexible, automated and economical production than the currently
used fiber alignment and fixation methods. Based on findings from literature and
discussions with experts, requirements for this machine are determined.
4.1.1

Degrees of freedom and accuracy requirements

The fiber array assembly machine should be able to assemble edge-coupled fiber
arrays for multiple types of PICs technologies such as Indium Phosphide (InP),
silicon nitride and silicon photonics. A fiber-InP waveguide coupling results in
one of the most challenging alignment requirements due to the small mode field
diameter of the InP waveguide, as explained in Chapter 1. This coupling case
is therefore considered for the alignment accuracy requirements of the machine.
The goal is set to achieve maximum insertion loss of 0.25 dB per fiber-InP waveguide coupling which is a significant improvement over the 2 dB loss per inter-
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connect of a typical V-groove fiber array (see Section 6.4). For this insertion loss,
only alignment losses are taken into account and not losses due to e.g. mode field
diameter (MFD) mismatch or end-surface imperfections.
For the considered coupling case, a typical InP waveguide with a 4.86 ×
1.53 µm MFD [48, 49, 50] will be coupled to a High Numerical Aperture (HNA)
fiber with a ⌀3.2 µm MFD. The 0.25 dB insertion loss requirement per interconnect is iteratively divided to physical fiber alignment requirements per DoF (error
budget) using the analytical coupling expressions of Section 1.3. A subdivision
of the total required fiber alignment accuracy is made between alignment uncertainties due to adhesive curing shrinkage (see Chapter 2), long term adhesive
stability (see Chapter 3) and the required alignment accuracies of the fiber array
assembly machine. The uncertainty defines the variation of obtained values. The
different uncertainties in this subdivision are assumed to be uncorrelated which
makes the total fiber alignment requirement equal to the quadratic sum of the
individual uncertainty terms:
σtot =

q

2
2
2
σmachine
+ σadhesive
shrinkage + σadhesive stability ,

(4.1)

where σi indicates the standard deviation of the individual component. A symmetrical positioned uncertainty is assumed unless there is reason to assign greater
uncertainty in one direction than the other. Throughout this thesis, the coordinate
system is adopted as shown in Fig. 4.1. In Table 4.1 the fiber alignment accuracy
requirements are listed alongside with the considered uncertainties, resulting required accuracy of the fiber array assembly machine and the selected alignment
strategy per Degree of Freedom (DoF). The two most critical alignment directions
are the lateral x and y-translations of the fiber with an approximately 100 nm 3σtolerance1 . The strict alignment tolerance of the translational DoFs together with
the fiber tolerances (e.g. core-eccentricity, cladding diameter variation) require
an active alignment procedure. The fabrication tolerances of passive alignment
features are sufficient for the alignment of the other DoFs. A passive alignment
procedure for these directions results in a less complex assembly machine with
fewer required DoFs and shorter production time. The alignment in the θ-DoF
of the fibers, which is only required for Polarization Maintaining Fibers (PMFs),
is placed beyond the scope of this thesis because these PMFs are used less frequently.
4.1.2

Number of fibers, production volume

The number of required optical interconnects of PIC designs differs based on the
application and requested performance. In addition, the waveguide pitch of the
PIC can differ due to the foundry design rules or manufacturing process of the
PIC [52]. Furthermore the dimensions of applied spot size converters, used for
1

A 3σ-tolerance indicates that 99.73 % of the observations lie within the indicated tolerance for
a normal or Gaussian error distribution. For an arbitrary error distribution, provided they have a
known finite mean and variance, ≥89 % of the observed values lie within the indicated 3σ-tolerance
(Chebyshev’s inequality) [51].
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Figure 4.1: Adopted coordinate system which is used throughout this thesis. The z-coordinate is used
to indicate the propagation direction in the optical waveguides.
Table 4.1: Alignment requirements for the fiber array assembly machine for a max insertion loss of
0.25 dB per fiber-InP waveguide coupling. Alongside, the total required fiber alignment accuracy, the
uncertainties due to the fixation process and the selected alignment strategy per Degree of Freedom
(Dof) are indicated. Unknown values are indicated by -.

Degree of
Freedom
x [nm]
y [nm]
z [µm]
φ [deg.]
ψ [deg.]
θ [deg.]

Total required
alignment
accuracy
(3σ)
±150
±150
±2.5
±1.5
±1.5
Not relevant

Adhesive
shrinkage
uncertainty
(3σ)
<±10
±45
Not relevant

Long term
adhesive stability
uncertainty (3σ)

±108
±45
Not relevant

Fiber array
assembly machine
alignment budget
(3σ)
±105
±135
±2.5
±1.5
±1.5
Not relevant

Alignment
strategy
Active
Active
Passive
Passive
Passive
Not relevant

less stringent alignment tolerances to the fibers, can also influence the waveguide pitch of the PIC [53, 54]. The minimum fiber array pitch is determined by
the fiber’s diameter and tolerances resulting in a minimum pitch of 127 µm. To
account for a broad spectrum of PIC designs, the requirement for the fiber array
assembly machine is set to support the assembly of arrays with up-to 16 fibers
with a minimum pitch of 127 µm. The fiber pitch should furthermore be easily
altered for different PIC designs. High numerical aperture fibers are selected as
fiber-type for the interconnects to cope with the typically small mode size dimensions of waveguides caused by the higher refractive index of the materials used in
integrated photonics. This fiber type is preferred over specially tapered/lensed
fibers to reduce the mode size dimensions. The latter are in comparison significantly more expensive and have a relatively large axial working distance tolerance [12]. This tolerance in combination with the fragile end-surface due to
the taper geometry requires an undesirable active alignment procedure for the
axial, z-DoF of the fiber. Aimed is for a volume production of about 100.000
16-fiber arrays/year/machine resulting in a 4 minute production time per array.
Here a 24 hours/day, 6 days/week production is assumed with an up-time of
45 weeks/year. By automating the production process, a significant step is anticipated in the costs, accuracy and production volume of the arrays in comparison
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Table 4.2: Summary of the main requirements of the fiber array alignment machine.

Main requirements of the fiber array alignment machine
Number of fibers per array 1-16
Production speed
<4 minutes per 16-fiber array
127 µm
Minimum fiber pitch
Degree of Freedom
x
y
z
Accuracy requirement (3σ) ±100 nm ±100 nm ±2.5 µm
Alignment strategy
Active
Active
Passive

φ
±1.5◦
Passive

ψ
±1.5◦
Passive

θ
-

to the current typically manually assembled V-groove arrays. Table 4.2 shows
an overview of the final requirements for the fiber array assembly machine. The
shown accuracy requirements are based on the calculated values of Table 4.1.

4.2

Overview of the Fiber Array Assembly Machine

An overview of the final design of the machine for the automated assembly of
optical fiber arrays according to the new concept of Chapter 2 will be given in
this section. In Fig. 4.2 the machine is shown schematically while in Fig. 4.3 a
detailed overview of the machine is given.
The design of the alignment machine consists of three motion axes comprising
of a horizontal x-stage, a vertical y-stage and an axial z-stage. Both the vertical
and axial stage are connected in series to the horizontal stage. The following main
production steps are executed by the machine to assemble an optical fiber array:
• Pre-alignment: As input of the machine, a product carrier is used to which
pigtailed optical fibers and a Quartz substrate are manually loaded into a
product holder. The fibers are held in vacuum V-grooves spaced 1 mm from
each other in a fiber holder while the substrate is preloaded against endstops and clamped using vacuum. The product holder is used to determine
the position of the fibers and substrate with respect to the other components of the machine. The holder is mounted onto linear guides which enables loading and unloading of the fibers, substrate and arrays away from
the alignment station. A detent mechanism underneath the product carrier
is used to reproducible determine the horizontal x-position of the product
holder during the assembly of fiber arrays.
• Axial z-alignment: A flat end-face mounted to the axial z-stage is used to
mutually align the fibers passively in the z-DoF. Using the z stage, the endface is pushed against the front surfaces of the fibers until all the fibers in
the vacuum V-grooves of the fiber holder will slip and align axially with
each other.
• Adhesive dispensing: The fibers are fixated to the substrate using adhesive. An adhesive dispenser, mounted to the axial z-stage, is used to dispense multiple droplet in a straight line on the substrate.

4.3. Conceptual design considerations
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• Active alignment: The vertical y-stage is used to pick-up fibers out of the
fiber holder using a vacuum V-groove fiber gripper. Together with the horizontal x-stage, the fibers are actively aligned in the x- and y-DoF with respect to already fixated fibers and reference fibers present at the product
holder. For the active alignment process, light is guided into the fiber connectors. A telecentric vision system is used to determine the fiber cores
positions. The V-groove of the fiber gripper of the vertical y-stage is used to
passively determine the fiber φ- and ψ-DoF.
• Curing: Using a UV-source and an optical system present beneath the product holder, UV-light is guided onto the substrate to cure the adhesive after
alignment of a fiber.
The total outside dimensions of the new fiber array assembly machine measures
455 × 200 × 238 mm (L×W×H). In Table 4.3 an overview of the main characteristics of the fiber array alignment machine is given. In Chapter 5 the design of each
of the main components of the machine is discussed in more detail.
carrier

x

z y

Figure 4.2: Schematic drawing of the fiber array assembly machine. The red arrows indicate the
horizontal (x), vertical (y) and axial (z) stroke of the machine.

4.3

Conceptual design considerations

In this section the conceptual design considerations are discussed to achieve the
required performance of the fiber array machine. In particular the assembly line
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carrier
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x
Figure 4.3: Overview of the fiber array assembly machine.

concept, accuracy and dynamic considerations, kinematic layout and structural
loops, metrology loop and thermal considerations are discussed.
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Table 4.3: Summary of the main characteristics of the fiber array alignment machine.

Machine layout
- Externally loaded product holder used as machine input
- Parallel asssembly line concept: each alignment machine responsible for a complete fiber array
- Serial, 3 DoF kinematics
- Overall dimensions: 455 × 200 × 238 mm (L×W×H)
Horizontal x-stage
- Stroke ±19 mm
- Preloaded, statically determined, crossed roller bearing guidance
- Closed boxed design
Vertical y-stage
- Stroke ±0.5 mm
- Elastic parallel guide with weight compensation
- Embedded vacuum fiber gripper
Axial z-stage
- Stroke ±6 mm
- Linear ball bearing guidance
- Mounted adhesive dispenser & end-face for axial fiber alignment
Actuation & measurement system
- Lorentz actuators for all stages
- Telecentric vision system with embedded references in product holder for setpoint generation
- Linear encoders for motion feedback for all stages
- Displacement measurement with minimal Abbe offset

4.3.1

Assembly line concepts

In Fig. 4.4 two considered assembly line concepts are shown. Both concepts use
a moveable product holder onto which fibers and a substrate are loaded at an
external location. This maximises the utilization of the assembly line and reduces
thermal disturbances due to heat radiation of the operator.
In the first (serial) concept multiple assembly stations are present each responsible for a single fiber alignment. The product holder detents (positioned at a
fixed location) twice at each production station for fiber pickup and subsequent
placement on the substrate. Only the axial alignment of the fibers is performed
simultaneously at a single production station. This concept allows for minimization of the required stroke of each alignment mechanism in horizontal direction.
In principal this stroke can be as small as the combination of the expected fiber tolerances and detent error. Furthermore, a continuous production line is achieved
in this concept where one fiber array is finished per production step when all production stations are in use. Production processes which are only required once
per fiber array (e.g. loading/unloading, strain relief application) do not require
buffering or have to be parallelized. A major disadvantage of this concept is the
required stringent alignment accuracy between the different alignment stations
in the DoFs which are aligned passively (φ, ψ and z) since the alignment mechanism cannot compensate for this. Another disadvantage of this concept is the
reduced flexibility since the production rate can only be changed by doubling or
halving the number of production stations and the number of fibers per array
can only be altered by varying the number of alignment stations per production
line. Furthermore production errors could not easily be corrected due to the se-

52

Chapter 4. Design requirements, considerations and operating procedure

A)

B)

Station 1

Loading of Axial ﬁber
ﬁbers and alignment
substrate
onto holder

Station 2

3

2

3

2

3

2

Station 3

N ﬁber alignment stations
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Figure 4.4: Two assembly line concepts: A) Serial concept where multiple alignment stations are
present each responsible for a single fiber alignment, B) Parallel concept where each fiber array alignment machine is responsible for a complete fiber array.

rial production line. When for example the alignment fails for the 4th fiber either
the production continues till the 16th fiber after which the array can be discarded.
Alternatively the array is discarded immediately however this results in idling of
one alignment stations till the production cycle has been completed.
In the second considered (parallel) concept each production station assembles
a complete fiber array resulting in a flexible process where both the number of
fibers per array as the production could be varied with ease. The production rate
can be increased by the addition of assembly machine where the number of fibers
can be varied on each machine itself. Since each assembly machine is responsible
for a complete array no stringent alignment accuracy between the product holder
and assembly machine is required in the passive DoFs. Production errors have
furthermore less impact on the production rate when compared to the previous
concept. A faulty array can be discarded directly after an error and the production of a new fiber array can be started hereafter. A disadvantage of the parallel
concept is its batch nature where the production speed varies with the number
of fibers per array. In addition, a buffer is required for processes which are only
required once per each array. Furthermore, the maximum number of fibers per
array is limited by the horizontal stroke of the alignment mechanism. This stroke
has to be significant larger compared to the serial concept where only the fiber
tolerances and detent error need to be corrected.
Due to the relative minor disadvantages of the parallel concept over the more
major disadvantages of the serial concept (stringent alignment accuracy requirement between the different alignment stations and handling of production errors), the parallel assembly line concept is preferred for the fiber array production
line. In both assembly line concepts, an individual fiber alignment is considered
over a simultaneously alignment of multiple fibers. This is mainly selected due to
the small required minimal fiber pitch of 127 µm which leaves little design space
for a 2-DoF manipulator for each individual fiber. Furthermore the fiber pitch
could not be easily varied when required for specific PIC designs.
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Accuracy and dynamic considerations

In this section the accuracy and dynamic considerations of the fiber array alignment machine will be discussed. To achieve the required sub-micron fiber alignment accuracy, the amount of hysteresis of the motion axes should be limited.
Hysteresis is caused by friction and results in the unpredictability of the output
motion from the actuator input. The position uncertainty of a moving stage is
limited by virtual backlash [55]:
2 |W |
,
(4.2)
c
where W is the friction of the guidance and c the actuation or control stiffness.
For the highest accuracies, the friction should be as low as possible while simultaneously the control stiffness should be as high as possible. The control system
stiffness is a tunable parameter in the motion controller of the motion axis, but
is limited due to stability considerations of the control loop because of structural
stage dynamics and control electronics (e.g. delays, bandwidth of the measuring systems and servo amplifiers). As a result, the moving machine components
should in general be both light weight and stiff to achieve high natural frequencies. This can be realized by the efficient use of material by optimizing the material utilization for stiffness. Furthermore materials are preferred with a high ratio
between the modulus of elasticity E and density ρ. This ratio is known as the
specific stiffness. The material selection for the array alignment machine will be
discussed in more detail in Section 4.3.5. A small moving mass is also beneficial
for reducing the required dynamic actuator forces. This reduces the structural
deflections which improves the positioning accuracy and settling behavior of the
stages. In addition, the power dissipation of the actuators is reduced improving
the thermal behavior of the machine. The thermal considerations and metrology
of the machine are discussed in more detail in Section 4.3.4.
The structural stage dynamics play also an import role in minimizing the influence of external disturbances, such as floor vibrations and acoustic loads. The
deflections caused by external disturbances are minimized by having a higher
structural stiffness. Higher natural frequencies reduce the sensitivity for floor
vibrations [56]. At last, faster stage movements are possible when the natural frequencies are higher. However, since the bottleneck in terms of array production
time is formed by the curing of the adhesive, which takes several seconds (see
Section 2.5.3), the influence of faster movements is negligible on the production
time.
Sv =

4.3.3

Kinematic layout and structural loops

The fiber array assembly machine requires three translational DoFs (x, y & z)
for the alignment of fibers. The lateral x- and y-DoF are required for the active
alignment of fibers, while the axial z-DoF is required for axial fiber alignment
and adhesive dispensing. The horizontal x-DoF is also required to move the fiber
gripper between the substrate and fiber pickup location and to move the adhesive
dispenser over the desired x-position over the substrate. The other DoFs (φ, ψ &
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θ) of the machine are mechanically constrained. The required three translational
DoFs can be achieved using a serial or parallel kinematic design. In addition a
combination of these two can be used resulting in a hybrid kinematic design. In
a serial kinematic design each DoF is stacked upon each other resulting in series
patch of compliances which limits the overall stiffness. For a parallel configuration a set of stiffness chains is used to move an object relative to a fixed world. The
total stiffness for a parallel kinematic design is given by the sum of the individual
stiffnesses.
A serial kinematic design is mechanically straightforward since the three
translations can be decoupled easing the control. Due to the stacking of stages the
moving mass is typically increased in comparison to a parallel configuration and
also varies for each movement direction. For a serial configuration, the overall
stiffness is limited by the component with the lowest individual stiffness. Parallel kinematic configurations typically can achieve better dynamic performance
due to a lower moving mass and higher stiffness. Control is however more complicated and the range of motion is typically small in comparison to the size of
the manipulator (e.g. Delta robot [57], SCARA configuration [58]). Furthermore
high stiffness is only obtained in a specific, limited, working volume for a parallel
kinematic design [59, 60].
For the fiber array assembly machine a serial kinematic design is selected as
best compromise where both the vertical y-stage and axial z-stage is stacked on
top of the horizontal x-stage. In Fig. 4.5 this configuration is schematically visualized including the stroke of each axis and the main structural loops. This
serial kinematic configuration results in a relative compact, cost effective design
with straightforward control. Due to the varying required stroke and accuracy
between the stages, each stage can be optimized for its specific purpose. Due to
the selection of the serial assembly line concept where a single assembly machine
should assemble a complete array, a relative large horizontal x-stroke is required
in comparison to the vertical y-stroke. The vertical y-stroke should only be able
to lift a fiber up out of a V-groove and place it on the substrate while compensating for fiber tolerances while the horizontal x-stroke should move fibers from the
vacuum V-grooves on the product holder to the desired x-position on the substrate. As a result, a parallel kinematic design would result in a relative large
manipulator for the relative small required vertical stroke. The z-stage required
for adhesive dispensing and axial fiber alignment, is also mounted on the horizontal x-stage despite the lower required accuracy for both tasks in comparison
to the fiber alignment. Alternatively this z-stage could have been mounted on a
separate x-stage to reduce the moving mass and required stroke of the x-stage.
Simultaneous adhesive dispensing and fiber pickup is possible by having two
x-stages reducing the production time. Due to the chosen crossed roller guidance concept (see Section 5.5) for the x-stage and required stroke of each x-stage
no significant mass reduction is achieved by having two x-stages. Furthermore
the production time is mainly dominated by the curing of the adhesive (see Section 2.5.3). A combined x-stage results in a more cost effective and compact solution and is therefore chosen. The structural loop, the assembly of mechanical
components which prove physical support to maintain relative position between
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Figure 4.5: A) Schematic side view of the fiber alignment machine. Indicated are the vertical y-stroke
(red arrows), dominant vertical lateral structural loop (orange solid line) and the dominant metrology
loop (blue solid line). B) Schematic top view of the fiber alignment machine. Indicated are the horizontal x and axial z-stroke (red arrows) and the dominant horizontal lateral structural loop (orange
solid line).

specified objects [61], is minimized to reduce the limited stiffness of the serial
kinematics. For the array assembly machine, this is the relative position between
the frame support and fiber gripper as indicated using the orange solid line in
Fig. 4.5. Furthermore a compact structural loop is beneficial to minimize thermal
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expansion for temperature changes. In the next section the thermal considerations will be discussed in more detail. The design in discussed in more detail in
Chapter 5.
4.3.4

Metrology loop and thermal considerations

The center of the cores of the optical fibers should be positioned relative to each
other on a straight line parallel to the top-plane of the substrate with a predefined
pitch. For the lateral alignment of the fibers, the horizontal and vertical core
position (x, y) of each fibers should be measured accurately with respect to the
substrate and already fixated fibers. The design of the structural, thermal and
metrology loop of the machine plays an important role in achieving this.
The metrology loop is defined as a reference loop for displacement measurements, preferably independent of the machine base [62]. The error sensitivity of
the metrology loop should be minimized for accurate determination of the relative fiber cores positions. Important aspects herein are the minimization of both
thermal distortions of the metrology loop and the influence of operation forces
on the metrology loop. The latter can be achieved by separating the structural
loop (to be placed fibers w.r.t. substrate), as much as possible from the metrology
loop of the machine. To minimize the thermal distortions on the metrology loop,
the metrology loop should be kept as short as possible, internal and external heat
sources should be minimized and a proper material or material combination and
geometry should be selected. With a short metrology loop, the influence of spatial
thermal gradients is minimized. To reduce the heat generation of actuators, often
one of the largest heat sources in a machine, efficient actuators should be used
and the moving mass should be minimized. Furthermore constant forces should
not load the actuators. Compensation mechanisms can be used to counteract this
(e.g. weight and/or stiffness compensation). To prevent the build-up of thermal
stresses and related unpredictable deformation, a statically determined design
should be used. Thermal expansions can be minimized by applying materials
with low thermal sensitivity, high thermal diffusivity or low thermal expansion.
More detail on the material selection can be found in Section 4.3.5. With these design considerations in mind, a vision system consisting of a telecentric lens and
image sensor is selected to measure the required core position of each fiber. This
vision system is aimed at the substrate and measures both the core position of
the fiber to be aligned and two fixed reference fibers which are embedded near
the substrate as visualized schematically in Fig. 4.6. The vision system is fixated
to the machine frame at a distance from the substrate as visualized schematically
in Fig. 4.5. By measuring relative to two reference fibers the error sensitivity of
the metrology loop is significantly reduced since thermal drift between the substrate holder and vision system can be detected both in lateral (x, y) directions
and in θ-rotational direction (rotation around the camera axis). A measuring error can occur when this relative position is thermally distorted in the other angular directions (φ, ψ) and/or axial direction (z). However due to the reduced
sensitivity in angular directions (2nd order effect) and telecentric nature of the
lens (negligible parallax error), no significant measurement errors are expected
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Figure 4.6: Schematic front view of the substrate holder. Indicated is the field of view of the vision
system (dashed blue lines).

for the anticipated thermal loads. By embedding the two reference fibers as close
as possible to the substrate, the (unmeasured) thermal distance to the substrate
and already fixated fibers is minimized. As a result previously performed height
and angle measurements of the substrate relative to the reference fibers can be
used to (co)-determine the reference line on which the fibers should be aligned.
To minimize the mechanical deformations on the metrology loop, the rigidity of
this loop should be high while the actuation level acting on this loop should be
low. The latter is achieved by minimizing the moving masses and friction of the
stages to an acceptable level which also benefits the dynamic behavior. Furthermore, the overlap between the metrology loop and structural loop of the machine,
as visualized in Fig. 4.5 is minimized and a stiff base frame on which the vision
system and product holder is mounted provides for a stiff metrology loop. More
detail on the vision system, metrology loop and thermal effects can be found in
Section 5.9. Due to the limited frame rate of the vision system, separate linear
encoders are used for the feedback of the motion axis. These encoders are to be
aligned with the point of interest, being the end-face of the to be aligned fiber, to
avoid sensitivity to angular displacements (Abbe principle [63, 64]). Furthermore,
measurement should be performed as directly to the fiber end-face as possible, to
obtain a short metrology loop.
Alternatively to the use of the described vision system, a photonic chip can
be used as reference for the lateral fiber alignment. By measuring and optimizing the transmitted power between the optical fibers and coupling waveguides
of the reference PIC the ideal placement position can be determined. By using
a reference PIC, optical measurement errors are eliminated. A drawback of this
measurement principle is the insufficient information in which direction the fiber
should be moved to obtain optimal alignment since only the power is measured.
This will result in significantly slower alignment compared to the previously described vision system. Due to the small waveguide dimensions of the PIC a (iterative) fiber pre-alignment is required with respect to PIC waveguides to measure the optical power. This will result in a further reduction of the alignment
speed. Thermal drift between the substrate and reference PIC results in measurement/alignment errors in this approach. A metrology loop is therefore required
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which should be stable for the complete assembly time of a fiber array. As a result
of these drawbacks the use of a vision system for alignment is preferred.
For the axial fiber alignment, the fiber end-faces should be positioned with
respect to each other on a single line. This line should not be necessary parallel
to front surface of the substrate since angular deviations can be compensated for
when aligning a complete array to a PIC. To reduce the sensitivity for thermal
effects on the axial alignment of the fibers, all the fibers for an array are aligned
simultaneously. This relaxes the requirement of an absolute axial fiber alignment
in the case of when the fibers are aligned individually. In the case of a simultaneously axial alignment only a short term thermal stability is required for the duration of a single fiber alignment between the fiber gripper of the vertical stage and
the product holder on which the substrate and fibers to-be-aligned are loaded.
Due to the small axial distance between the substrate and fibers to-be-aligned on
the product holder negligible relative thermal drift is expected. The axial alignment process is discussed in more detail in Section 4.4.3 and in Section 5.7.

4.3.5

Material selection

As described in Section 4.3.2 and Section 4.3.4, the material selection is important for both the dynamic and thermal behavior of the machine. In Table 4.4 an
overview of the material properties of several construction materials is given.
These properties are considered to be constant for the small temperature changes
of the machine components and surrounding environment. As described in Section 4.3.2, a light weight and stiff design of the moving machine components is
beneficial for the dynamic behavior of the machine. As a result materials with a
large Young’s modulus, E, and low density, ρ, are preferred. The specific stiffness
of a material, E/ρ, should therefore be as large as possible. Thermal gradients often results in unfavourable bending deformations. Besides the geometry, material
selection plays a role in reducing these deformations. The quotient α/λ between
the linear Coefficient of Thermal Expansion (CTE), α, and thermal conductivity,
λ, should be as small as possible. For a fast response to transient heat distortions, a material with a high thermal diffusivity, λ/(ρc p ), is preferred. A high
diffusivity indicates that a transient heat distortion is quickly spread out to a uniform temperature over the machine. In addition, it is beneficial to use a single
material/materials with a similar CTE as much as possible to prevent thermally
induced stresses for uniform temperature changes.
Particulary based on the thermal considerations the array assembly machine
will be completely built from aluminium parts (except for the procured components). As shown in Table 4.4, aluminium shows a good compromise between
the dynamic and thermal material properties by having a large specific stiffness
and a relatively low α/λ ratio in combination with a high thermal diffusivity.
Moreover, aluminium is relatively inexpensive and shows good machinability.
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Table 4.4: Properties of several construction materials: E = Young’s modulus, ρ = Density, α= linear
expansion coefficient and c p specific heat at room temperature. Sources: [65], [66].
Material
Steel (AISI 316)
Steel (S235)
Al (6061)
Al (7075)
Ti6AL4V
Copper

E
[GPa]
193
210
68.9
71.7
113.8
110

ρ
[kg/m3 ]
8000
7850
2700
2810
4430
8930

E/ρ
[Nm/kg] ·106
24.1
26.8
25.9
25.5
25.7
12.3

α
·10−6 [m/m·K]
15.9
12.0
23.6
21.6
8.6
16.4

λ
[W·m -1 ·K-1 ]
16.2
40.0
167
155
6.7
398

α/λ
[m/W] ·10−6
0.98
0.3
0.14
0.14
1.28
0.04

λ/(ρc p )
[m2 /s] ·10−6
4.1
11.1
69
57.5
2.9
115.8
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Figure 4.7: Block scheme of the fiber array assembly procedure.

4.4

Operating procedure

In this section the operating procedure of the machine is explained schematically.
All production steps will be explained in chronological order including the underlying motive. In Fig. 4.7 a block scheme of the fiber array assembly procedure
is visualized.
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4.4.1

Fiber preparation

Connector testing
Typically a connector, as shown in Fig. 4.8, is attached to the other end of the optical fibers in the array. These connectors are used to guide light into the fibers
and to enable communication with other photonic devices. A connector uses mechanical features to passively align the cores of fibers so that light can pass [67].
The connectors should have a proper alignment with the fiber core to minimize
the total coupling loss. To achieve this, fiber patch cables are used as input of
the array fabrication process. By using patch cables with connectors at both ends
of the fiber, the connector alignment could be tested with ease by coupling one
connector to a light source and the other to a photodiode. Subsequently the transmitted power can be measured. If the cable and two connectors are of sufficient
quality the cable can be cut in half. The risk of a poor connector alignment after
the array assembly is therefore taken away. In addition the already attached connector could be used to easily guide light into the fiber for an active alignment
procedure during manufacturing of the array.

Figure 4.8: A LC optical fiber connector [68].

Fiber cutting, stripping, cleaning and cleaving
After patch cables are selected with sufficient quality connectors, they can be
cut in half to create two about 255 mm long fibers with a connector to one end.
The used optical fibers for the array assembly consists of two protective coatings
around the glass cladding: a ⌀0.9 mm outer coating and a ⌀250 µm inner coating.
The outer protective coating of ⌀0.9 mm is removed over a length of 85 mm to
allow for a fiber pitch reduction. Both protective coatings are stripped off over
the last 25 mm of the fiber to reduce the fiber diameter to 125 µm allowing for a
127 µm array fiber pitch. After stripping, the fibers are cleaned using isopropanol
and the fiber-end is cleaved. Cleaving is a process where the glass of the bare
fiber is broken in a controlled way [69]. Using a sharp object such as a diamond
blade, a tiny fracture is made on the side of the fiber. A break is induced to the
fiber by applying a defined tension or bending. This break starts at the mentioned
fracture point and rapidly propagates over the full fiber cross-section resulting in
a clean and flat fiber-end. A controlled angle between the cleaved surface and the
fiber axis is often applied to reduce back-reflections. An angled cleave results in
a deviation of the output beam direction from the fiber axis due to refraction at
the fiber end. To ease the active alignment process perpendicular cleaves are preferred for assembling arrays. To still minimize the back-reflections, the photonic
integrated circuit can have angled end-facets using e.g. etching [70].
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HNA fiber splicing
Coupling of a standard single-mode fiber (SSMF) directly to a typical InP waveguide results in high mode-mismatch losses since the size of a typical InP-based
waveguide mode is much smaller than the size of a SSMF mode. To overcome
these high mode-mismatch losses the cleaved SSMF is fusion spliced to a highnumerical-aperture fiber (HNA) with a MFD of 3.2 µm as shown in Fig. 4.9. Typical splicing losses are 0.1 − 0.2 dB [71]. Hereafter the fiber can be cleaved again
to create a proper fiber end-surface. In Fig. 4.10, a schematic visualization of a
prepared optical fiber is shown.
Pre-splicing

Splicing

Post-splicing

Figure 4.9: The splicing process of a standard single-mode fiber (SMF-28) to a high-numericalaperture fiber (UHNA7) [71].
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Figure 4.10: A prepared optical fiber.

4.4.2

Fiber and substrate loading

After the fiber preparation, the fibers and a Quartz substrate are manually loaded
to a product holder by an operator. In Fig. 4.11, a schematic top view of the product holder is visualized. To allow the loading procedure away from the fiber
alignment machine, the product holder is mounted on rails. The loading at an external location maximises the utilization of the machine and reduces the thermal
disturbances to the fiber alignment machine due to heat radiation of the operator. On the product holder, a fiber holder is present in which multiple fibers
can be held (dependent on the desired fibers per array) in 1 mm spaced vacuum
V-grooves with an 90◦ groove angle. The 125 µm diameter stripped parts of the
fibers are held by creating a vacuum through multiple holes of ⌀125 µm placed
in line over a distance of 19 mm at the bottom of each V-groove. The fiber holder
allows the alignment machine to pickup fibers at a known horizontal (x) and vertical (y) location and pre-aligns the fibers in φ and ψ-DoF. To reduce the axial stiff-
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Figure 4.11: Schematic top view of the product holder.

ness of the fibers, the connector ends are bend upwards (in positive y-direction)
over a radius of about 75 mm. The reduction in axial stiffness is required both
for the axial fiber alignment and to allow axial length changes of the fibers due
to pitch changes during the alignment process. Additionally, the upwards bending of the fibers reduces the required length of the fiber holder. The connectors,
present at one end of the fibers, are plugged into an adapter to fixate them. The
fiber end-faces should be axially pre-positioned into the V-grooves within 10 mm
from the end-face of the fiber holder for the axial alignment process. This can
be easily accomplished by hand. Next to the fiber holder, a substrate holder is
present. The operator loads a Quartz substrate in this holder which is subse-
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quently preloaded against three in-plane supports. Using vacuum the substrate
is clamped to the bottom of the holder. The substrate holder is placed as closely as
possible to the fiber holder to minimize the required horizontal stroke of the machine. After the loading of the fibers and substrate, the product carrier is moved
under the fiber alignment machine. A detent mechanism is used to obtain a reproducible horizontal position of the product holder under the fiber alignment
machine.
4.4.3

Axial fiber alignment

The first step of the alignment process is to align the fibers in axial (z) direction.
Only the relative axial alignment between the fibers is of importance since a completed fiber array is re-aligned in axial direction when assembling it to a PIC. The
relative mild axial alignment tolerance of ±2.5 µm allows a passive alignment
process without optical feedback. In Fig. 4.12, the schematic axial alignment procedure is visualized.

1)

2)
Vacuum
chamber 2

Vacuum V-grooves
over 19 mm

Vacuum
chamber 1

Float glass end-face

3)

≈1-3 mm protruding

4)

x
z
Figure 4.12: Axial alignment procedure of the optical fibers. The green dotted lines represent the
vacuum chambers, present underneath the V-grooves.

For this procedure the axial z-stage of the fiber alignment machine is used
to which a flat end-face is connected. Contact is made with the fiber end-faces
by moving this flat end-face in axial z-direction back towards the fiber holder.
The axial z-stage is moved further so that all fibers are axially pushed and subsequently slip in the vacuum V-grooves of the fiber holder. Eventually all fiber
end-faces obtain the axial position of the flat end-face. Hereafter the axial z-stage
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returns to the initial position to prevent wear on the fiber end-face and flat endface when a fiber is picked up by the vertical stage for the rest of the alignment
procedure. Since it is unknown when the flat end-face makes contact with all the
fiber end-faces, the axial stage moves over a fixed stoke to overcome the axial
placing tolerance of the fibers in the V-grooves. The final (relative) axial alignment accuracy is determined by the flatness of the flat end-face and the friction
of the fibers in the V-groove. The axial alignment process is not sensitive for a
possible non-perpendicularity between the V-grooves of the fiber holder and the
flat end-face. This is because the fiber end-faces should only be positioned on
a single line which is not necessarily parallel to the substrate end-face. By a ψrotation of the completed fiber array relative to the waveguides of the PIC this
possible non-perpendicularity can be corrected for. By aligning all fibers simultaneously in axial direction, the sensitivity for thermal drift is significantly reduced
compared to individual axial alignment. In the latter case a picked-up fiber is for
example pushed back axially in the fiber gripper of the vertical stage using the flat
end-face. Here the distance between the product holder and horizontal stage on
which the axial stage is mounted should not change due to thermal disturbances
for a correct axial alignment using the position sensor of the axial stage as reference. When aligning all fibers simultaneously in axial direction only the moment
between the fiber pickup and placement on the substrate is sensitive for thermal
drift in axial direction. Since this period is short < 3.5 seconds (Section 6.3), no
significant drift is expected.
4.4.4

Fiber pickup

Using the vacuum fiber gripper of the vertical y-stage, the first fiber is picked up
out of the fiber holder. The fiber gripper consists of a single 90◦ V-groove where
a vacuum is created through multiple holes of ⌀100 µm placed in-line over a distance of 14 mm at the bottom of the groove. The two line contacts of the V-groove
determines the fiber φ and ψ-DoF passively with respect to the substrate. Since
each fiber is picked up using this gripper and the relative relaxed alignment requirements in φ and ψ-DoF of ±1.5◦ , no active alignment process is required. To
prevent crossing of fibers, the fiber that is closest to the substrate is grabbed first.
In Fig. 4.13, the fiber pickup procedure is schematically shown. Using the horizontal x-stage, the fiber gripper is moved to the first pickup location. Due to
the detent mechanism, the horizontal x-position of the fibers in the fiber holder is
known beforehand, therefore no visual feedback is required for the fiber pickup
process. The vertical y-stage is used to move the fiber gripper down to just above
the fiber. Since the fibers are already aligned in axial direction, the pickup process
should not disturb this alignment. To accomplish this, the vacuum pressure in the
front part (vacuum chamber 1) of the V-grooves of the fiber holder can be turned
off. Subsequently the vacuum in the fiber gripper is turned on which results in
the front part of the fiber jumping to the fiber gripper. Hereafter the vacuum
pressure in the front part (vacuum chamber 1) of the fiber holder is restored followed by shutting down the vacuum pressure in the back part of the fiber holder
(vacuum chamber 2). When the complete fiber is transferred to the fiber gripper,
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Figure 4.13: Schematic side view of the fiber gripper and product holder during the fiber pickup
process. Indicated are the air pressures of the fiber gripper, front and back part of the fiber holder and
the two vacuum chambers (VC 1 and VC 2).

the vacuum pressure in the back part of the fiber holder (vacuum chamber 2) can
be restored and the vertical y-stage can move upwards. In this process the axial
z-position of each fiber is constantly held by friction in either the fiber gripper or
fiber holder. After the pickup process, the fiber can be moved to the substrate
using the horizontal stage. The two vacuum chambers are indicated using green
dotted lines in the top-view of Fig. 4.12.
4.4.5

Substrate angle and height measurement

The fiber cores should be aligned on a straight line parallel to the top-plane of the
substrate to prevent a large adhesive thickness variation over the fixated fibers.
In addition, the adhesive thickness should be known to compensate for shrinkage during curing of the adhesive. Both requirements result in the need to having
knowledge of the height, y, and θ-angle of the substrate relative to the substrate
holder. The substrate position and orientation are obtained by touching the substrate surface using a fiber held in the vacuum fiber gripper of the vertical y-stage.
In Fig. 4.14 this process is schematically visualized. By touching the substrate
at two outermost horizontal x-positions and simultaneously measuring the fiber
position relative to two reference fibers embedded in the substrate holder both
the height, y, and θ-angle can be obtained. For this measurement, light is guided
into the connector ends of the fibers and the light spot/core position is extracted
using the vision system. Since each fiber can have a different core-eccentricity
or varying diameter, the height measurement should be repeated for each fiber.
To prevent damage to the fiber/fiber gripper the collision speed is limited to 1
mm/s, which limits the contact stress on impact to 280 MPa. The two reference
fibers embedded in the substrate holder are also used to measure the thermal
drift of the product holder relative to the fiber gripper and vision system.
4.4.6

Adhesive dispensing

Before each fiber is aligned and placed on the substrate, adhesive is dispensed
using an piezo-driven dispenser which is embedded in the axial z-stage. Using
this stage, droplets are dispensed in a straight line of 10 mm over the substrate as
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Figure 4.14: Schematic front view of the substrate angle & height measurement procedure. The field
of view of the vision system is indicated using dashed blue lines.

visualized in Fig. 4.15. In Section 5.8 the dispensing process is discussed in more
detail.
4.4.7

Fiber placement and alignment

After the adhesive dispensing, the fiber can be aligned and placed on the substrate. In Fig. 4.16A this procedure is schematically visualized. Using the horizontal x-stage, the fiber is positioned above the dispensed adhesive. Hereafter
the vertical y-stage moves the fiber down until the substrate is touched. The vision system is used to measure the fiber position relative to two reference fibers
during the touching. Based on this measurement the substrate height for the
intended placement location is determined which is used to compensate the adhesive shrinkage during curing using the calibration data of Section 2.5.2. The
first fiber is subsequently moved up in y-direction from the substrate to an adhesive thickness of 2 µm (minimal distance between the fiber and substrate). By
choosing this adhesive thickness for the first fiber, the subsequent fibers can be
placed in an adhesive thickness range of 1 − 3 µm which is sufficient to overcome the most typical fiber tolerances. Larger adhesive layers are unfavorable
due to a lower bond stiffness and an increased sensitivity for temperature induced displacements. Based on the placement location of the first fiber core and
the substrate angle measurement, a reference line above the substrate can be defined on which subsequent fiber cores should be placed. During the alignment
process light is guided into the connector ends of the fibers to measure the light
spots/core positions using the vision system. Based on these measurements setpoints are generated for the horizontal x and vertical y-stage to correct for fiber
tolerances and place the fiber cores on the defined straight line parallel to the topplane of the substrate (including an additional vertical y-distance for adhesive
shrinkage compensation) at a predefined pitch corresponding to the PIC waveguide pitch. To account for adhesive aging/composition variation, an adhesive
shrinkage calibration should be performed regularly. In Section 5.9 the vision
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Figure 4.15: Schematic top- and side view during the adhesive dispensing procedure. Indicated is
the field of view of the vision system (dashed blue lines) and the position of the fiber gripper and
dispenser head (dashed red lines).

system and measurement procedure for the core positions is discussed in more
detail.
4.4.8

UV-curing

After the fiber is aligned, the adhesive is cured using UV-light. In Fig. 4.16B the
UV-curing is schematically visualized. The UV-light is focused on the substrate
using a lens system maximizing the light intensity of the curing system to minimize the curing time. Additionally this allows for a longer distance between
the curing system and substrate holder reducing the thermal input and resulting
drift. This is especially important since the curing system is one of the largest
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Figure 4.16: Schematic front view of A) the 2nd fiber placement including the reference line and B) the
UV-curing of the adhesive fixation.

thermal inputs of the fiber alignment machine due to the relative long typical
curing time of about 10 seconds (see Section 2.5.3). To obtain homogenous curing
the adhesive is cured from underneath the substrate. By curing from the side,
the adhesive side that is closest to the UV source will receive more light intensity
than the adhesive side that is further away and is therefore cured faster. This inhomogeneous shrinkage of the adhesive results in a horizontal drift of the fiber
which is not acceptable. In Section 5.8, the UV-curing is discussed in more detail.
4.4.9

Fiber order and strain relief

The first fiber to be aligned and fixated, is the fiber that is closest to the substrate
in the fiber holder. This fiber is placed on the substrate with an intended placement location, which is furthest away from the fiber holder as shown in 4.16A.
Hereafter the fiber is picked up in the fiber holder which is initially second closest to the substrate and placed with a predefined horizontal pitch next to the first
fiber. This process repeats until the fiber holder is empty and a complete array is
assembled. This placement order prevents the crossing of fibers which can disturb the axial alignment of the fibers due to fiber slip in the vacuum V-grooves
when fibers collide. For each fiber the steps of Section 4.4.6 up to 4.4.8 are repeated until a complete array is assembled. Due to the capillary action of the
adhesive between the fiber and substrate a long bond geometry is obtained with
a relative small width (see Section 2.3). This bond geometry results in insufficient
bond strength and therefore a strain relief is applied on the end of the array as visualized in Fig. 4.17. To maximize the utilization of the fiber alignment machine,
the adhesive dispensing for the strain relief and the curing process can take place
at a different location. After the array is completed it is released from the detent
mechanism and moved to an unloading location where an operator unloads the
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Figure 4.17: Schematic top view of the finalized fiber array. Indicated are the adhesive strain relief
and fiber placement order.

array and connectors.

4.5

Surface flatness and cleanliness

As explained in Section 2.2, fused Quartz is selected as material for the 4 mm
× 15 mm × 1 mm substrate since it has the same Coefficient of Thermal Expansion (CTE) as the fused Silica of the optical fibers and it allows the transmission
of UV-light for the adhesive curing. The substrate should be sufficiently flat to
enable fiber alignment with adhesive thicknesses between 1 − 3 µm. For a costeffective solution, a standard surface flatness quality of 1 − 2 λ (λ= 633 nm) over
an area of 25 mm × 25 mm [72] is deemed sufficient for the Quartz substrate. Due
to the maximum distance of 2 mm between the fibers for a 16-fiber, 127 µm pitch
array, and typical smooth thickness variations over the substrate, a lower local
flatness is expected. Next to the flatness of the substrate, the presence of particles on the substrate can disturb both the height-measurement of the substrate
and the subsequent fiber alignment. In addition, particles can also clog the vacuum holes of both the fiber gripper and holder. As a result, the assembly of the
fiber arrays should take place in a dust-free environment. An ISO 7 cleanroom is
deemed sufficient for the fiber array production.

4.6

Design overview

In Fig. 4.18 a photograph of the realized fiber array assembly machine is given.
In the next chapter the designs of the different main assemblies of the machine
are discussed in more detail. In Appendix C more photographs of the realized
prototype can be found.
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Figure 4.18: The realized fiber array assembly machine. The overall dimensions are 455 × 200 × 238
mm (L×W×H)

Chapter 5
Detailed design
The mechanical design of the fiber array assembly machine is described in detail in this
chapter. For each subcomponent of the machine a detailed description and underlying
design considerations are given. Firstly basic components, used throughout the machine,
are discussed followed by the product carrier which is used as machine input. Secondly,
the design of the horizontal x-stage is discussed which includes the discussion of friction
properties of this stage. Hereafter, the design of the vertical y-stage is elaborated upon
followed by the axial z-stage, adhesive dispensing and curing and the machine frame.
Finally, the vision system is discussed including a calibration method to compensate for
distortions.

5.1

Basic components

The different subcomponents of the fiber array assembly machine are described
in detail in this chapter. In Fig. 5.1 an overview of the machine is visualized
including the section where each subcomponent is discussed in this chapter.
Throughout the machine several basic components are used such as actuators
and position sensors. These components will be explained first in this section.
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Figure 5.1: Fiber array assembly machine design overview. Indicated are the sections where each
subcomponents of the machine will be discussed.

5.1.1

Actuators

For actuating the three linear stages, direct-drive Lorentz-actuators are applied
where a force is generated by passing current through electrically conducting
wires placed in a magnetic field. The Lorentz force, FLorentz = BIl [N], is proportional to the current, I [A], passing through the wires, the magnetic flux density,
B [T], and the wire length, l [m], within the field. The absence of friction, hysteresis and wear in these actuators allows for a high positioning resolution and
high bandwidth in the respective directions of motion. The relative small stroke
of the stages (x-actuator: 38 mm, y-actuator: 1 mm, z-actuator: 12 mm) in combination with low drive forces (x-actuator: 3 N, y-actuator: 1 N , z-actuator: 1 N)
allows for the use of Lorentz actuators without commutation. As a result singlephase current amplifiers can be used simplifying the controls and improving the
positioning performance. A voice coil actuator (VCA) is selected in which an axially moving coil is placed within a radially oriented magnetic field as shown in
Fig. 5.2. Since the entire section of each coil winding is used to generate force
when placed within the actuator magnetic field, a relative high efficiency can be
achieved which is beneficial to minimize heat generation. For a cost-effective solution, commercial available VCAs are selected from Moticont, of which the main
characteristics are summarized in Table 5.1. The actuators are selected primarily
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Figure 5.2: Selected Moticont voice coil actuator for the x-stroke [73].
Table 5.1: Main characteristics of the selected Moticont voice coil actuators [73].
Actuator property
Stroke, s [mm]
Nominal force, Frms [N]
Peak force during 10 % duty cycle, Fpeak [N]
Force constant, k [N/A]
Power dissipation for Frms = 0.5 N [W]
Actuator steepness, S [N2 /W]
Max. force constant variation over the used stroke [N/A]
Moving mass [g]
Coil resistance, R [Ω]

x-actuator
(Moticont
LVCM-019-048-02)
38.1
2.1
6.5
2.0
0.45
0.56
0.05
20
7.2

y-actuator
(Moticont
LVCM-016-010-01)
3.2
1.6
5.2
1.1
0.37
0.68
0.03
5.0
3.2

z-actuator
(Moticont
LVCM-013-019-02)
12.7
0.88
2.55
0.77
1.31
0.19
0.09
6.4
6.4

on actuator linearity (minimizing magnetic field variations over the used stroke
of the coil).
5.1.2

Position sensors

The setpoints of the fiber alignment machine are generated based on the measurements of the vision system. Due to the limited framerate of this system, high
resolution optical linear encoders are added to obtain a robust and fast position
feedback required to achieve high motion control bandwidth. For both the x- and
y-stage a Renishaw Tonic linear optical readhead is applied in combination with
the RELM20 incremental linear scale (see Fig. 5.3A). These scales with a near-zero
Coefficient of Thermal Expansion (CTE) have a 20 µm line pitch and an accuracy
of ±1 µm for length up to 1 m. Using a 4000-fold interpolation a 5 nm position
resolution is obtained which is sufficient for the position feedback to achieve the
aimed ±100 nm fiber alignment accuracy (Table 4.2). The readhead has a typical
power dissipation of 0.5 W and an additional 1 W is dissipated at the connector
interface. For the z-stage a Renishaw Atom linear optical encoder is applied in
combination with a RCLC glass incremental linear scale (see Fig. 5.3B). The small
encoder readhead (20.5×8.35×12.7 mm) allows for a more convenient integration within the available design volume. The glass scale has a 20 µm line pitch
and an accuracy of ±3 µm. In combination with a 4000-fold interpolation a similar 5 nm position resolution is obtained as by the other encoders. The readhead
has a typical power dissipation of 0.25 W and an additional 0.75 W is dissipated
at the connector interface. Despite the smaller size of the Atom readhead, Tonic
readheads are preferred for the x- and y-stage due to the availability of calibrated,
higher accuracy, scales for this readhead type. All applied scales have a reference
mark in the middle of the range which is used for homing. The relative large
readhead alignment tolerances of both encoder types allow for using production
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A)

B)

Figure 5.3: Applied linear encoder systems: A) Renishaw Tonic linear optical encoder and a RELM20
incremental linear scale used for the x- and y-stage [74], B) Renishaw Atom linear optical encoder and
a RCLC glass incremental linear scale used for the z-stage [75].

tolerances and mechanical features (e.g. shims, end-stops).

5.2

Product carrier

As input for the fiber alignment machine, a product carrier is used which is visualized in Fig. 5.4. On this product carrier the substrate and the fibers are loaded
by an operator onto a product holder consisting of a substrate and fiber holder.
Two linear recirculating ball slides connected to the carrier plate are used to manually translate the product carrier over rails between the assembly machine and
an external loading and unloading location. To account for straightness and angle deviations between the two rails, the second linear slide is connected to the
carrier plate using a elastic compound parallelogram to release the z-degree of
freedom (DoF). A connector tower is mounted at the back of the carrier plate in
which the fiber connectors are held in adapters. To obtain a reproducible position
of the product carrier to the fiber array assembly machine, a detent mechanism
is used which positions a ring against two pins of the detent stop which is connected to the carrier plate. In this procedure, the fixed position of the detent
mechanism is transferred to the product carrier. The detenting and corresponding mechanism will be explained in more detail in Section 5.3. For the prototype
machine the loading location of the fibers and substrate is positioned close to the
assembly location (see Fig. 4.3) to keep the footprint small. For later machines a
larger distance is envisioned to minimize the thermal input of the operator to the
machine. Furthermore later machines can use multiple product carriers to maximize the machine’s utilization. A belt connected to the carrier plate can be used
to automatically move the product carriers in and out of the machine.
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Figure 5.4: Overview of the product carrier: A) isometric view, B) exploded view.

5.2.1

Product holder

Fig. 5.5 and 5.6 show the product holder used to hold the to-be-aligned fibers and
substrate.
Fiber holder
The fiber holder (Fig. 5.5, no. 1) consists of 1 mm spaced V-grooves with an 90◦
groove angle in which the cleaved ⌀125 µm bare-glass fibers-ends are placed. To
hold the fiber-ends a vacuum is created through 56 holes (Fig. 5.6, no. 16) of
⌀125 µm placed in line over a distance of 19 mm at the bottom of each V-groove.
The suction holes merge into two vacuum chambers (Fig. 5.5, no. 2) to which
a fitting (3) and vacuum hose is attached. These two vacuum chambers allow
for separate vacuum control between the front and back part of the V-grooves.
This enables fiber pickup without disturbing the axial alignment of the fibers as
explained in Section 4.4.4. Both vacuum chambers cover half of the holes resulting in an equal fiber holding force between the front and back parts of the
V-grooves. To enable a fast evacuation time, both the number and diameter of
the vacuum holes is maximized in the available design space. Using two venturi
vacuum generators, a under pressure of -0.9 bar is created in both parts of the Vgrooves resulting in a total holding force of approximately 0.15 N per fiber. The
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Figure 5.5: Overview of the product holder: A) isometric view, B) exploded view.
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Figure 5.6: Top (A) and front (B) view of the product holder. The red dashed lines indicate the position
of the substrate and fibers. The nesting force is indicated in orange.
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V-grooves act as passive alignment features to determine the initial x, y, φ and
ψ-DoF of the fibers for the alignment machine. The z and θ-DoF of the fibers is
determined through friction. Since only a part of the fiber circumference is enclosed by the V-groove, fiber pickup is possible by a separate vacuum gripper
when positioned above the fiber. Depending on the desired fibers per array, the
number of V-grooves can be altered up to 16 fibers by exchanging the fiber holder.
The prototype of the machine is based on a fiber holder for 8 fibers.
By plugging in the fiber connectors into vertically oriented connection
adapters, a straight bend is obtained between the bare glass and connector-end
of each fiber. This bend with a radius of approximately 75 mm results in a reduction of the fiber axial stiffness required for the axial fiber alignment. Additionally this stiffness reduction allows for axial length changes of the fibers
due to lateral movement and pitch changes during the alignment process. Using a FEM analysis the axial and lateral stiffness of a typical bent fiber placed
onto the product holder is determined (E f iber = 16.52 GPa [76], ν f iber = 0.3 [77],
ltotal, f iber = 252 mm, d f iber = 0.9 mm). The simulation shows an axial stiffness
of 2.0 N/m and a lateral stiffness of 0.13 N/m. For the axial fiber alignment, the
fiber is pushed back over a maximum of 10 mm which results in an axial force
of 0.020 N. The approximately 0.032 N axial friction force (µSiO2 − Al ≈ 0.6 [78])
of the fiber holder (single part of the V-groove under vacuum e.g. front or back
part) is sufficient to cope with this force. The vertically oriented connectors allow
for light coupling into the connectors using an external light source placed at a
distance without shining stray light into the vision system which can disturb the
alignment process. In addition, the length of the carrier plate can be minimized
due to the bending of the fibers.
Substrate holder
The Quartz substrate (Fig. 5.5, no. 4) is placed into the substrate holder against
three stops (5), two in the x-direction and one in the z-direction, by the operator to
obtain a reproducible position with respect to fiber holder and alignment machine
(using the detent mechanism). The stops determine the x, z and ψ-DoF of the
substrate. The required nesting force to push the substrate against these stops is
provided using a yoke (8) which consists of three flexural contact points (Fig. 5.6,
no. 15) oriented directly opposite to the fixed stops of the holder. This yoke
is preloaded against the substrate using an extension spring (Fig. 5.5, no. 12)
which is connected to the yoke using a preload lever (7) and glued leaf spring
(9). The yoke is suspended on three stiffened wire springs (11) to constrain the
y, φ and θ-DoF while the x, z and ψ-DoF are free to push the substrate against
the stops of the holder. The orientation of the leaf spring (9) with respect to the
yoke and stops of the substrate holder is determined using Wittgen’s approach
[55] to prevent self-locking of the substrate against the stops. The nesting force,
Fn , is indicated in orange in Fig. 5.6. Hysteresis of the contact points of the yoke
against the substrate is avoided by making them laterally compliant by a leaf
spring. The center of each cylindrical contact point of the yoke is located with a
pole of rotation at 1/3 of the free length of the leaf spring from the yoke fixation
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as indicated in blue in Fig. 5.6 [55]. The extension spring (12) provides a force
of 0.8 N resulting in a nesting force of 0.5 N against the substrate. The preload
lever is operated using an excenter (10) to allow for loading of the substrate. The
other DoFs (z, φ and θ) of the substrate are determined by two supporting edges
(Fig. 5.6, no. 14). A rectangular slot is located in between these edges, which is
used to create a vacuum force to hold the substrate to the supporting surface. The
rectangular slot extends through the total thickness of the product holder and is
closed at the underside using a Quartz plate (13) to allow for UV-curing of the
adhesive from underneath the substrate. At the front of the product holder two
fibers (6) are embedded as close as possible to the substrate to act as reference for
the vision system as explained in Section 4.3.4. Both reference fibers are glued in a
ceramic ferrule and polished. Both ferrules are pushed to the same axial position
as the front of the substrate to have them in the same focus field of the vision
system. The substrate holder is located as close as possible to the fiber holder
to minimize the required horizontal stroke of the machine. For the prototype
of the machine Quartz substrates of 4 × 15 × 1 mm (W×L×H) are used which
supports fiber arrays up to 16 fibers. The length of the substrates is sufficient for
the application of strain relief adhesive at the back.

5.3

Detent mechanism

In Fig. 5.7 the detent mechanism is visualized, which is used to obtain a reproducible position of the product carrier with respect to the fiber array assembly
machine. This reproducible position is particularly required for the calibration
of the vision system where an assembled array is measured in various configurations. For an accurate calibration, the position variation introduced due to the
loading of a new array configuration should be minimized. The aim is to obtain
a reproducibility in horizontal position of the product carrier of less than 10 µm.
The vision system and calibration is explained in more detail in Section 5.9. In
addition, a reproducible position of the product carrier is required to carry out
production steps without using visual feedback from the vision system (e.g. fiber
pickup, adhesive dispensing).
The detent mechanism consists of a brass lever (Fig. 5.7, no. 6) to which an
extension spring (7) and steel roller (4) is connected. By actuating the excenter (8)
using an handle (9), the lever moves upwards due to the force exerted by the extension spring. As a result the steel roller (4) pushes a steel ring (3) against an endstop (11) and the two pins (2) of the detent stop (1) of the product carrier. Hereby
the product carrier is stiffly connected to the end stop of the detent mechanism.
The detent mechanism itself is stiffly connected to the frame of the machine by
bolts at the back of the mechanism (see Fig. 5.30). The extension spring and lever
ratio is selected to obtain a preload force of 10 N of the steel roller against the
end-stop and pins of the detent stop. The roller exerts a preload force at an angle
of approximately 45◦ with respect to the pins of the detent stop. The combination
of this preload amplitude and orientation is sufficient to overcome the friction of
the linear slides of the product carrier and the expected disturbance forces acting
on the machine. A small extension spring (5) is connected to the steel ring (3) for
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Figure 5.7: The detent mechanism for the product carrier: A) Partial exploded view, B) Section view.
1. Detent stop
2. Pin
3. Steel ring

4. Steel roller
5. Extension spring
6. Brass lever

7. Extension spring
8. Excenter
9. Operating handle

a reliable sinking when the lever is actuated downwards. The handle (9) used to
operate the detent mechanism is detachable to allow the product carrier to pass
it. For the prototype machine, a manual operated detent mechanism is deemed
sufficient, however for later machines an actuator (e.g. pneumatic plunger) can
be used to operate the mechanism to reduce the thermal input of operators and
speed-up the production process. As mentioned in Section 4.3.5 aluminium is
selected as main material for the assembly machine, however steel is selected
for the ring, roller and pins of the detent mechanism to allow for the high contact stresses. The steel/brass material combination of the excenter and lever is
selected for a low friction contact.
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Overview moving stages

Both the vertical y-stage and axial z-stage are connected to the horizontal x-stage
in series as visualized in Fig. 5.8. In the next sections the design of these linear
stages will be discussed.

A)

x

yz
x

x

yz
z
x

B)

Figure 5.8: Overview of the motion axes: A) Isometric view, B) Exploded view.

5.5. Horizontal x-stage

5.5

81

Horizontal x-stage

The horizontal x-stage consists of a closed box carriage which is guided using
linear crossed roller bearings and actuated using a voice coil actuator (VCA). The
position of the stage is measured using an incremental encoder. The horizontal
x-stage is required for the active alignment of the fiber in the x-DoF, to move the
fiber gripper between the substrate and fiber pickup location and to move the
adhesive dispenser over the desired x-position over the substrate. To support
the assembly of 16-fiber arrays, a minimal stroke of ±11.25 mm is required with a
±100 nm positioning accuracy (Section 4.1). In Fig. 5.9 and 5.10 a partial exploded
view and side view of the carriage is respectively shown.
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ϕ

Figure 5.9: Partial exploded view of the horizontal x-stage.
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Guidance principle
For the guidance of the stage two linear bearings with running crossed roller
cages are selected. The linear rails have a length of 75 mm where the crossed
roller cage (Fig. 5.9, no. 1) consists of rollers with a diameter of droll = 3 mm and
a length of lroll = 1.7 mm. The selection of rollers over balls as guidance elements
results in approximately 10 times higher stiffness and a 50 times higher allowable
load at a comparable size at the maximum load [55, 79]. A high stage stiffness
is pursued to obtain a good dynamical performance required to achieve a high
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Figure 5.10: Partially sectioned side view of the horizontal x-stage visualized in color. The serial connected vertical y-stage and axial z-stage are visualized in black and white. Indicated are the bearing
pole of the guide (BP), center of mass (CM) of the stage and the Abbe offset of the encoder system.
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closed-loop stiffness in order to achieve ±100 nm positioning accuracy. One linear bearing acts as main guide rail (2), as indicated in Fig. 5.10, while the other
is used as secondary guide rail (3). Where the main guide rail is directly fixated
to the frame of the machine, the secondary guide rail is supported to the frame
using a hinged leaf spring (4) and is preloaded using 4 compression springs (5).
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The hinged leaf spring is used to obtain an approximately statically determined
guidance where the main guide rail determines the y, z, ψ and θ-degree of freedom (DoF) of the stage and the secondary guide rail determines the φ-DoF. The
hinged leaf spring also holds the secondary guide rail in x-direction to prevent it
from translating under moving of the carriage (7). The use of rollers as guiding
elements results in a line contact over the rails. Because of this, the stage is constrained over the φ-DoF resulting in an over-determined guidance. Due to the
small length of each roller (lroll = 1.7 mm) the obtained rotational stiffness per
roller is small, kroll ≈ 5.1 Nm/rad [79], and can be neglected. For repeatability
reasons, only 4 rollers are present in each cross-roller cage (1) located at the outermost cage positions for maximal stiffness around the ψ and θ-DoF, thereby minimizing overconstraints. A force-closed design is obtained by preloading each
roller with an approximately 5 N force in the middle stage position using 4 compression springs integrated in the leaf spring support (6) as visualized in Fig. 5.10.
This preload force results in an estimated stiffness of approximately 6.5 · 106 N/m
per roller [80] which leads to an in-plane stiffness of cy,z ≈ 2.6 · 107 N/m and a tilt
and yaw stiffness of k θ,ψ ≈ 1.2 · 104 Nm/rad of the stage. The 62 mm spaced rails
results in a roll stiffness of the stage of k φ ≈ 5 · 104 Nm/rad (hinged leaf spring
stiffness included). The aluminium hinged leaf spring is dimensioned to have a
stiffness of < 1/1000 of the fixated degree of freedom (DoF) by the main guidance
rail and a high as possible stiffness in the other DoFs. Due to the fixed location
of the compression springs, the preload force will vary with approximately 29 %
over the required stroke (±11.25 mm) of the stage which will result in a maximum
roller stiffness variation of approximately 5 · 105 N/m. Since these variations are
not significant due to approximately nearly load independent stiffness for the
line contact of a steel roller [81, 82], no overconstrained problems are expected.
The use of rolling-contact bearings leads to presence of friction which can prevent
the carriage from achieving the required positioning accuracy of ±100 nm (Section 4.1.2). Due to the force-closed, statically determined guidance design, a low
friction force is expected with minimal backlash, which is further investigated in
Section 5.5.
Alternatives
Besides the selected force-closed linear crossed roller guidance also flexure mechanisms and air bearings were investigated as alternative linear straight-guiding
guidances for the horizontal x-stage. Both of these guideway types have the advantage of a (near) frictionless, backlash free motion which is beneficial to obtain
the required sub-micron required fiber position accuracy. Linear flexure mechanisms (e.g. based on double parallelogram flexures or six (sharp)-folded plate
springs) have the disadvantage of requiring large flexural elements to obtain the
required stroke of ±11.25 mm for the x-stage. This results in a significantly larger
footprint compared to the crossed roller bearing guidance in combination with
an often inferior achievable stiffness in the non-motion directions. The thin and
lengthy flexural elements often required for these mechanisms result in a fragile,
costly mechanism with a less desirable thermal behavior. Due to stiffness of the
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flexural elements, a force is required to move the stage away from its nominal
position. The stage actuator normally delivers this force at the expense of power
dissipation within the actuator resulting in thermal expansion of the stage. A
stiffness compensation can be employed to prevent the generation of heat by the
actuator due to the stage stiffness at the cost of a more complex/expensive mechanism and a larger footprint.
Air bearing guidances are not stroke limited as flexure mechanisms but require relative expensive, precisely machined guiding surfaces. In addition, a
pressure stable air supply is required to obtain a good air bearing stability. Moreover, each air bearing should be preloaded to obtain the required gap heights for
the desired static and dynamic bearing stiffness. These high preload forces result
in relative bulky preload frames increasing the stage mass.
Because of the mentioned disadvantages, the force-closed linear crossed roller
guidance is preferred over both of the guidance alternatives. The selection of a
mechanical guidance results in a cost-effective, compact and stiff solution which
can be easily maintained.
x-stage carriage
The two moving rails of the force-closed crossed roller bearing guidance are
bolted to the bottom of the linear carriage (Fig. 5.9, no. 7) of the horizontal xstage. This carriage is formed by a closed box to obtain a stiff and lightweight
structure. At the inside of the carriage the axial z-stage is mounted on the bottom as visualized in Fig. 5.8. The vertical y-stage is mounted at the top of the
carriage structure at two support points (8) which both coincide with a carriage
rib for a stiff structural loop. The carriage is closed using a top plate (9) as visualized in Fig. 5.8. Holes present in both the stage carriage (10) and preload
frame of the guidance (11), as indicated in Fig. 5.9, allow the vision system to
observe the product carrier from an axial distance. For the actuation of the stage
in x-direction a voice coil actuator (12) is selected as discussed in Section 5.1.1.
The coil of the voice coil actuator (VCA) is mounted at the side wall of the closed
boxed frame pointed towards the center of mass of the stage to prevent dynamical
bending moments on the guidance. A moving coil VCA is selected for minimal
moving mass. For a proper introduction of the actuation force into the carriage, a
rib perpendicular (Fig. 5.10, no. 8) to the VCA fixation point at the carriage side
wall is used to obtain a stiff structural loop as can be observed in Fig. 5.9. The
combination of the VCA and guidance results in a total stroke of ±19 mm of the
x-stage allowing for the assembly of larger fiber arrays in the future. A linear
incremental optical encoder (13) is used for position feedback of the horizontal xstage as discussed in Section 5.1.2. The encoder scale (14) is mounted to the front
of the carriage against three pins to define all in-plane DoFs. The adhesive layer
between the scale and carriage can cope with the thermal expansion differences
between the aluminium carriage and the low expansion nickel/iron alloy of the
scale as specified by the manufacturer [74]. The encoder system is placed as close
as possible to the end-face of the vacuum gripper of the vertical y-stage used to
hold the to-be-aligned fiber to minimize Abbe induced measurement errors. With
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respect to the end-face of the fiber gripper the Abbe offset is 20 mm in z-direction.
In Abbe placement of the encoder system was not possible due to the presence
of the product carrier underneath the fiber gripper of the vertical y-stage (see
Fig. 4.3) and the holes (10) required in the x-stage carriage for the vision system
to look through. No minimum phase behavior of the stage is expected by actuating at the stage’s center of mass and placing the encoder system at one side of
the stage. The total moving mass of the horizontal stage is approximately 0.45 kg,
which includes both the vertical y-stage and axial z-stage. The selected VCA as
discussed in Section 5.1.1 is able to deliver a continuous force of 2.1 N implying
a related continuous acceleration of 4.7 m2 /s for the 0.45 kg moving mass of the
stage. For short term periods a maximum actuation force of 6.5 N is possible resulting in an approximate acceleration of 14.4 m2 /s. The production speed of the
fiber array alignment machine is limited by the required adhesive curing time of
around 10 seconds. As a result, the horizontal x-stage moves relatively slowly,
which will be further discussed in Section 6.3. Dynamical problems are not expected for the x-stage due to these relative slow stage movements combined with
the high guidance stiffness and low moving mass (0.45 kg).
Friction properties of crossed roller bearings
The selection of a linear crossed roller bearing for the guidance of the horizontal
x-stage results in presence of friction. This friction limits the achievable accuracy
of the stage through virtual backlash according to [55]:
Sv =

2 |W |
,
c

(5.1)

where Sv is the virtual backlash or positioning uncertainty, W the friction of
the guidance and c the actuation or control stiffness. For sufficient accuracies, the
friction should be low and the control stiffness should simultaneously be sufficiently high. The control system stiffness is a tunable parameter in the motion
controller of the system, but is limited due to the stability of the feedback control loop. An experimental setup is visualized in Fig. 5.11. The setup was used
to measure both position dependent friction of the selected linear crossed roller
bearing guidance, and velocity dependent (dynamic) friction. An experimental
identification method is preferred over simulations since the friction force of a
guideway is dependent on multiple complex interactions such as inter-surface
adhesion, surface roughness, surface deformation, and surface contaminations.
Experimental friction measurement setup
The experimental setup consists of a moving aluminium carriage, which is
guided in horizontal direction using linear crossed roller bearings. The design of
the guidance of the experimental friction setup is kept as similar as possible to the
design of the horizontal x-stage of the fiber alignment station as described in the
previous subsections. The experimental setup consists of an identical preloaded
crossed roller bearing guidance (Schneeberger RN3-075-SQ-KS) where the main
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Figure 5.11: Overview of the experimental setup for the friction properties of crossed roller bearings.

guide rail is fixed to the frame plate, and the secondary guide rail is supported
on a hinged leaf spring for a statically determined design and preloaded using
four compression springs providing 5 N preload each. The moving carriage is
actuated using a VCA (Moticont LVCM-025-038-02) and the position of this carriage is measured at the side with a linear incremental encoder with a resolution
of 5 nm (Renishaw Tonic). The dimensions of the carriage are selected such that
the mass and mass moments of inertia of the carriage closely matches the moving mass and mass moments of inertia of the horizontal x-stroke of the alignment
machine. The crossed roller bearing rails are lubricated using Shell Tonna S3 M68
mineral oil with a kinematic viscosity of 68 mm2 /s at 40◦ C [83]. To measure the
friction force of the guidance, a Kistler 9203 piezoelectric force sensor is placed
between the VCA and the moving carriage. The relative high longitudinal stiffness of 4 · 107 N/m of this sensor allows for a high static control stiffness of the
carriage. A PID motion controller with a cross-over bandwidth of 100 Hz is used
as motion controller for the friction measurement setup.
Friction experiments
The friction of the considered crossed roller bearings can be separated into two
types: position dependent and velocity dependent friction. For small stage displacements, a position dependent friction is dominant, which originates from
micro-slip of the rollers of the bearing relative to the guide rails. In the micro-slip
or pre-rolling friction regime, the contacts (junctions) of the asperities between
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the rolling elements and the guide rails are dominant [84, 85, 86]. These asperity
junctions will deform elasto-plastically for small displacements. For increasing
displacements the asperities will break from each other and will form new asperity junctions at a different position. For an increasingly stage displacement,
more and more connections will break and the asperities junctions will have less
time to form new junctions, which finally results in a breakaway displacement
beyond which rolling begins. The pre-rolling friction regime is dominant at near
zero velocity at velocity reversals or near the target position of the stage. In the
rolling regime, asperity junctions are continuously formed and broken resulting
in a primarily velocity dependent friction force [84]. Typically first a decreased
friction force (velocity weakening) is observed for increasing relative velocities,
due to initial build up of hydrodynamic pressure of the lubricant film. Hereafter, for larger relative velocities, the friction force will increase again (velocity
strengthening) due to viscous shear of the lubricant film.
Pre-rolling regime
To experimentally identify the pre-rolling regime, a low frequency (0.2 Hz) sinusoidal displacement setpoint with varying amplitudes is used as input for the
motion controller of the experimental setup. For each displacement amplitude,
the friction force and stage displacement is measured over 10 displacement periods to reduce the influence of measurement noise. Furthermore the pre-rolling
regime is identified for multiple stage positions to investigate the influence of a
varying preload force on the rollers due to the fixed positions of the compression springs along the rails. The results of these experiments are visualized in
Fig. 5.12.
The experimental results show a hysteretic displacement-dependent friction
force for the position setpoints. The region of these hysteresis loops which show
the steepest linear slope can be explained by pure elastic deformation [87]. Here
asperity junctions are being stretched by shearing which creates a counteracting
frictional force. The stage will return to its original position when the external
actuating force is removed in this elastic region (before elasto-plastic behavior
has occurred). After the steepest region of the hysteresis loop, a decreasing slope
is observed which can be explained by a combination of further elastic shearing
and asperity junction breaking due to overstretching which result in the observed
hysteric behavior [87]. Hereafter for an increasing displacement more and more
junctions are broken resulting in entering of the rolling regime. The hysteresis
loops for the different stage positions show a similar shape for all considered positions however the exact friction values differ. The slope of the friction curve
for a −3 mm stage position is for example much lower than for the hysteresis
loops of the 0 mm stage position. This position dependency can be explained
by the varying preload force on the rollers due to the fixed compression spring
positions. However, in that case one would expect nearly identical results for the
−7 and +7 mm, and −3 and +3 mm stage positions which is not the case. Another explanation for this position dependency can be the straightness deviations
of the guidance rails and/or geometric errors of the rollers. In addition, for an in-
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Figure 5.12: Hysteresis friction loops of the preloaded crossed roller bearing stage for different stage
carriage positions and position amplitudes.

5.5. Horizontal x-stage

89

Figure 5.13: Stribeck curve of the preloaded crossed roller bearing setup. The maximum measured
friction force, after averaging, is indicated per velocity magnitude.

creasing displacement amplitude, one would expect a flattening effect on the hysteresis loops to a constant friction force due to the entering in the rolling regime,
which is not the case. The exact source for these anomalies remains unclear. In
Appendix A the displacement-friction curves for larger displacement amplitudes
are included. In general the observed friction force is very low (<0.012 N).

Rolling regime
To experimentally identify the rolling friction regime of the considered crossed
roller bearings, the friction force is measured using the piezoelectric force sensor
during the constant velocity part of the setpoints used as input for the motion
controller of the experimental setup. The absolute magnitude of the constant
velocity part of these setpoints is varied from 0.8 mm/s to 10 mm/s in 8 steps.
Each motion setpoint is repeated 10 times and the resulting friction measurement
results are subsequently averaged to reduce the influence of measurement noise.
This resulted in a friction curve as function of a steady state velocity (Stribeck
curve) which is visualized in Fig. 5.13. In this figure the maximum measured
friction force, after averaging, is indicated per velocity magnitude.
The results show a small velocity strengthening component for increasing velocity magnitudes. Similar to the pre-rolling regime, the observed friction forces
are small (< 0.015 N). Using the PID motion controller with a cross-over bandwidth of 100 Hz (servo stiffness of 2.2 · 107 N/m at 0.5 Hz), a steady-state positioning error of 5 nm is observed (limited by quantization of the linear encoder).
Using the virtual backlash equation (Eq. 5.1), a final position accuracy of about
0.5 nm seems achievable for this linear crossed roller bearing configuration (neglecting electrical noise and other external disturbances).
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Figure 5.14: Exploded view of the vertical y-stage, based on an elastic straight-guiding mechanism.

5.6

Vertical y-stage

The vertical y-stroke of the fiber alignment station is enabled by an elastic
straight-guiding mechanism, which can move over a stroke of ±0.5 mm, as visualized in Fig. 5.14 and Fig. 5.15. This mechanism is used to pick up the fiber from
the fiber holder and to subsequently align the fiber in the y-DoF on the substrate
with respect to external references and already fixated fibers. A vertical y-stage
based on elastic deformation is selected for a frictionless and backlash free motion. Both properties of elastic manipulators are essential for minimal positioning
errors to accomplish the required ±100 nm fiber alignment accuracy in y-DoF as
discussed in Section 4.1. Elastic based manipulators typically have a high stiffness ratio between the constrained and unconstrained degrees of freedom and
can be light weight. The influence of external disturbance can therefore be minimized with minimal residual stiffness in the actuation direction. The straightguide should furthermore provide a linear stiffness (for control purposes) and
minimize parasitic motion.
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Figure 5.15: Section view of the vertical y-stage, based on an elastic straight-guiding mechanism.

Elastic straight-guiding mechanism
The elastic straight-guiding mechanism consists of aluminium parallelogram
flexure with an integrated weight compensation mechanism and vacuum fiber
gripper. The parallelogram flexure consists of stiffened leaf springs, which are
monolitically connected to parallelogram base and bridge. The base of the parallelogram consists of integrated stops to limit the stroke to ±0.5 mm to protect
the parallelogram during fabrication, assembly, transportation and use. The leaf
spring thickness is set to 0.15 mm, the length is 33 mm and the width is 20 mm,
which results in a parasitic stiffness of 1100 N/m in motion direction. This includes the stiffness of the weight compensation mechanism which is discussed
in Section 5.6. For the maximum static deflection of the parallelogram the drive
system should deliver a force of ±0.55 N. To mitigate the risk of buckling of the
flexures during transport and assembly, the mid-sections of the leaf springs are
reinforced.
The parallelogram is actuated using a voice coil actuator (VCA) that is integrated between the stiffened leaf springs. To minimize the moving mass of the
parallelogram, the coil assembly of the VCA is connected to the parallelogram
while the heavier magnet assembly is fixated to the base of the vertical y-stage.
To mount the coil and magnet assembly concentrically, a spacer foil is used dur-
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ing the assembly. Since the actuator force application point does not coincide
with the center of mass of the parallelogram, acceleration forces will result in a
tilt-rotation of the parallelogram bridge (Φ-DoF). Due to the limited acceleration
forces of the y-stage during the adhesive curing process, no significant tilt is foreseen which might disturb the reproducibility of the adhesive shrinkage due to an
uneven adhesive geometry.
When performing a vertical y-stroke, the parallelogram flexure mechanism
will show a shortening effect where the y-movement is accompanied by a parallel movement in the axial z-direction. For a 0.5 mm stroke the shortening of
the parallelogram flexure is approximately 11 µm [88]. This shortening effect
can result in a different axial z-position of the fiber when placed on the substrate
compared to the (aligned) axial fiber positions in the fiber holder. This is due to a
potential difference in vertical position of the fibers in the fiber holder compared
to the top-plane of the substrate (e.g. caused by a substrate height tolerance). For
the axial alignment of the fibers only the relative axial position between the fibers
is of importance. As a result the shortening effect of the flexure has a negligible
effect on the axial alignment accuracy since the vertical position of the parallelogram during alignment of the fibers on the substrate is constant within 3 µm for
all fibers.
For the position feedback of the vertical y-stage a linear incremental optical
encoder is used as discussed in Section 5.1.2. The encoder scale is placed in the
base of the parallelogram against three reference end-faces to define all in-plane
DoFs and subsequently bonded using adhesive. The encoder head is mounted to
a side plate of the parallelogram. The low required alignment tolerances of the
encoder system allow alignment of the head using manufacturing tolerances and
a so-called ’feeler gauge’, as specified by the manufacturer. To minimize Abbe
induced measurement errors, the encoder system is placed as close as possible
to the end-face of the vacuum gripper in which the to-be-placed fiber is held.
With respect to the end-face of the fiber gripper, the Abbe offset is 6.7 mm in
z-direction.
Fiber gripper
To be able to pick-up and place fibers using the y-stage, a vacuum fiber gripper is
mounted to the parallelogram bridge. The fiber gripper should provide a passive
alignment for the φ- and ψ-DoF of the fiber with respect to the other, already
fixated fibers, on the substrate. A mutual fiber alignment accuracy of ±1.5◦ is
pursued for both of these DoFs as discussed in Section 4.1.
The fiber gripper consists of a 90◦ V-groove in which the cleaved ⌀125 µm
bare-glass fibers-ends are held using vacuum, similar to the V-grooves of the
fiber holder of Section 5.2.1. This vacuum is created through 30 holes of ⌀125 µm
placed in line over a distance of 13 mm at the bottom of the groove. The V-groove
geometry of the gripper determines the x, y, φ and ψ-DoFs of the fiber while the
z and θ-DoFs of the fiber are determined through friction. Since the alignment
machine manipulates the fibers in the x, y and z-DoF only the φ and ψ and θ-DoF
of the fibers are passively determined by the gripper with respect to the substrate.
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Figure 5.16: Front view of the fiber gripper and substrate for an array with a 127 µm fiber pitch.

The φ and ψ-orientation of the gripper with respect to the substrate should not
change significantly due to thermal effects over the period required to assemble
a complete fiber array to obtain the required ±1.5◦ mutual fiber alignment accuracy. Due to the relative short alignment time, small thermal inputs and thermal
lengths no significant angular orientation change of the gripper is expected. A
temperature variation of ±10 K between the two leaf springs of the parallelogram will, for example, result in a rotation of the gripper of less than ±60 arcsec.
In Section 5.9.5 the thermal sensitivity of the alignment machine is discussed in
more detail.
Since only a fraction of the fiber circumferences is retained by the gripper, a
minimal fiber pitch of 127 µm is possible contrary to mechanical grippers (see
Fig. 5.16). In addition, this partial enclosure of the fiber circumference allows for
a non-contact fiber pick-up out of the fiber holder V-grooves as described in Section 4.4.4. The suction holes of the gripper are connected to a vacuum chamber
which, in turn, is connected to a venturi vacuum generator that generates an under pressure of −0.9 bar resulting in a fiber holding force of approximately 0.15 N.
This holding force is sufficient to overcome the bending induced forces of the
fiber and the capillary forces due to the adhesive presence as shown in Table 5.1
and Fig. 5.17. The bending induced forces arises from the axial alignment of the
fibers, the lateral movement of the fibers from the fiber holder to the substrate,
the lateral fiber displacements required for the alignment and pre-curvature of
the fiber. To ease maintenance and/or replacement of the fiber gripper due to,
for example, clogging or damage, the gripper is a separate part of the y-stage and
not monolithically integrated.
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Force source
Lateral bending induced force
∆xmax = 19.9 mm (16-fiber array)
Axial bending induced force
∆zalignment = 10 mm
Required axial friction force of gripper
µSiO2 − Al ≈ 0.6 [78]
Gravitational attraction force
Capillary force
Vadhesive = 3500 pL
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Force amplitude [mN]
2.6
20
32
0.2
30

z

y
x

Table 5.1 & Figure 5.17 : The forces acting on the fiber which the fiber gripper should overcome.
The bending induced forces are determined using a FEA and the capillary force of the adhesive is
determined using the software package Surface Evolver [29]. The direction of the forces are indicated
in the accompanying schematic side view of a fiber in the product carrier.

Weight compensation
To prevent gravity from pulling down the parallelogram flexure, a constant upward force is required. This force can be delivered by the integrated voice coil
actuator (VCA), however this will result in unwanted heat production due to the
additional power dissipation. In addition, the VCA can only be used for the compensation force when the system is powered on. During a shutdown this can
result to damage to the connected fiber gripper when gravity moves the parallelogram downwards to, for example, the substrate. The weight of the moving
bodies is therefore compensated using a weight compensation mechanism based
on a preloaded tension spring as visualized in Fig. 5.15. The stiffness of the spring
should be low to prevent both a large varying compensation force and to prevent
an significant increase of the stiffness in actuation direction. A lower spring stiffness is at the cost of a reduced spring eigenfrequency and a longer spring length.
To prevent these problems, the tension spring is not connected directly to the parallelogram bridge but via a lever and leaf spring. The addition of this lever significantly reduces the spring motion compared to parallelogram’s motion. Due
to the transmission ratio i = ssba of the lever (see Fig. 5.15), a much stiffer spring
can be selected for a nearly constant compensation force. The effective stiffness
of the weight compensation mechanism is given by:
ce f f =

cspring
,
i2

(5.2)

where ce f f is the effective spring stiffness and cspring the spring stiffness. The
selection of a transmission ratio i = 1 : 6.9 in combination with a spring stiffness
of 510 N/m, results in a compensation force variation of less than ±2.5% over the
stroke. The VCA has to apply an extra force of about 5 mN to keep the body of
the parallelogram at the maximum displacement from the center position. This
is negligible compared to the 0.55 N required to overcome the residual stiffness
of the parallelogram. The lever is monolithically connected both to the parallelogram base using a circular elastic hinge and to the parallelogram bridge using a
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Mode 3: 1220 Hz

Figure 5.18: The 2nd and 3th eigenmodes of the FEA-based modal analysis of the vertical stage.

leaf spring. The tension spring is connected to the lever using a pin according to
the pivot rule to minimize wear and hysteresis [55]. The other end of the tension
spring is connected to a mechanism that allows fine-tuning of the spring preload
force over a small distance using a spacer and a finely-threaded nut.
With the coil, gripper, scale and weight compensation mechanism attached
to the flexure guidance, a total moving mass of 44 g is obtained. Using a Finite
Element Analysis (FEA), the first (vertical) eigenmode with the servo switched
off is calculated to be 26 Hz. The second and third eigenmodes are visualized in
Fig. 5.18 and are respectively 865 Hz and 1220 Hz.

5.7

Axial z-stage

5.7.1

Overview

The axial alignment of the fibers and the dispensing of the adhesive over a
straight line on the substrate is performed by the axial z-stage, which is visualized in Fig. 5.19. This axial z-stage consists of a linear guideway with crossed
roller bearing cages, which guide both an adhesive dispensing head and a glass
end-face on a carriage. The glass end-face is used to align all fiber end-faces axially as explained in Section 4.4.3. Actuation is provided by a VCA as discussed in
Section 5.1.1 while the position of the stage is measured using an incremental optical encoder as discussed in Section 5.1.2. The z-stage is mounted to the bottom
of the horizontal x-carriage as visualized in Fig. 5.20.
The positioning accuracy of the z-stage is less critical: ±2.5 µm (Section 4.1),
as compared to the required ±100 nm positioning accuracy of both the x- and
y-stage. For the axial alignment accuracy of the fibers only the relative position
between the fibers end-faces is of importance since a completed fiber array is
re-aligned in axial direction when assembling it to a PIC as explained in Sec-
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Figure 5.19: Exploded view of the axial z-stage.
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Figure 5.20: Partial section view of the axial z-stage as mounted in the x-carriage.
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tion 4.4.3. The absolute z-position of the droplets on the substrate is additionally
of less importance for the adhesive dispensing process. This is the case because
capillary forces will result in the complete wetting of the fiber when brought into
contact. The axial z-stage should only ensure that the fiber end-faces are positioned within the 200 µm depth of field of the vision system used for the lateral fiber alignment. As a result a standard linear crossed roller guidance with a
12 mm stroke is used for a compact and light weight solution. This stroke is sufficient to cope with the 10 mm axial pre-position accuracy of the fiber end-faces in
the fiber holder and the adhesive dispensing over a 10 mm, overlapping, straight
line. A carriage is glued to this guidance in which the coil assembly of the voice
coil actuator (VCA) is integrated to minimize the moving mass compared to a
moving magnet VCA.
A detachable holder is connected to this carriage which hold both the adhesive dispensing head and corresponding reservoir and the glass end-face for the
axial fiber alignment. The detachable holder enables servicing of the adhesive
dispenser away from the alignment machine. As end-face for the axial alignment a float glass plate is used to obtain a flat pushing surface with a low surface
roughness.
The linear scale of the encoder system is placed at the side of the z-carriage
against three mounting surfaces to define all in-plane DoFs and is subsequently
bonded using adhesive. The encoder head is mounted to a bracket which is fixated to the bottom of the x-carriage. To minimize the Abbe induced measurement
errors, the encoder system is pointed to the glass end-face used for the axial fiber
alignment. The dispenser head and glass end-face are mounted as close as possible to the fiber gripper of the y-stage to minimize the required stroke of the
horizontal x-stage. To prevent the accidental curing of the adhesive in the dispenser head due to stray UV-rays, a protective cover with a small hole for the
adhesive droplets is used to shield the dispensing head. The moving mass of the
z-stage is approximately 100 gram which includes a filled adhesive reservoir. The
axial alignment of the fibers and adhesive dispensing will be discussed in more
detail in respectively Section 5.7.2 and Section 5.8.
5.7.2

Reproducibility of axial alignment

To verify the reproducibility of the axial alignment procedure, as explained in
Section 4.4.3, experiments are performed using a setup, which is visualized in
Fig. 5.21. These tests are carried out because the exact friction coefficient between
the aluminium V-grooves of the fiber holder and the silica fibers is not accurately
known and neither is the vacuum pressure acting on the fibers (e.g. due to a
choked flow and/or leakage).
The experimental setup consists of a fiber holder in which 4 optical fibers can
be held in 250 µm spaced V-grooves with a length of 13 mm and a 90◦ groove
angle comparable to the holder used in the prototype of assembly machine. Vacuum is created using multiple holes of ⌀80 µm placed in line over a distance of
10 mm at the bottom of each V-groove to hold the ⌀125 µm bare glass part of
the fibers. In front of the fiber holder, a parallelogram flexure mechanism with
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Parallogram flexure
Parallel vertical plates
Connector adapter
Fiber holder

10 mm

Figure 5.21: The setup used to determine the axial alignment reproducibility.

a stroke of ± 1 mm is mounted, which is used to simultaneously push the fibers
in axial direction using a float glass plate glued to the front of the stage. To reduce the axial fiber stiffness, the fibers are looped between vertical plates. For the
prototype of the assembly machine this looping is replaced by a upwards bend
to prevent twisting of the fibers. In both cases the axial stiffness of the fibers is
comparably low. The connectors present at one end of the fibers are plugged into
an adapter to fixate them.
Analysis procedure
For each experiments, the fibers are cleaved to create flat end-faces. Hereafter
they are manually placed into the vacuum V-grooves and subsequently pushed
back in small increments using the parallelogram flexure. After each displacement increment of the parallelogram, images of the fibers are captured using a
Mitutoyo Quick Vision Active measuring system [89]. These images are subsequently processed in Matlab. The grey-scale intensities of the images show a
distinct transition at the fiber tip as visualized in Fig. 5.22. This transition can be
described by the function f = a + b · arctan ((z0 − z)/w), where f is the image
grey-scale intensity, a & b are offset and scaling variables, z indicates the z-pixel
position, z0 denotes the fiber edge z-pixel position, and w the pixel width of the
transition. By fitting a least-squares estimate of this appropriate function on the
transition, the edge position of the fiber can be defined analytically. This method
does not provide the absolute position of the fiber-ends, however since the shape
of the transition does not change during the measurements it can be used as measure for the reproducibility of the axial alignment process. For each measurement,
50 images were taken for averaging to reduce the influence of camera noise and
variation of illumination. Using this method first the vertical edge of each fiber
is determined, which enables the definition of the horizontal edge of each fiber at
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Figure 5.22: A) Camera image used for determining the axial fiber reproducibility, B) Corresponding
grey-value transition and fitted curve from which the position is determined.

the same location. After the determination of the fiber positions, a least-squares
estimate of a linear line is fitted through these points to calculate the deviation of
the fiber-positions from this line. This calculation is repeated for each measurement and the standard deviation for each fiber is computed using the outcome of
it.
Results of the axial alignment experiments
The axial alignment experiments are conducted with 5 different vacuum pressures, ranging from −0.4 bar to −0.9 bar. As vacuum generators, the venturi
principle based Festo VN-05-H is used. For each vacuum pressure level the fibers
are pushed 15 times axially in small increments to identify the repeatability of
the process. The standard deviations that are measured and computed from the
experiments are listed in Table 5.2.
Table 5.2: Results of the axial alignment experiments for different vacuum pressures.

Air vacuum generator [bar]
-0.4
-0.6
-0.8
-0.9

Axial fiber position reproducibility 3σ [nm]
Fiber 1 Fiber 2 Fiber 3 Fiber 4 Mean
42
39
95
61
63
39
45
48
38
43
15
29
47
26
31
28
28
75
46
48

The results show that the proposed method of axial alignment is a very repeatable process where 3σ reproducibilities in the order of 50 nm are observed.
This indicates that the required mutual alignment accuracy of 2.5 µm can be met
with ease. Significantly larger axial fiber alignment reproducibilities of approximately 160 nm were expected based on the virtual backlash equation (Equation
5.1). Here a fiber stiffness of 8.5 · 105 N/m (l protruding = 1 mm), an under pressure of −0.9 bar and a friction coefficient of µSiO2 − Al = 0.6 [78] were assumed.
Furthermore the experiments show no significant difference in alignment repro-
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ducibility for the different vacuum pressures. Larger standard deviations were
expected for higher vacuum pressures due to the increased friction force. Likely
explanations for these deficiencies are a combination of a different friction coefficient between the fibers and V-grooves, local fiber and V-groove unflatness, air
leakages caused by local deformations around the vacuum holes and a possible
chocked flow. For a chocked flow, the mass flow through the vacuum holes will
not increase with further decrease in the downstream pressure of the vacuum
generators. Locally, at the constrictions of the vacuum holes, the speed of sound
can be reached [90]. As a result, pressure changes upstream will no longer result
in pressure changes downstream. To prevent a chocked flow, the vacuum holes
in the fiber holder and fiber gripper of the prototype of the assembly machine are
enlarged to ⌀125 µm resulting in an approximately 2.5× larger flow rate before
a chocked flow is reached. Furthermore, air leakages around the fiber are prevented by adapting the manufacturing process of creating the vacuum holes to
minimize local deformations.

5.8

Adhesive dispensing & curing

For the fixation process of the fibers, multiple adhesive droplets are dispensed
over a 10 mm linear line. Multiple smaller adhesive droplets are preferred over
few larger droplets to enable dispensing near the already fixated fibers for fiber
pitches down to 127 µm. The Microdrop MD-K-140 dispensing system is selected, which is a non-contact dispensing system based on inktjet deposition.
Piezoelectric material is used to generate a pressure pulse in the medium releasing a droplet from the nozzle [91]. During this process, the static pressure of
the medium is insufficient to form a complete jet. As a result, a portion of the
medium is flowing back in the reserve direction into the reservoir allowing for
adhesive volumes as low as 90 pL. These adhesive volumes can be dispensed
with a volumetric tolerance of better than 1 %. These small volumetric dispensing tolerances allow for a reproducible shrinkage and thermal expansion of each
individual fiber fixation necessary for the required positional accuracy. To enable
the piezoelectric driven dispensing system to dispense the selected NOA 61 adhesive (see Section 4), the adhesive viscosity should be lowered to below 100 mPa·s.
This is realized by heating the adhesive to 80◦ C using the integrated heater in
the dispensing head. The dispenser head and corresponding adhesive reservoir
is integrated in the z-stage, as shown in Section 5.7, to allow dispensing over the
desired 10 mm straight line. Other dispensing techniques for volumes of less
than one microlitre such as contact dispensing are not selected due to their relative poor volume and position reproducibility [92, 93].
A NOA 61 adhesive droplet during the dispensing is visualized in Fig. 5.23A,
and four, in-line, dispensed NOA 61 droplets on a Quartz substrate are shown in
Fig. 5.23B. The approximately 30◦ contact angle between the adhesive and substrate results in a dispensed droplet diameter of 160 µm. This diameter is too
large for dispensing directly next to a fixated fibers for a 127 µm fiber pitch without disturbing the alignment. As a result, a small lateral offset to the dispensing
location dispensing is applied. When bringing the fiber into contact at the desired
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Figure 5.23: NOA 61 droplets. A) In flight during piezoelectric droplet dispensing, B) four droplets
dispensed in-line on a Quartz substrate.

horizontal (x) placement position with the adhesive droplets, the capillary action
causes the droplets to pull under the fiber and ensures the complete wetting of
the fiber.

x

y

Figure 5.24: Section view of the designed optical system for the UV-curing. Rays of the curing head
are indicated in blue.

UV-curing
After the alignment of a fiber, the adhesive is cured from underneath the substrate
using a 365 nm, 18 W LED Spot Curing System (Omnicure LX500). The UV-rays
are focused to the top side of the substrate to a ⌀12 mm spot using multiple lenses
and a mirror as visualized in Fig. 5.24. This allows for positioning the UV-head
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Figure 5.25: Results from the sequential ray tracing analysis of the optical system for the UV-curing.
A) Normalized irradiance at the substrate surface, B) section cut of the normalized irradiance along
the middle of the spot.

at a larger distance from the substrate to minimize the thermal input to the assembly machine. This is especially important since the 18 W curing system is the
largest thermal input of the fiber alignment machine. In Section 5.9.5, the power
dissipation of the various machine components is discussed in more detail. As
explained earlier in Section 4.4.8 the adhesive is cured from beneath the substrate
to obtain a homogenous cure without disturbing the horizontal x-alignment of
the fiber. To enable fast adhesive curing times, the optical system is optimized
to maximize the irradiance at the substrate surface for the approximately 10 mm
long adhesive bond. In Fig. 5.25, the normalized irradiance of the UV-source
at the substrate is shown along with a section cut of the normalized irradiance
along the middle of the spot. Both results are obtained using a sequential ray
tracing analysis using the software package OSLO [94]. The optical system used
for the UV-rays is mounted in the frame of the assembly machine as shown in
Section 5.10.

5.9

Vision system

The fiber cores in the assembled arrays should be positioned on a straight line
parallel to the top-plane of the substrate at a predefined pitch as visualized in
Fig. 5.26B and shown previously in Fig. 2.1 in more detail. To measure both the
horizontal (x) and vertical (y) position of the fiber cores, a vision system is used.
Similar to the fiber position measurements as discussed in Section 2.4.1, light is
guided into the connectors of the single-mode fibers and the emitted beams are
subsequently projected on a CMOS sensor using a telecentric lens. The captured
images are processed to extract the pixel-positions of the fiber cores. A Gaussian
least-squares-fit of the light spots is used for this, since the emitted light of the
fiber cores have approximately a Gaussian intensity distribution. In Section 6.2
this procedure is discussed in more detail including the effect of image noise on
the position detection reproducibility. The vision system is also used to generate
the motion setpoints to move to the desired fiber placement position for both the
vertical as horizontal stage. Using camera feedback, both the current fiber posi-
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Figure 5.26: A) Exploded view of the vision system, B) Resulting image of the vision system. Indicated
are the aligned fibers (in red) for a 8-fiber array and the adopted coordinate system for the calibration
of the vision system.

tion and the target position are instantly known, contrary to optical power measurements, which are typically used for active alignment procedures. As a result
the alignment time can be significantly reduced compared to current methods.
Since a camera-based vision system is relatively slow due to a limited frame rate,
the motion feedback of the stages is based on linear encoders enabling a control
bandwidth of over 100 Hz. In Fig. 5.26, an exploded view of the vision system is
shown (A) together with the corresponding camera image of the product holder
(B).
5.9.1

Overview

For the vision system, a Sill Optics S5LPJ7625 telecentric lens with a magnification factor of 1.33 is selected together with a Basler acA4024-29um, 12.2 MP, 1/1.7"
CMOS camera. This combination results in a field of view of 5.5 × 4.2 mm, which
is sufficiently large to measure both the fibers that are (being) placed in the array
and the two reference fibers incorporated in the substrate holder as visualized in
Fig. 5.26B. The 1.39 µm/pixel resolution of the vision system is sufficiently small
to detect the positions of the fiber cores reliably using a Gaussian least-squaresfit. In Section 6.2.1 the reproducibility of the fiber position measurement will be
discussed in detail. By using a telecentric lens, an orthographic projection of the
fibers is provided, eliminating parallax error of normal lenses. The telecentricity
of the lens reduces the thermal sensitivity of the measurement loop, since the center of the light spot will not change position due to an axial object displacement
(e.g. due to thermal expansion of the frame in z-direction between the vision
system and product holder). Furthermore, the selected lens has a low distortion
(< 0.05%) and a long working distance of 145 mm, enabling placement of the
vision system behind the horizontal stage. Holes in both the horizontal stage and
preload frame permits sight on the substrate and reference fibers. The telecentric
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lens tube is placed into a lens holder which is subsequently bolted to the machine
frame. The lens holder consists of two monolithic V-grooves, determining the
x, y, φ and ψ-DoF of the lens using two line contacts and the z and θ-DoF via
friction. To minimize the thermal distance between the substrate and the vision
system, the first/front clamp should determine the axial position of the lens. To
accomplish this, the preload force of the second/back clamp is reduced with respect to the first clamp by using a compression spring between the head of the
fixation screw of the second clamp and the screw hole. This allows the lens to
slip in axial direction while the first clamp, without a compression spring, determines the axial position of the front of the lens. By using a CMOS sensor with
a wavelength range of ∼ 400 − 1000 nm, the 1550 nm operating wavelength of
typical single-mode fibers used for InP photonic chips can not be detected. By
using visual light to launch light into the 1550 nm single-mode fibers, the CMOS
sensor is able to detect the fiber core positions at the cost of a higher attenuation
loss which is not a problem during the assembly of a fiber array. A slightly different mode-field-diameter is obtained due to the use of visual light instead of
1550 nm light (wavelength dependent). Since only the position of the center of
the light spot is of importance, this does not result in a positioning error. InGaAs
sensors are able to detect wavelengths in the near-infrared (NIR) range, however,
these are expensive, have a limited resolution and large pixel size in comparison
to visual light sensors [95], and are therefore not selected. Alternatively a phosphor coated CCD can be used, however, due to a poor spatial uniformity and an
extremely low sensitivity for 1550 nm light [96] they are also not selected.
Despite the low distortion (< 0.05 %) of the selected telecentric lens, the vision
system has to be calibrated to achieve both a relative and absolute measurement
accuracy smaller than the required 0.1 µm. In the next two subsections first the
x-calibration of the vision system will be discussed followed by the y-calibration
of the vision system. Both calibration directions are indicated in Fig. 5.26B.
5.9.2

x-calibration of the vision system

To match the fiber pitch in the assembled arrays to the pitch of the optical waveguides of the photonic chips, the vision system is calibrated in x-direction. This
calibration is performed by moving an optical fiber held in the fiber gripper in
x-direction while simultaneously measuring both the fiber pixel position and the
linear encoder position of the horizontal x-stage. The encoder scale has been
calibrated by the supplier and is considered as accurate reference. By simultaneously reading out the x-fiber pixel position and the encoder spatial position, the
distortion error for each x-pixel positions can be retrieved simultaneously with
the spatial resolution (pixel per µm) of the vision system. The latter is of importance for a fiber array pitch which matches not only relatively (uniform/predefined pixel pitch) but also absolutely (absolute pixel pitch in unit meter) with
the horizontal x-pitch of the optical waveguides of the photonic chips. This xcalibration is performed for the vertical y-fiber position, which matches with the
placement position of the fibers in the array. The calibration chart of the linear
scale of the encoder system, provided by the manufacturer, is used to account
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for scale production tolerances resulting in a calibrated scale accuracy of smaller
than 0.055 µm. To achieve even a higher calibration accuracy, a more precise displacement sensor, e.g. interferometer, can be used for the calibration. To link the
camera axes to the x and y-axis of the product holder/substrate, the two reference
fibers embedded in the product holder are used.
5.9.3

y-calibration of the vision system

To account for the distortions along the y-axis of the vision system, a y-calibration
is required. Contrary to the x-calibration of the vision system only a relative
calibration is required; all fiber cores should be positioned with no variation in
y-direction on a straight line parallel to the top-plane of the substrate. Moving
an optical fiber, held in the fiber gripper, in y-direction while subsequently measuring both the fiber pixel position as the linear encoder of the vertical y-stage
for different x-positions does not suffice. Due to the limited parallelism of the
crossed roller bearing guidance of about 1 µm [80], the y-position of the fiber will
unintentionally change slightly for different x-positions of the fiber.
To overcome this bottleneck a y-calibration method is developed for the vision system based on an error separation technique, the so-called reversal method
[97]. For this y-calibration method the light spots of an already assembled fiber
array in the product holder are measured by the vision system for three separate position combinations as visualized in Fig. 5.27. Using these measurements
the position deviations of the fibers in the array from the straight line above the
substrate (reference line 1) are separated from the y-position deviations of the
pixels from the sensor grid (reference line 2) which we need to calibrate. The
straightness deviations are evaluated at the equally spaced points xi with a chosen pitch equal to the fiber pitch. For simplicity, the grid pitch is normalised to
unity (∆x = 1), and as a result, x is defined to be −n, −n + 1, ...n, where the
number of gridpoints is controlled by the integer n, n ≥ 1. The two straightness deviations from the reference lines are given by d a ( x a ) and ds ( xs ) for the
fiber array and the sensor grid respectively. In the first combination the fiber array and sensor grid are evaluated with straightness deviations d a ( x a ) = d a ( x )
and ds ( xs ) = ds ( x ). In the second combination the fiber array is flipped with
respect to the first configuration and the sensor grid retains the original orientation resulting in d a ( x a ) = d a (− x ) and ds ( xs ) = ds ( x ). For the last combination the fiber array is shifted with one fiber pitch and the sensor grid retains the
original orientation resulting in d a ( x a ) = d a ( x − 1) and ds ( xs ) = ds ( x ). The
(measured) projection of the fiber spots to the image sensor for the three separate
positions combination, as visualized in Fig. 5.27, for the evaluation points x with
x = [−n, −n + 1, ...n] are successively:
m1 ( x ) = u1 x + v1 − d a ( x ) + d s ( x )

(5.3)

m2 ( x ) = u2 x + v2 + d a (− x ) + ds ( x )

(5.4)

and at the evaluation points x with x = [−n + 1, −n + 2, ...n]:
m3 ( x ) = u3 x + v3 − d a ( x − 1) + d s ( x )

(5.5)
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Figure 5.27: Three configurations of the fiber array to compensate for the vision system straightness/vertical deviations. The fibers position are indicated in red while the camera sensor pixels are
indicated using white rectangles.

The wedges between the reference lines are defined by u1 x + v1 for the first position combination, u2 x + v2 for the second, flipped array, position combination
and u3 x + v3 for the third, one fiber pitch shifted, position combination. A least
squares definition is used to relate the reference lines in a unique way to the fibers
in the array and the sensor grid to determine u1 , u2 , u3 , v1 , v2 and v3 . The following least squares definitions are used to define the reference lines:
n

∑

x a =−n

n

d a ( x a ) = 0,

∑

x a =−n

xa da (xa ) = 0

(5.6)
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n

∑

n

ds ( xs ) = 0,

xs =−n

∑

xs ds ( xs ) = 0

(5.7)

xs =−n

To find the solution of the straightness deviations, the system of equations
(5.3)-(5.7) is written into the following matrix notation:
Ax = m,

(5.8)
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 I2

−I3

 S1
0

I
I
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0
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0
0
0
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0
0
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0
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0
V1
0
0
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0
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0
0



da
  ds   

0 
m1
 u1 


m2 
0  
  
 v1   
V3 
  u2  = m3 
  0 
0 
 v2 

0
0  
u3 
v3

(5.9)

Here equations (5.3)-(5.5) are represented by the first 6n + 2 rows and the least
squares definition of the reference lines (5.6)-(5.7) are given by the last 4 rows. The
column vectors da = [d a (−n) d a (−n + 1) ... d a (n)] T and ds = [ds (−n) ds (−n +
1) ... ds (n)] T denotes the straightness deviations from the reference lines of respectively the fiber array and the sensor grid. The measured relative deviations
between the fiber array and sensor grid are ranked in m1 ... m3 . The matrix I
in the first row block represents an identity matrix (transformation of da or ds
into a column vector representing d a ( x ) or ds ( x )) where matrix I2 in the second
row block represents an anti-diagonal identity matrix (transformation of da into a
column vector representing d a (− x )). The matrix I3 represents an identity matrix
with a zero column at the end (transformation of da into a column vector representing d a ( x − 1)) and the matrix I3shi f t represents an identity matrix with a zero
column at the start (transformation of ds into a column vector representing ds ( x )
with x = −n + 1, −n + 2, ...n). The wedge profile between the reference lines is
described by S1 = [W1 V1 ] T , where W1 and V1 are respectively given by:
W1T = [−n − n + 1 ... n], V1T = [1 1 ... 1]

(5.10)

The wedge profile between the reference lines for the shifted fiber array measurement is described by W3 and V3 , which are similar to W1 and V1 except for the
first element which is missing due to the shifting with one fiber pitch of the array with respect to the sensor grid. The overdetermined system of (5.9) can be
solved in a least squares sense and the straightness deviations ds ( x ) caused by
lens distortions can be determined.
5.9.4

Uncertainty of the vision system calibration

To asses the accuracy of the calibration process, first the major error sources are
identified followed by the determination of the uncertainty of the vision system
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calibration. The mentioned uncertainty values of the vision system are determined using the measurement results which will be discussed in Section 6.2. All
mentioned uncertainties are 3σ values.
The following major error sources are distinguished:
• Errors of the horizontal (x) encoder system. For x-calibration of the vision
system, the encoder system is used to link the pixel position of a measurement to the physical (meter) position. The error of the encoder system can
be subdivided into scale errors and non-linearity in the interpolation of the
readhead resulting in a cyclic error, the sub-divisional error. The measurement uncertainty introduced by the scale error is 50 nm after calibration by
the supplier of the scale. The measurement uncertainty introduced by the
sub-divisional error is 30 nm. This results in a total measurement uncertainty of 59 nm for the encoder system since both measurement uncertainties can be treated as non-correlated.
• Repeatability of the relative deviations m1 ... m3 . The relative deviations
are measured using a Gaussian least-squares fit of the light spots. By using
single-mode fibers with a mode field diameter (MFD) of 10.4 µm (1550 nm)
for the calibration process, a non-repeatable pixel position noise (e.g. shot
noise, dark current noise) of 73.3 nm (0.051 pixels) is measured. The image
noise is treated as non-correlated measurement uncertainties. By averaging
each measurement over 30 images a measurement uncertainty of 10.4 nm
(0.0072 pixels) is introduced in m1 ... m3 . This measurement uncertainty is
also present during the horizontal calibration process.
• Vertical y-misalignment between the fiber array position and the indented
position with respect to the sensor grid. When flipping the array with
respect to the normal situation, as visualized in Fig. 5.27 for the vertical
calibration process, the array is supported on a different substrate in the
product holder (fibers are sandwiched between two substrates). Due to
the thickness tolerance of 0.025 mm of the Quartz substrate, a different yposition of the vision system can be illuminated by the light spots when
flipping the array. Furthermore, thermal deformations can cause for additional y-misalignment. Possible thermal drift in y-direction in the metrology loop can be determined by evaluating the y-position of the reference
fibers and comparing them to the initial measured positions. To asses the
measurement uncertainties as a result of vertical misalignment, a fiber, held
in the fiber gripper, is moved in y-direction over the sensor grid for different x-positions. Simultaneously with the pixel position measurement of the
light spot, the encoder position of the vertical y-stage is read out. Around
the intended y-positions of the fibers a maximum surface slope of 39.9 µrad
(6 nm over 150 µm) is measured. This indicates that for a vertical misalignment of 0.025 mm, a measurement uncertainty with respect to m1 ... m3 of
1.0 nm follows which is negligible small.
• Misalignment between the one fiber pitch shifted fiber array position and
the indented position with respect to the sensor grid. For the vertical cali-
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bration of the vision system, the fiber array should be shifted with one fiber
pitch with respect to the normal position. Having a misalignment ∆x with
respect to the indented position results in the measurement of the straightness deviation ds ( x + ∆x ) instead of ds ( x ). The fiber array is shifted over
one fiber pitch using shims resulting in an horizontal alignment uncertainty
of 2 µm (shim tolerance). The calibration measurements indicate that the
lens distortions are in generally small and smooth and a maximum surface
slope of 0.604 mrad (151 nm over 250 µm) is measured between two sensor grid positions. Together with the horizontal alignment uncertainty of
2 µm this results in a measurement uncertainty with respect to m1 ... m3
of 1.2 nm. This also indicates that horizontal thermal deformations (drift)
of the measurement loop introduces negligible measurement uncertainties
with respect to m1 ... m3 , since the measured horizontal drift of the reference fibers is < 500 nm during the calibration measurements.
• Horizontal x-misalignment between the flipped array position and the indented position with respect to the sensor grid. As mentioned before, the array is supported on a different substrate in the product holder when flipped
(fibers are sandwiched between two substrates). Due to a tolerance on the
width of the substrate, tolerance that the fibers are placed symmetrically
spaced on the substrate and the relative horizontal assembly tolerance of
the two substrates, a different x-position of the vision system can be illuminated by the light spots when flipping the array. Measurements indicate
a maximum x-misalignment of 10 µm for the flipped array with respect to
the intended position. With the earlier mentioned maximum surface slope
of 0.604 mrad of the vision system in x-direction, this results in a measurement uncertainty with respect to m1 ... m3 of 6.0 nm.
• Horizontal x-misalignment between the three array configurations due to
detenting errors of the product carrier. Each time a new array configuration is loaded into the product carrier, it is positioned relative to the vision
system using the detent mechanism discussed in Section 5.3. This detent
mechanism has a measured 3σ x-position reproducibility of 1.2 µm. With
the earlier mentioned maximum surface slope of 0.604 mrad of the vision
system in x-direction, this results in a measurement uncertainty with respect to m1 ... m3 of 0.7 nm.
The discussion of the major error sources indicates that the x-calibration process
of the vision system is dominated with errors of the encoder system of the x-stage
in combination with a non-repeatable pixel position noise. These errors results in
a total x-position uncertainty of the fiber of 60 nm. This uncertainty is sufficiently
small to align fibers with a desired x-alignment accuracy of 100 nm. Later on,
a mapped array (e.g. using power measurements with respect to a PIC) can be
used to reduce this uncertainty. The uncertainty of the y-calibration of the vision
system is especially dominated by the non-repeatability of the relative deviations
m1 ... m3 (image noise). To determine the effect of these measurement uncertainties on the calibration straightness deviations of the vision system, the variancecovariance matrix of the estimated straightness deviations is evaluated. Using
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this matrix the uncertainty of the calibrated straightness deviation for each evaluated sensor grid position can be determined. The variance-covariance matrix of
the estimated straightness deviations is given by [98]:
cov(x) = (AT A)−1 AT cov(m)A(AT A)−1

(5.11)

By treating the measurement uncertainties of m1 ... m3 as non-correlated, the
variance-covariance matrix cov(m) can be simplified to a variance matrix with
the identified measurement uncertainties of m1 ... m3 , um = 10.4 nm (0.0072 pixels) on the diagonal. The uncertainty of the calibrated straightness deviation of
the sensor for the ith element is given by:
q
(5.12)
udx ,i = [(AT A)−1 AT u2m IA(AT A)−1 ](i,i)

Figure 5.28: The uncertainty propagation factor of the vertical calibration of the vision system across
the sensor for calibration of 16 fiber positions (∆x = 127µm).

In Fig. 5.28 the straightness calibration uncertainties of the vision system uds
are visualized, normalized with the measurement uncertainty um of the measured relative deviation mi . This graph indicates the propagation factor of the
measurement uncertainty using a 16-fiber array for the calibration process. For
each fiber position it is indicated if the measurement uncertainty um of the measured relative deviation mi is amplified (uncertainty propagation factor > 1) or
weakened (uncertainty propagation factor < 1). The results show relatively small
uncertainty propagation factors for most of the assessed sensor grid positions. A
largest uncertainty propagation factors of 1.2 is calculated resulting in a maximum straightness calibration uncertainty of 10.4 nm (0.0072 pixels) for a measurement uncertainty um of 12.5 nm (non-repeatability of the relative deviations
m1 ... m3 ). Similar to the horizontal calibration, this uncertainty is sufficiently
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Table 5.3: Estimation of the mean power dissipation during the assembly of a fiber array. The total
mean dissipated power is 13 W.
Machine
component
Power
dissipation
[W]

A)

Linear
x-encoder

Linear
y-encoder

Linear
z-encoder

xVCA

yVCA

zVCA

UVsource

Dispensing
head

Vision
system

<0.5

<0.5

<0.25

7.4 · 10−4

1.5

1 · 10−4

6

1.25

3

Spot pos. Optical sensor Orginal
Optical ﬁber after sensor
spot pos.
rotation

B)
lspots,0/cos(Δψ)

x

z

Δ

Original optical
sensor position

x

z

lspots,0
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Rotated optical
sensor position

y

z

cos(Δ )·ypixel,0

ypixel,0

y
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Figure 5.29: Effect of a relative rotation between the fibers and optical sensor on the measured fiber
position, A) φ-rotation, B) ψ-rotation. Indicated are both the original measured spot position (dotted
red line) and the spot position after rotation (solid red line).

small to align fibers with a desired y-alignment accuracy of 100 nm. By increasing
the measurement numbers of each assessed grid point and subsequent averaging,
the propagation factor can be reduced since the measurement uncertainties um are
assumed to be uncorrelated. The graph shows furthermore a non-symmetrical
shape, where the outermost negative sensor grid positions show a larger uncertainty propagation factor than the outermost positive sensor grid positions. This
can be explained by the shifting of the array during the calibration process resulting in the less frequent measurement of the outermost negative grid positions.
5.9.5

Power dissipation and thermal sensitivity

To prevent measurement errors caused by thermal effects on the metrology loop
both the thermal inputs as the thermal sensitivity of the metrology loop are reduced as much as possible in the design of the assembly machine. The thermal inputs are reduced by the selection of efficient actuators, application of stages with
a low friction and moving mass, application of a weight compensation mechanism and by placing the UV-source at a larger distance from the substrate as
explained in the corresponding subsections. An estimation of the power dissipation of the machine is depicted in Table 5.3. The mean power dissipation is
determined using the procedure (e.g. motion profiles) of the next chapter to assemble a complete fiber array.
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The thermal sensitivity of the metrology loop is reduced mainly by directly
measuring the fiber position (Section 4.3.4), placing two reference fibers close to
the substrate (short metrology loop, Section 4.3.5) and by decreasing thermal gradients by applying of aluminium machine parts (high thermal diffusivity). The
two embedded reference fibers significantly reduces the thermal sensitivity of
the metrology loop since thermal drift between the substrate holder and vision
system can be detected and compensated for both the lateral (x, y) directions as
when rotation occurs around the camera axis (θ). The telecentric lens in the vision
system with a negligible parallax error and a depth of field of ±185 µm results
in allowing relative large (homogenous) temperature changes. For the 145 mm
thermal length between the substrate front-face and vision system a homogenous
temperature variation of ±53◦ C before the fibers at the substrate are moved out
of the depth of field of the vision system. Thermal effects which influence the
relative φ-orientation of the vision system with respect to the substrate, as shown
in Fig. 5.29A, will not result in measurement errors which should be taken into
account. Since the fibers are placed on a linear near horizontal line in x-direction,
a φ-rotation will not result in the measurement of a different mutual y-position
of the fibers due to the negligible y-distance between the fibers. Measurement errors influencing the alignment accuracy can occur when thermal effects introduce
a ψ-rotation of the vision system with respect to the substrate measurement, as
shown in Fig. 5.29B. This is caused by the pitch in x-direction between the fibers.
In the worst case scenario of a 16-fiber array with a 127 µm fiber pitch, a relative ψ-rotation of ±0.31◦ is allowed for a 30 nm measurement error between the
outermost fibers of the array. Due to this relative large permitted rotation, high
thermal diffusivity of the aluminium components and symmetry in the frame, no
relevant contribution to the overall measurement uncertainty will occur.

5.10

Machine frame

The frame of the fiber array assembly machine should provide a stiff connection
between the different machine components since it is an essential part of both
the structural loop and metrology loop as shown in Section 4.3.3. For the prototype of the machine an aluminium block of 455 × 200 × 60 mm is used as base
in which a pattern is milled of multiple chambers as visualized in Fig. 5.30. A
closed box design of the frame is created by bolting a top plate to the aluminium
base. For proper loading of the various reaction forces into the frame, the different mounted component at the top frame plate are bolted to the various vertical
walls of the base. Integrated in the base of the frame are the detent mechanism
of the product carrier and the optical system of the UV-curing head. For a later
production line, the frame of the prototype could be extended to house multiple assembly machines. To reduce costs, the frame could then be made from an
assembly of multiple plates instead of milling out of a single plate.

5.11. Electronics and software

113

x

y

z

Figure 5.30: Exploded view of the frame of the fiber array assembly machine. Additionally the mounting of the detent mechanism and the UV-curing optical system inside the frame is visualized.

5.11

Electronics and software

For the control of the fiber array alignment machine, an electronics cabinet is
designed, which is visualized in Fig. 5.31. This cabinet consists of a dedicated
Speedgoat real-time target machine with various input and output connector
panels, three linear current amplifiers for each of the actuators, four controllable
vacuum generators, a dispensing control unit, a UV-source control unit, a 24 V
power supply and voltage dividers/converters. A Speedgoat real-time processing system is selected as main control system platform, predominantly for its
flexibility, compactness and ease of use. The control software is written in Matlab Simulink which is converted to C-code and subsequently uploaded to the
stand-alone real-time system. After some software optimizations a 10 kHz sample rate has been obtained for the processing system. A dedicated measurement
card integrated in Speedgoat system is used to read out the digital signals of the
three optical incremental encoders of the motion axes at a 50 MHz sample rate.
Each of the actuators of the motion axes is powered by one analog, linear, current amplifier with a 5 kHz bandwidth. The control system signal is converted
to an amplifier input voltage using a 16-bit digital-to-analog converter (DAC). To
power the VCA amplifiers, a 24 V, 10 A power supply is used. A voltage converter is connected to this supply to power the optical encoders with a 5 V signal.
The control system operates the solenoids of the four vacuum generators using
opto-isolated-converters. The vacuum generators are used to control the various
vacuum functionalities of the machine (e.g. fiber gripper, substrate holder). The
compressed air required for these generators is filtered to ensure the absence of
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Figure 5.31: Electronics cabinet used to control the fiber array alignment machine.

compressor oil, condensation water and dirt particles. TTL signals are used by
the control system to trigger the dispensing system and UV-source. Both of these
components are controlled by their own dedicated control units.
An external PC is used to supply commands to the machine control software
running on the real-time processing system. For each assembly phase of a fiber
array offline programmed Matlab scripts supply commands to the real-time control system. This control system runs the motion control loop of each stage. The
external PC is used to generate fourth order motion setpoints based on the actual
position and desired position of a stage. Subsequently the setpoints are uploaded
to the control system and executed for each axis, while monitoring servo errors
and safeguarding pre-set safeties (e.g. current limit, maximum servo error). The
desired position of each axis is based on pre-set values in the offline scripts (e.g.
fiber pick-up location) or based on the measured fiber position by the vision system. The camera of the vision system is connected to the external PC which runs
a dedicated C-code to extract the fiber positions. To account for the errors of the
vision system, offsets are applied to the extracted fiber center positions, based
on the vision system calibration measurement results of Section 6.2. To prevent
collisions of the machine axes, the motion setpoints are checked against pre-set
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values before uploading to the control system.

5.12

Conclusion

A design for an automated fiber array assembly machine has been developed
and realized. In this chapter, the structural details of the design of this machine
were discussed. The machine consists of three motion axes, used for active fiber
alignment in the lateral fiber directions (x & y) and passive alignment for the
axial fiber direction (z). In addition, these axes are used to dispense adhesive
droplets on the substrate and allow to pick fibers up from their initial position in
a fiber holder and translate them to their placement location on the substrate. As
machine input, a product carrier is used were fibers and a substrate are loaded
onto in respectively a fiber and substrate holder. This product carrier is placed
on rails to allow for loading and unloading at an external location. To obtain a
reproducible position of the product carrier to the fiber array assembly machine
a detent mechanism is used.
To minimize hysteresis and friction and allow for a high positioning resolution
and control bandwidth, all three motion axes are actuated using voice coil actuators. For position feedback of the axes, optical linear encoders are used, which
are placed as close to the output while satisfying the Abbe criterium as much as
possible to minimize measurement errors. The horizontal x-stage of the machine
consists of a closed box to attain a light weight and stiff design and is guided over
a stroke of ±19 mm using a linear, force-closed, statically determined, crossedroller bearing. The selection of this guidance results in a cost-effective, compact
and stiff solution which can be easily maintained while simultaneously a low friction and backlash is attained for the ±100 nm positioning accuracy requirement.
Experiments show that this guidance has a friction of less than 0.015 N resulting
in steady-state positioning errors of 5 nm (limited by encoder quantization). In
view of the limited stroke of ±0.5 mm, the vertical y-stage of assembly machine is
provided by a flexure-based parallelogram straight-guide mounted to the closed
box frame of the horizontal stage. The flexure-based parallelogram results in a
backlash free and frictionless motion over a stroke of ±0.5 mm with a residual
stiffness of 1100 N/m and a first bandwidth limiting eigenfrequency of 865 Hz.
A vacuum V-groove fiber gripper is integrated in the bridge of the parallelogram
to pick-up and place fibers and simultaneously provide a passive fiber alignment
in the φ and ψ-DoF due to the V-groove geometry. Due to this gripper geometry only a fraction of the fiber circumferences is retained by the gripper allowing
for a minimal fiber pitch of 127 µm. To reduce power dissipation of the y-stage
and prevent damage to the fiber gripper during a shutdown, a weight compensation mechanism is integrated in the parallelogram flexure. The axial z-stage,
fixated to the bottom of the closed-box frame of the horizontal stage, uses a linear guidance with running crossed roller cages to move a dispenser head and
glass end-face over a ±6 mm stroke. By translating the glass end-face mounted
to this stage, the fibers are pushed backed in the fiber holder to obtain a mutual
axial z-alignment with an, experimentally determined, 50 nm reproducibility. A
non-contact dispensing system based on inktjet depositing is used to dispense
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multiple smaller adhesive droplets over a 10 mm line to enable dispensing near
the already fixated fibers for fiber pitches down to 127 µm. After alignment, the
adhesive is cured from underneath the substrate using a LED UV-head focused
by an optical system to obtain a homogenous and fast cure which will not disturb
the fiber alignment. Simultaneously the thermal input to the assembly machine
is minimized.
A camera-based vision system is used to measure both the horizontal (x) and
vertical (y) position of the fiber cores. This vision system is used to determine the
desired lateral alignment position of each fiber relative to two reference fibers integrated in the substrate holder as close as possible to the substrate. Contrary to
traditionally used optical power measurements for active fiber alignment, both
the current fiber position as desired target position are instantly known using
the vision system, reducing the alignment time. The thermal sensitivity of the
metrology loop is significantly reduced by the employment of the two reference
fibers since thermal drift between the substrate holder and vision system can be
detected and compensated for both the lateral (x, y) directions as when rotation
occurs around the camera axis (θ). The thermal sensitivity of the metrology loop
is reduced further by making the main components of the assembly machine out
of aluminium (high thermal diffusivity) and the usage of a telecentric lens for
the vision system (parallax error elimination). A calibration method is developed
for the vision system to achieve both a relative and absolute measurement accuracy of < 100 nm required for the generation of motion setpoints for the fiber
alignment.

Chapter 6
Experimental evaluation
The experimental evaluation of the prototype of the fiber array assembly machine is discussed in this chapter. First, the performance of the motion axes is evaluated in Section 6.1. In Section 6.2 the vision system is experimentally evaluated. First, the reproducibility of the fiber core position detection is discussed followed by the calibration of
the vision system using the method described in Chapter 5. The complete machine performance, including the alignment accuracy for multiple assembled fiber arrays, is subsequently discussed in Section 6.3. In Section 6.4 a Monte Carlo simulation is performed to
compare the alignment performance of the assembled fiber arrays to the traditional applied
V-groove arrays. Finally, a conclusion is drawn in Section 6.5.

6.1

System identification and tracking performance

In this section the performance of each individual motion stage is discussed. First,
experimental system identifications are performed to determine the actual dynamic behavior of each stage. Based on these system identifications the final
motion controllers are designed. Finally, the tracking performance is shown for
each stage.
6.1.1

Horizontal x-stage

For the system identification closed-loop frequency response measurements are
performed using a multi-sine as disturbance signal. The open-loop plant model
of the system, Px−stage ( jω ), is calculated from the measured response using the
known linear controller and feedback law. In Fig. 6.1 the frequency response
function (FRF) of the horizontal x-stage is visualized from the actuator force to
the encoder displacement. The actuator force is calculated based on the measured amplifier input voltage and force constant k f of the VCA. The output current of the amplifier is assumed proportional to the input voltage, since the 5 kHz
bandwidth of the amplifier [99] is considerably higher than the 3 kHz maximum
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Figure 6.1: Measured frequency response function of the horizontal x-stage.

measurement frequency. The preload force on the rollers of the x-stage guidance
will vary due to the fixed location of the compression springs as explained in
Section 5.5. To identify the dynamic effects of this, the frequency response measurements of the x-stage are performed for multiple stage positions.
In general a −2 (mass/intertia) slope is shown in the magnitude (top in
Fig. 6.1) as expected for this mechanical system. Before 10 Hz, the (nonlinear)
effects of the friction of the stage can be observed. For small input amplitudes,
the hysteric pre-rolling stiffness is dominant, as discussed in Section 5.5, resulting in a stiffness line in the response and a resonance of the stage mass on this
stiffness. The −2 (mass/intertia) slope will start at a lower frequency for larger
displacements magnitudes as a result of the nonlinear friction effects. Two times
an anti-resonance and resonance pair can be observed in the response at around
90 and 130 Hz. A frequency shift of these pairs is observed when the cables of the
adhesive dispenser system are supported differently, indicating these cables as
source for the two anti-resonance and resonance pairs. Due to the relative small
mass of these cables they do not have a significant impact on the achievable stage
performance. At around 460 Hz, a resonance becomes visible for a stage position
of -14 mm, which is probably caused by the mechanical guidance. This mode
changes to approximately 480 Hz for a stage position of 14 mm indeed suggesting the effect of the position dependent preload force on the rollers of the x-stage
guidance. Higher guidance modes show similar frequency shifts dependent on
the stage position. The observed frequency shifts are relatively small, as expected
due to the nearly-load independent stiffness of the rollers.
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Table 6.1: Controller parameters of the horizontal x-stage.

Property
Control bandwidth [Hz]
Gain margin [dB]
Phase margin [deg.]
Modulus margin [-]
Gain [N/m]
Lead-lag filter
Integrator

zero [Hz]:
pole [Hz]:
zero [Hz]:

x-stage
195
12.6
38.8
0.51
169100
45
500
30

Based on this experimental system identification, a position feedback controller for the x-stage, Cx−stage ( jω ), is designed, which parameters can be found
in Table 6.1. The bandwidth is defined as the frequency where the magnitude of
the open-loop, | P( jω )C ( jω )|, crosses the 0 dB level for the first time. The sensitivity, S( jω ) = 1+ P( jω1)C( jω ) , of the horizontal x-stage with the implemented
feedback controller is shown in Fig. 6.2.

Figure 6.2: Sensitivity S( jω ) of the horizontal x-stage with the designed feedback controller.

The integrator in the designed feedback controller is used to increase the gain
of the controller at low frequencies, reducing the virtual backlash of the stage,
and to reduce the steady-state error of the stage to approximately zero. An acceleration feedforward is implemented next to the feedback controller. This feedforward is tuned to the corresponding stage mass of 0.52 kg. In Fig. 6.3 a typical 4th order motion setpoint of the x-stage is visualized including the resulting tracking
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error and steady-state error. Please notice the different y-scales used in the different subfigures. A maximum tracking error of approximately 150 nm is observed
during the constant speed portion of the setpoint. This error increases during
(de)acceleration of the stage to a maximum of 480 nm. For the assembly accuracy
of the fibers only the steady-state error is of importance. The steady-state error
shows a maximum amplitude of 10 nm and a typical amplitude of 5 nm, which
is equal to the encoder resolution. The required fiber x-alignment accuracy of
±100 nm is therefore not jeopardized.

Figure 6.3: Tracking performance of the horizontal x-stage. Please notice the different y-scales used in
the different sub-figures. A) typical 4th -order motion setpoint, B) resulting tracking error, C) steadystate error.

6.1.2

Vertical y-stage

For the vertical y-stage, a similar system identification is performed as in the
previous subsection. This system identification is carried out around the center
position of the stage contrary to the multiple assessed positions of the x-stage.
This because of the short stroke and elastic guiding principle of the y-stage. The
results in Fig. 6.4 show a first resonance around 28 Hz, which corresponds to the
1st eigenmode in movement direction of the stage. The horizontal spring-line in
the frequency response indicates a parasitic stiffness in movement direction of
1009 N/m, which corresponds fairly well to the designed value of 1100 N/m. At
around 460 Hz multiple resonances are visible, which were not expected based
on the Finite Element Analysis (FEA) performed in Section 5.6. The first of this
resonances is caused by cross-talk of the x-stage. The anti-resonance and resonance around 550 Hz is caused by the pneumatic hose of the fiber gripper of the
stage, which was not accounted for in the FEA. At around 821 Hz, the 2nd mode
of the elastic stage is visible (FEA: 865 Hz). This mode is not clearly visible in the
magnitude plot of the frequency response since this rotational mode, see Fig. 5.18,
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Figure 6.4: Measured frequency response function of the vertical y-stage.
Table 6.2: Controller parameters of the vertical y-stage.

Property
Control bandwidth [Hz]
Gain margin [dB]
Phase margin [deg.]
Modulus margin [-]
Gain [N/m]
Lead-lag filter
Integrator
Skewed notch
Skewed notch

zero [Hz]:
pole [Hz]:
zero [Hz]:
zeros [Hz], damping [-]
poles [Hz], damping [-]
zeros [Hz], damping [-]
poles [Hz], damping [-]

y-stage
280
20.7
39.0
0.52
38300
80
2000
45
1130, 0.1
1160, 0.2
28, 0.5
28, 0.4

does not result in large encoder outputs. A feedback controller is designed based
on the system identification of the y-stage, which parameters can be found in
Table 6.2. The sensitivity, S( jω ) = 1+ P( jω1)C( jω ) , of the vertical y-stage with the
implemented feedback controller is shown in Fig. 6.5.
To reduce the influence of floor vibrations on the position output of the stage,
an inverse skewed notch at 28 Hz (1st eigenfrequency) with a damping factor of
0.5 for the zeros and 0.4 for the poles is added to the feedback controller. This is
required since the supporting table, where the stage is placed on, shows only a
decoupling from 5 − 6 Hz. A relatively high level of floor disturbances is therefore
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Figure 6.5: Sensitivity S( jω ) of the vertical y-stage with the designed feedback controller.

transmitted to the stage around the 1st eigenfrequency. An acceleration feedforward (0.039 kg) and stiffness feedforward (1009 N/m) is implemented next to the
feedback controller. In Fig. 6.6, the resulting tracking performance is visualized
for a typical 4th -order motion setpoint with next to it the steady-state error. Please
notice the different y-scales used in the different subfigures.
The results show a maximum position error of approximately 80 nm during
the setpoint. Similar to the horizontal x-stage, only the steady-state error of the ystage is of importance for the assembly accuracy of the fibers. The steady-state error show a maximum amplitude of 10 nm and a typical amplitude of 5 nm, which
is equal to the encoder resolution. As a result the required fiber y-alignment accuracy of ±100 nm is not compromised.
6.1.3

Axial z-stage

A similar system identification as the previously two stage is performed for the
axial z-stage. This stage is used for both the axial fiber alignment and dispensing
of the adhesive. The identification is performed for a filled adhesive dispenser
head and reservoir around the center position of the stage. The results, visualized in Fig. 6.7, show in general a −2 (mass/intertia) slope in the magnitude as
expected for this mechanical system.
Below 30 Hz, the (nonlinear) effects of the friction of the stage can be observed, similar to the low-frequent response of the horizontal x-stage. The hysteric pre-rolling stiffness is dominant in this low-frequent region of the response
for small input amplitudes. A clear stiffness line (0-slope) is visible followed by
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Figure 6.6: Tracking performance of the vertical y-stage. Please notice the different y-scales used in the
different subfigures. A) typical 4th -order motion setpoint, B) resulting tracking error, C) steady-state
error.

Figure 6.7: Measured frequency response function of the axial z-stage.

a resonance of the stage mass on the hysteric pre-rolling stiffness. Similar to the
horizontal x-stage, the −2 (mass/intertia) slope will start at a lower frequency
for larger displacements amplitudes caused by the nonlinear response due to
friction. At around 64 and 163 Hz two anti-resonance and resonance pairs are
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Table 6.3: Controller parameters of the axial z-stage.

Property
Control bandwidth [Hz]
Gain margin [dB]
Phase margin [deg.]
Modulus margin [-]
Gain [N/m]
Lead-lag filter
Integrator
Low pass filter, 1st -order

zero [Hz]:
pole [Hz]:
zero [Hz]:
pole [Hz]:

z-stage
117
14.2
52.2
0.72
13844
34
1000
10
1000

visible. A frequency shift of the first pair is observed by supporting the hose between the dispenser head and reservoir differently, where the second pair shows
a frequency shift by supporting the cable between the dispenser head and the
dispenser control unit differently, indicating these cables as source for the antiresonance and resonance pairs. Approximately at 380 Hz the first mode of z-stage
guidance becomes apparent.
Based on the system identification of the axial z-stage a feedback controller is
designed which parameters can be found in Table 6.3. The corresponding sensitivity function, S( jω ) = 1+ P( jω1)C( jω ) , is shown in Fig. 6.8.

Figure 6.8: Sensitivity S( jω ) of the axial z-stage with the designed feedback controller.

Next to the feedback controller, an acceleration feedforward (0.085 kg) is implemented. The resulting tracking performance for a typical 4th -order motion
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Figure 6.9: Tracking performance of the axial z-stage. Please notice the different y-scales used in the
different subfigures. A) typical 4th -order motion setpoint, B) resulting tracking error, C) steady-state
error.

setpoint and the steady-state error is visualized in Fig. 6.9.
The results show a maximum tracking error of approximately 750 nm during
the setpoint. This tracking performance is more than sufficient for the adhesive
dispensing process where multiple droplets should be dispensed in-line without
overlap using the z-stage. The steady-state error shows a maximum of 10 nm
and a typical amplitude of 5 nm, which is equal to the encoder resolution. This is
more than sufficient for the axial fiber alignment process especially since only a
strict mutual fiber alignment is required in axial direction.
6.1.4

Overall performance of the motion stages

The designed feedback controllers of the previous sections have in general a high
bandwidth relative to the required performance of the stages. The time required
to cure the adhesive of about 10 seconds dominates the production time of a fiber
array, allowing for more relaxed feedback controllers to be implemented. However, it was decided not to do this in order to show the achievable performance
for this assembly machine design.

6.2

Vision system experiments

The vision system is used to obtain the position of the fiber cores for the lateral
alignment. In this section the reproducibility of this position determination is
discussed followed by the results of the vision system calibration according to the
procedure described in Section 5.9. All experiments in this section are performed
using single-mode fibers with a mode field diameter (MFD) of 10.4 µm (λ =
1550 nm). Visible light LED sources are used to launch into the fibers.
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Fiber position reproducibility results

During the alignment process light is launched into the single-mode fibers by a
LED-light source positioned above the product carriage. The emitted light spots
are focused onto the CMOS camera of the vision system by a telecentric lens, as
discussed in Section 5.9. Subsequently a 2D-Gaussian least-squares fit is used
to extract the pixel-positions of the fiber cores using an interior-point optimization method [100]. To account for light spots, which have an elliptical shape and
whose principal axes may be rotated with respect to the x- and y-coordinate axes,
the following Gaussian function is used for fitting:
g( x, y) = Ae

− 12



(( x − x0 ) cos θ −(y−y0 ) sin θ ))2 (( x − x0 ) sin θ −(y−y0 ) cos θ ))2
+
w2x
w2y



,

(6.1)

where A represents the light magnitude of the spot, x0 and y0 the center coordinates of the spot, θ the angle of the principal light spot axes relative to the vision
system coordinate system and wx and wy the spot width in x 0 - and y0 -direction
at angle θ. In Fig. 6.10, a typical fiber light spot projected on the vision system is
shown including the Gaussian fit and determined center of the spot.
Image noise of the CMOS camera can distort the position detection of the fiber
core. In order to reduce the influence of this noise, multiple images are averaged.
In Fig. 6.12 the reproducibility of the fiber core position detection in x-direction
is visualized as function of the number of frames used for averaging, expressed
in nm. For this measurement a total of 500 frames are recorded of an assembled
fiber array. The position reproducibility of a fixated fiber relative to two reference
fibers, embedded in the product carrier, is shown to filter out relative movements
between the fibers and vision system under influence of e.g. thermal or external
disturbances. This is performed by aligning the array coordinate system, defined
by the position of the two embedded reference fibers, to the vision system coordinate system as schematically shown in Fig. 6.11. The results show that after
the averaging of 18 frames a 3σ position reproducibility of less than 15 nm is obtained. By using more frames of averaging an even greater reproducibility can
be obtained. This is at the cost of larger required acquisition time resulting in
a decreased fiber alignment speed. As a result, 20 frames are selected for image averaging during the alignment process resulting in a 3σ reproducibility of
approximately 14 nm and a required acquisition time of 0.7 seconds.
6.2.2

Vision system calibration results

x-calibration of the vision system
A x-calibration of the vision system is carried out to match the fiber pitch in the
assembled arrays to the pitch of the optical waveguides of the photonic chips.
This calibration is performed by moving a gripped optical fiber in x-direction
while simultaneously measuring both the fiber light spot position on the image
sensor as the linear encoder position of the horizontal x-stage, as explained in
Section 5.9.2. A step size of 0.1 mm is chosen to move the x-stage over the used
width (3 mm) of the fiber substrate. Since the encoder scale has been calibrated
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Figure 6.10: 2D-Gaussian fit of an emitted fiber light spot projected on the vision system. Indicated
are the determined center of the spot and the major and minor axis of the Gaussian fit.

Vision system FoV

Substrate

Fixated ﬁber
Reference ﬁber

yvision

yarray
xarray
xvision

Figure 6.11: Schematic front view of the substrate holder. The array coordinate system is defined
based on the position of the reference fibers. This coordinate system is aligned with the vision system coordinate system to filter out relative movements between the fibers and vision system under
influence of e.g. thermal or external disturbances.
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Figure 6.12: The 3σ reproducibility of the fiber core position detection in x-direction as function of the
number of frames used for averaging.

by the supplier, as shown in Fig. 6.13, this is considered as accurate reference. The
fiber position for each x-stage step is determined over 28 recorded frames. These
frames are subsequently averaged resulting in a 3σ position reproducibility of
11.0 nm. During the measurements the vertical y-position of the fiber is held at
2 µm above the surface of the substrate, since the fibers are placed around that yposition. In Fig. 6.14 the results of the x-calibration are shown. Visualized are the
x-position deviations of the vision system as function of the calibrated encoder
position of the x-stage. The deviations are shown with respect to a linear leastsquares fit of the measurement points. Please note that during the array assembly
only the relative deviation between already placed fibers and the to-be-aligned
fiber are of importance. The results show that the vision system consists of a
combination of barrel and pincushion distortion (mustache). Barrel distortion
are observed near the center and pincushion distortion near the borders of the
measured range.
y-calibration of the vision system
For the y-calibration of the vision system, an assembled fiber array is measured
for three different configurations as explained in Section 5.9: 1) normal position,
2) flipped position and 3) a single fiber pitch shifted position. An 8-fiber array
with a 250 µm pitch is used as sample for the calibration, as visualized in Fig. 6.15
for the three considered configurations. Using the measurement results and the
system of equations 5.8, the straightness deviations d a ( x a ) and ds ( xs ) for respectively the fiber array and the sensor grid are determined. Each array configuration is measured ten times and the repeatability is calculated from the deviations
between the 10 measurements. For each measurement 28 frames are recorded
and averaged resulting in a 3σ position reproducibility of the vision system of
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Figure 6.13: Calibration data for the x-encoder of the fiber array alignment machine as supplied by
the manufacturer. Please note that the indicated errors are in nanometer.

Figure 6.14: x-position deviations of the vision system as function of the calibrated encoder position
of the x-stage. The deviations in nanometer are shown with respect to a linear least-squares fit of the
measurement points.

11.0 nm. To be able to flip the array, an additional substrate is glued on top of
the fiber array. Shims are used to shift the array horizontally (x) for a single fiber
pitch. In Section 5.9.4 the uncertainty of the vision system calibration is evaluated.
Using this analysis, the uncertainty for each sensor grid deviation ds ( xs ) is determined. An important aspect in minimizing these uncertainties is to minimize the
position variation of the product carrier with respect to the vision system introduced due to the loading of a new array configuration. The detent mechanism
of Section 5.3 is used to position the product carrier relative to the vision system
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Figure 6.15: Three different configurations of the 8-fiber, 250 µm pitch, sample array used for ycalibration of the vision system: A) front view of normal position, B) front view of flipped position,
C) front view of 250 µm shifted position.

and the rest of the machine. A position reproducibility of less than 10 µm was set
as requirement for the detenting process of the product carrier. Measurements
show that this requirement is more than met with a 3σ x-position reproducibility
of 1.2 µm resulting in a contribution to the measurement uncertainty of 0.5 nm
(Section 5.9). In Appendix D, the position reproducibility of the product carrier
using the detent mechanism is discussed in more detail. In Fig. 6.16, the straightness deviations ds ( xs ) are shown for the evaluated sensor grid positions. The
uncertainty for each sensor grid deviation ds ( xs ) is indicated using error bars.
The results show relative small straightness deviations of the vision system,
which where expected based on the selected telecentric lens with a specified distortion of < 0.05% [101]. The deviations show in general a mustache type distortion combining both barrel and pincushion type distortions.

6.3

Fiber array alignment performance

Using the described procedure in Section 4.4, multiple fiber arrays are assembled
by the designed fiber array assembly machine. In this section the performance of
the assembly machine is assessed by evaluating the assembly abilities (e.g. pro-
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Figure 6.16: Straightness deviations ds ( xs ) of the sensor grid for the grid positions of the evaluated
8-fiber array with a 250 µm pitch.

duction speed, minimum fiber pitch) followed by an evaluation of the assembly
accuracy. In Appendix B photographs of the different assembly steps of an array
are shown. For the arrays assembled in this section, single-mode fibers with a
MFD of 10.4 µm (λ = 1550 nm) are used, which are bonded using the Nordland
Optics 61 adhesive as selected in Section 3.4.
6.3.1

Assembly abilities

For a fast, yet accurate and reliable production, the setpoints of the motion stages,
the air pressures for the different vacuum components and adhesive dispensing
and curing parameters are optimized. To test the abilities of the machine to assemble a variety of array configurations both the array pitch as number of fibers
is varied. In Fig. 6.17 an 8-fiber, 250 µm pitch array is visualized together with a
4-fiber, 127 µm pitch array. The latter shows the capability of the machine to assemble arrays with the physical smallest fiber pitch. This smallest possible pitch
is a combination of the fiber diameter (⌀125 µm) and fiber tolerances (±1 µm for
selected single-mode fibers). Please note that standard SMF typically have larger
fiber tolerances. An assembly time of 18.8 seconds is achieved for the first fiber
alignment followed by a time of 14.5 seconds for each successive fiber. In Table
6.4, the required time for each production step is listed, including the associated
bottleneck for a shorter production time.
For a 16-fiber array a production time of 3 minutes and 56 seconds is possible,
which satisfies the 4-minute requirement set in Section 4.1.2. The major bottleneck in reaching a shorter production time is the curing of the NOA 61 adhesive,
which takes 10 seconds at an 2 W/cm2 intensity. This minimal required curing
time is defined as the time after which no significant (< 20 nm) movement of
the fiber is detected. A large gain to reduce this curing time is not expected by
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Figure 6.17: Assembled fiber arrays: A) front view of an 8-fiber, 250 µm pitch array, B) front view of a
4-fiber, 127 µm pitch array, C) top view of a 4-fiber, 250 µm pitch array.

increasing the UV intensity, as an exponential decrease of the curing time was
observed for the selected NOA 61 adhesive as a function of increasing light intensity in Section 2.5.3. Exploring different, faster curing adhesives can provide a
solution to increase production speed.
6.3.2

Fiber alignment accuracy

In this section both the lateral accuracy and repeatability of the fiber alignment
process are evaluated. A total of 10 fiber arrays are assembled to assess the alignment performance. Each array consists of 4 fibers with a 250 µm pitch. A fibersubstrate distance of 2 µm is used for the first fiber to limit the fiber-substrate
distance range to 1 − 3 µm for the subsequent fibers, which is sufficient to overcome the most typical fiber tolerances. A total of 31 drops of NOA 61 adhesive
are evenly distributed over 10 mm of the length of the substrate for a volume of
approximately 3000 pL. An vertical y-offset to the fiber position is applied before
curing to compensate for adhesive shrinkage. This offset is based on an adhesive
shrinkage calibration similar to the one of Section 2.5.2. During the assembly, an
initial UV-cure of 10 seconds at an 2 W/cm2 intensity is used for each fiber. After
the assembly of a complete array a post-cure of 10 minutes at an UV-intensity
of 1.5 W/cm2 is applied. The vision system of the fiber array assembly machine
is used to evaluate the final fiber positions using the process described in Sec-
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Table 6.4: Time required for each production step of an array assembly. The bottleneck for a shorter
production time is listed alongside each step.

Array assembly step

1st fiber:
Required
time [s]

Axial fiber alignment

1.36

Adhesive dispensing

0.86

1st fiber pickup

0.87

Substrate angle measurement

3.0

Substrate height measurement at
1st fiber placement location

1.24

1st fiber alignment
UV-curing & fiber release
Total time required for 1st fiber

Bottleneck
- The axial z-stage speed is limited to prevent
excessive collision forces on the fiber end-faces.
- The maximum acceleration of the
dispenser head is limited.
- Required time to build up and release vacuum.
- The vertical y-stage speed is limited to prevent
excessive collision forces on the fiber.
- Aquisition time of vision system.
- The vertical y-stage speed is limited to prevent
excessive collision forces on the fiber.
- Aquisition time of vision system.
- Aquistion time of the vision system.
- Limited by maximum curing rate of the adhesive

1.40
10.1
18.83
nd
2 to last fiber:
- The maximum acceleration of
Adhesive dispensing
0.86
the dispenser head is limited.
Fiber pickup
0.87
- Required time to build up and release vacuum.
- The vertical y-stage speed is limited to prevent
Substrate height measurement at
excessive collision forces on the fiber.
1.24
fiber placement location
- Aquisition time of vision system.
Fiber alignment
1.40
- Aquistion time of the vision system.
UV-curing & fiber release
10.1
- Limited by maximum curing rate of the adhesive
Total time required for each successive fiber
14.47
Total time required for a 16-fiber array assembly 236

tion 6.2. The fiber positions are measured several times during the post-cure to
detect positional drifts because of an incomplete cure. In Fig. 6.18, the results of a
typical array assembly are shown including the final alignment errors. The fiber
position errors in y-direction are obtained by computing the y-position deviation
of each fiber to the linear least-squares fit through all measured fiber positions.
To compensate for the misalignment between the coordinate system of the vision
system and the top surface of the substrate, as shown in Fig. 6.18B, the linear leastsquares fit is used to rotate the fiber positions before the errors are computed. The
position errors in x-direction are obtained by computing the x-position deviation
of each fiber to an ideal 250 µm pitch array in a least-squares manner. In Table
6.5 the mean alignment errors and standard deviations of the 10 assembled fiber
arrays are shown, where in Fig. 6.19 boxplots of the alignment errors are shown.
In Fig. 6.20, a scatter plot of the measurement results are shown, including σ and
3σ alignment error contours.
A total required lateral alignment accuracy of ±150 nm was set for the fibers
in Section 4.1.1 to achieve a maximum insertion loss of 0.25 dB per typical fiberInP waveguide coupling. The presented measurement results show the combined
effects of the fiber misalignment due to the assembly machine and the adhesive
shrinkage uncertainty. The long term adhesive stability uncertainty is not included in these results. As a consequence, the fibers are required to be laterally
aligned within ±105 nm in x-direction and ±143 nm in y-direction after the assembly of an array when all uncertainties are assumed to be uncorrelated.
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Figure 6.18: Results of an assembled 4-fiber array with a 250 µm fiber pitch: A) Front view of the
assembled array, B) Resulting fiber position measurements of the array including the linear leastsquares fit, C) Fiber alignment errors in x-direction, D) Fiber alignment errors in y-direction.
Table 6.5: Measurement results of the 10 assembled 4-fiber arrays. Visualized are the mean absolute
alignment error in x- and y-direction, mean alignment error magnitude, standard deviation of the
absolute error in x- and y-direction and the standard deviation of the alignment error magnitude.

Property
µ| x−alignment error|
µ|y−alignment error|
µalignment error mag.
σ| x−alignment error|
σ|y−alignment error|
σalignment error mag.

Value [nm]
24.0
29.2
41.2
19.1
16.2
18.8

The measurement results in Table 6.5, Fig. 6.19 and Fig. 6.20 show that the fiber
alignment errors are small and fall well within the set alignment requirements
with a maximum observed error of 81.9 nm in x-direction and a maximum observed error of 71.7 nm in y-direction. The 40 aligned fibers show a mean absolute
error of 24.0 nm in x-direction, 29.2 nm in y-direction and a mean alignment error
magnitude of 41.2 nm. The boxplots of the alignment results in Fig. 6.19 seem
to indicate that the errors are not normally distributed since the whiskers are not
symmetrically distributed and the medians are not in the middle of the different
interquartile ranges. However, no major conclusions can be drawn about the type
of error distribution due to the relative small sample size of 40 fibers.
No significant difference can be observed between the alignment errors in xand y-direction, which is unexpected since negligible fiber drift in x-direction
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Figure 6.19: Boxplots of the alignment results for the 10 assembled 4-fiber arrays. Boxplots are shown
for the position errors in x- and y-direction and the error magnitude.

Figure 6.20: Scatter plot of the alignment results for the 10 assembled 4-fiber arrays. Indicated are the
measurement points, mean of the measurement points and the σ and 3σ error contours.

was observed during the adhesive shrinkage experiments of Section 2.5.2. During the experiments it became apparent that this difference is caused by the pitch
difference between the connector end of the fiber and the bare fiber end, which
is placed on the substrate. This pitch difference was absent during the adhesive shrinkage experiments of Section 2.5.2. Due to this pitch difference the vac-
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uum gripper, in which the fiber is held during alignment, must withstand a fiber
bending force in x-direction and a moment around the y-axis. When the adhesive is cured, shrinkage causes the fiber to slightly move downwards out of
the V-groove of the vacuum gripper. This allows the fiber for a minor movement in x-direction due to the arisen distance between the fiber circumference
and both contact planes of the groove under influence of the force and moment
acting on the fiber. The observed alignment error in x-direction vanishes almost
completely (less than 10 nm) for fibers with a negligible pitch difference between
the two fiber ends. In general, the x-alignment errors increases for larger pitch
differences between the two fiber ends. The maximum observed x-error during
the experiments is 101.9 nm for an 8-fiber, 250 µm pitch array. This error is still
within the set ±105 nm alignment requirement. A possible solution to decrease
the x-alignment error is to decrease the relative angle between the two V-groove
contact planes from the current 90◦ to e.g. 60◦ . In this way a smaller horizontal distance is obtained between the fiber circumference and both contact planes
of the groove when the fiber moves downwards under influence of the adhesive
shrinkage. Alternatively the fiber pitch difference could be decreased by placing
connectors closer together.

6.4

Comparison with traditional V-groove fiber array

Today, mainly V-groove fiber arrays are used to create multiple optical fiber interconnects to photonic integrated circuits (PICs). In this section a comparison
in alignment performance is made between these V-groove arrays and the arrays
assembled by the prototype machine according to the novel fiber array assembly
concept. The fiber alignment in the V-groove arrays is based on passive alignment, where the etched V-groove and geometrical fiber tolerances determines the
core position of each fiber. To asses the performance of these V-groove arrays, a
Monte Carlo simulation is performed.
In Table 6.6, the assumed tolerances of typical single-mode optical fibers and
manufacturing tolerances of typical V-groove arrays are given. These various
tolerances are treated as statistically uncorrelated. In addition, a Gaussian distribution is assumed for the considered tolerances. In the Monte Carlo simulation
the assembly of 100.000, 16-fiber arrays, is examined. The effect of fiber tolerances on the geometrical position of the fibers in the V-groove is calculated using
geometrical worst-case factors as determined in [102]. A 109.5◦ angle is assumed
between the two faces of each V-groove. The fiber position errors in y-direction
are obtained by computing the y-position deviation of each fiber to the linear
least-squares fit through all calculated fiber positions, similar to the experimental
assessment of the y-alignment accuracy. The position errors in x-direction are obtained by computing the x-position deviation of each fiber to an ideal pitch array
in a least-squares manner. In Fig. 6.21, the results of the Monte Carlo simulation
are shown. Additionally, 3σ error contours are plotted in this figure to indicate
the alignment errors (3σx = 92 nm, 3σy = 99 nm) and adhesive stability errors
(3σx = 108 nm, 3σy = 45 nm) of the novel fiber array assembly concept considered in this thesis according to the measurement results of Section 6.3.2 and
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Table 6.6: Assumed tolerances for the Monte Carlo analysis, which are based on literature data [102],
[9], [18].

Tolerance (3σ)
Fiber tolerances
Core-Cladding eccentricity
Cladding Diameter
Cladding non-circularity
V-groove tolerances
Horizontal tolerance
Vertical tolerance

0.5 µm
0.7 µm
0.87 µm
0.25 µm
0.5 µm

Chapter 3. These errors are also treated as statistically uncorrelated.

Figure 6.21: Monte Carlo simulation of the fiber alignment error distribution of 100.000 16-fiber Vgroove arrays. In addition 3σ error contours are shown of the novel fiber array assembly concept
considered in this thesis, based on performed measurements.

The analysis results show a maximum alignment error of 1.1 µm in x-direction
and 2.0 µm in y-direction for the V-groove fiber arrays. The 3σ error contour of the
combined alignment and adhesive stability errors of the novel fiber array assembly concept shows an approximately 8× in x-direction and an approximately 18×
smaller error in y-direction when compared to the V-groove fiber arrays. For the
considered coupling case in this thesis, as discussed in Section 4.1.1, where a typical InP waveguide with a 4.86 × 1.53 µm mode field diameter (MFD) is coupled to
a High Numerical Aperture (HNA) fiber with a ⌀3.2 µm MFD, a maximum (3σ)
insertion loss due to misalignment of 2.1 dB is observed for the V-groove array.
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The 3σ error contour of the combined alignment and adhesive stability errors of
the novel fiber array assembly concept shows a maximum insertion loss due to
misalignment of 0.03 dB. This clearly shows the performance advantage of the
proposed concept.

6.5

Conclusion

In this chapter the performance of the realized automated fiber array assembly
machine was assessed. Experimental system identifications were carried out to
identify the dynamic behavior for each of the motion axes. Based on these identifications, motion controllers were designed. Each of the motion axes showed a
steady-state error with a maximum amplitude of 10 nm and a typical amplitude
of 5 nm, equal to the encoder resolution. The steady-state errors of the horizontal
x-stage and vertical y-stage are critical for the assembly accuracy of the fibers.
With the reported steady-stage amplitudes, the required lateral fiber alignment
accuracies of ±100 nm are not compromised. For the axial z-stage, the tracking
performance of a setpoint is key, to dispense multiple adhesive droplets in-line
without overlap. This is easily achieved with the observed maximum tracking
error of approximately 750 nm during a typical setpoint of this stage.
The position of the fiber cores for the alignment is measured using the vision
system by performing a 2D-Gaussian least-squares-fit of the projected fiber light
spots on the image sensor. The 3σ fiber position reproducibility of the vision
system was shown to be 14 nm when 20 frames were used for averaging to reduce
image noise. This resulted in required acquisition time of 0.7 second. To match
the fiber pitch in the assembled arrays to the pitch of the optical waveguides
of the photonic chips, a x-calibration of the vision system was carried out. A
combination of barrel and pincushion distortion (mustache) was observed along
the x-axis of the vision system. For the y-calibration of the vision system, an
assembled fiber array is measured for three different configurations according to
the procedure described in Section 5.9. The calibration results showed relative
small (< 90 nm) y-straightness deviations of the vision system with an in general
mustache type distortion.
To obtain the performance of the realized fiber array assembly machine, multiple fiber arrays were assembled according to the procedure described in Section 4.4. The assembly of arrays with a different number of fibers and fiber pitch,
as small as 127 µm, was demonstrated. The observed array production times
allows the assembly of a 16-fiber array within 4 minutes, satisfying the production speed requirement of Section 4.1.2. The curing of the used adhesive is the
major bottleneck for reaching shorter production times. Since increasing the UVintensity would not reduce the curing time of the selected adhesive, exploring the
application of faster curing adhesives can provide a solution.
The alignment accuracy of the assembled arrays was investigated by the measurement of 10 4-fibers, 250 µm pitch fiber arrays. A maximum fiber alignment
error of 81.9 nm was observed in x-direction while a maximum error of 71.7 nm
was observed in y-direction. This falls well within the set alignment requirements
of ±105 nm in x-direction and ±143 nm in y-direction (combined alignment & ad-
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hesive shrinkage requirement). A mean absolute error of 24.0 nm in x-direction,
29.2 nm in y-direction and a mean alignment error magnitude of 41.2 nm was observed with corresponding standard deviations of respectively 19.1 nm, 16.2 nm
and 18.8 nm. Using a Monte Carlo simulation, the assembled arrays were compared to traditional V-groove arrays. The assembled arrays showed an approximately 8× smaller alignment error in x-direction and an approximately 18×
smaller error in y-direction when compared to the V-groove fiber arrays, showing
a clear performance advantage.

Chapter 7
Conclusions, future work and outlook
In this work the development of an automated procedure is described for sub-micron accurate optical fiber array assembly for photonic integrated circuits. A fiber array assembly
machine was designed, realized and validated. This chapter provides a general discussion
on the thesis, suggests directions for future research and provides a broader outlook on the
future of photonic packaging and assembly.

7.1

Conclusions

A bottleneck in the large-scale deployment of photonic devices is caused by the
current large assembly and packaging costs estimated at least 50 % of the overall
costs of photonic module, and several orders of magnitude more compared to
electronic packaging. Especially the coupling of the internal waveguides of the
photonic integrated circuit to (multiple) external optical fibers contributes significantly to this due to the sub-micron accurate alignment that is required for an
efficient low loss coupling. Current employed alignment methods are typically
time-consuming, rely on manual labor, cannot reach the required alignment accuracy and/or are limited in the number and pitch of the optical couplings. The
goal of this project was to develop a solution for automated sub-micron accurate
optical fiber alignment for photonic integrated circuits. The aim was to make photonic fiber assembly: 1) more cost-efficient, 2) less labor intensive, and 3) possible
for higher production volumes while simultaneously making no compromises in
alignment accuracy.
Part I: Development of a sub-micron accurate optical fiber array
A new optical fiber array concept was proposed to tackle the previous mentioned
issues regarding alignment methods for optical interconnects. The proposed concept consists of the active alignment of multiple single-mode fibers with respect
to each other before fixation to a flat Quartz carrier substrate using UV-curable
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adhesive. The fixation using adhesive enables the compensation for manufacturing tolerances of the fibers such as core-cladding eccentricities while simultaneously the fiber number and pitch can be easily varied. The decoupled alignment
procedure where first an accurate fiber array is assembled before alignment to a
photonic chip, reduces production risks where an entire chip has to be discarded
when a fiber alignment has failed and allows for dedicated automated assembly
equipment, resulting in a faster and more economical production. Simulations
and experiments were performed to study the adhesive fiber fixation since adhesives are prone to shrinkage during the curing process, causing fiber misalignment. A repeatable near linear shrinkage was observed during the experimental
adhesive shrinkage evaluation as function of the fiber-substrate distance in the
examined range. The experimental results for a layer thickness, defined as the
minimal gap between fiber and substrate, of 1 − 3 µm (sufficient to compensate
for typical fiber tolerances), showed vertical fiber displacements in the range of
100 − 220 nm and no horizontal fiber displacements presumably due to the symmetrical bond geometry. An adhesive shrinkage reproducibility of 35 − 40 nm
(3σ) was observed for all considered adhesives which is sufficient for the most
critical fiber alignment applications. By applying a vertical offset to the position
of the fiber before curing, the targeted ±100 nm accurate lateral alignment in this
project can be reached. The viscoelastic nature of the employed polymer adhesives results in mechanical creep and stress relaxation over time which can result
in fiber misalignment. To investigate the long-term stability of the adhesive bond,
environmental tests were performed which artificially age the adhesive bonds
through humidity and thermal exposures. The results of an accelerated stress test
(AST) in which both the temperature and relative humidity is elevated, showed
a fiber-substrate distance change of about 220 nm on average for the considered
adhesives which bonds did not fail under influence of the environmental testing.
The fiber-substrate distance change diminished to less than 42 nm after subsequent thermal cycling indicating moisture desorption out of the adhesive during
the increased temperature part of the thermal cycle. Care must therefore be taken
to condition the fiber arrays at an elevated temperature for a period of time before placing them into a photonic package. The observed adhesive stability after
curing is sufficient for proper fiber alignment.
Part II: Design, realization and validation of the fiber array assembly machine
A fiber array assembly machine was designed and realized to automate the developed fiber array assembly concept. The machine is capable of assembling arrays
with up to 16 fibers with configurable fiber pitches as small as 127 µm. Actively
aligning fibers in lateral direction, at the required sub-micron accuracy. The other,
less stringent, degrees of freedom of the fibers are aligned using passive alignment features, resulting in a less complex assembly machine and a shorter array production time. The active alignment procedure relies on camera feedback,
which makes both the actual and target alignment position instantly known, contrary to the significantly slower optical power measurements, which are typically
used for active alignment procedures. The use of a force-closed, low friction,
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crossed-roller guidance for the horizontal axis of the assembly machine and a
frictionless elastic guidance for the vertical axis of the assembly machine resulted
in observed steady-state positioning errors of ≤ 10 nm for the fiber alignment
axes. A product carrier is used, on which a substrate and the fibers are placed.
The product carrier allows for loading and unloading at an external location increasing the productivity of the assembly machine. Embedded reference fibers,
integrated as close as possible to the substrate in the substrate holder, significantly reduce the thermal sensitivity of the metrology loop of the assembly machine since thermal drift between the substrate holder and vision system can be
detected and compensated for in multiple directions. A further reduction in thermal sensitivity is made by making the main components of the assembly machine
out of aluminium (high thermal diffusivity) and by using a telecentric lens for the
vision system (parallax error elimination). The fiber array assembly machine is
capable of assembling a 16-fiber array within 4 minutes showing a significantly
improvement over traditional active alignment methods which can take between
2 minutes to 1 hour per single optical interconnect [103, 13]. By using faster curing adhesives even a faster production seems possible. During the alignment of
10 4-fibers, 250 µm pitch fiber arrays, a maximum fiber alignment error of 82 nm
was observed in horizontal x-direction while a maximum error of 72 nm was observed in vertical y-direction. These alignment results are more than sufficient
for the most stringent fiber alignment applications. The alignment performance
of the assembled arrays using the newly realized machine was compared to a
Monte-Carlo simulation of the traditionally assembled passive V-groove fiber arrays. The results of this comparison showed an approximately 8× smaller alignment error in x-direction and an approximately 18× smaller error in y-direction
for the new fiber array concept, showing a clear performance advantage.

7.2

Recommendations for future work

Several recommendations can be made for future work and for improvements to
the realized fiber array assembly machine.
• Around 68% of the required production time of a fiber array is used for the
curing of the adhesive bond. By the employment of a faster curing adhesive
another significant reduction in the total production time of an array could
be achieved since the curing process is sequentially repeated for each fiber.
Adhesives should be tested for their curing times and performance (e.g.
long term stability, shrinkage reproducibility). The automated assembly
process of the machine allows for a relative short testing period for a large
number of different adhesives.
• The fiber alignment accuracy of the assembled arrays was assessed using
the same vision system as used for the active alignment process. It is recommended to align the assembled arrays to the internal waveguides of a
photonic integrated circuit to test the total coupling performance which
includes all coupling error sources such as the alignment accuracy of the
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passively aligned degrees of freedom of the fibers and potential reflection
losses. By measuring the coupling losses after obtaining accurate alignment
to the photonic chip, a more complete view on the achievable performance
is obtained.

• While the achieved fiber alignment accuracies fall well within the set requirements, the alignment can further be improved, especially for the horizontal x-direction. As explained in Section 6.3.2, an unexpected horizontal fiber drift was observed upon adhesive curing, which was caused by a
combination of the pitch difference between two fiber ends and downwards
movement in the fiber gripper due to adhesive shrinkage. By changing the
V-groove gripper geometry from the current 90◦ relative angle between the
two V-groove contact planes to e.g. 60◦ an improvement in alignment accuracy is expected due to the smaller horizontal distance between the fiber
circumference and both contact planes of the groove when the fiber moves
downwards. Alternatively, the fiber pitch difference could be decreased by
placing connectors closer together through stacking them.
• The prototype of the fiber array assembly machine showed less than
±100 nm lateral fiber alignment uncertainty within a 4 minutes production time for a 16-fiber array. A further improvement of the machine could
be made for high volume production of fiber arrays. In the current prototype, the single product carrier is manually moved and detented in and
out of the machine. Automating this process by, for example, a driven belt
connected to the carriers and an automated detent mechanism allows for
external loading and unloading at a larger distance from the machine reducing thermal inputs and other disturbances and accelerating the loading
and unloading process. By employing multiple product carriers the machine’s utilization can be maximized. The manual loading of the product
carriers by the operator can be accelerated by tooling (e.g. pitch reducing
fiber holders) or automated altogether.

7.3

Outlook

A mature packaging and assembly infrastructure is required to allow for a more
general adoption of photonic integrated circuit technology. In this thesis work,
a contribution to this goal has been made and described for the optical interconnects to a chip, however much more is needed. The required infrastructure
should include mature solutions for on-wafer testing, many optical interconnects,
wire bonding, packaging, thermal management and die- and module testing. In
this section it is attempted to provide a personal outlook to what is required for
future photonic packaging and assembly.
General standards are missing in the current photonic assembly and packaging technologies for the processes and components, both required for a successful
automatization. The lack of these standards contributes negatively to the development of dedicated process equipment. For process equipment manufacturers it
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is not appealing to invest in the development of equipment for highly customized
photonic packages for particular customers under the absence of standards. To
move from a prototyping phase to mid or large volume manufacturing, scalable
and highly automated processes are required. In the recent years several attempts
have been made to formulate standards, but often at a company level such as at
Cordon Electronics [19] and Technobis [104]. A pilot manufacturing line for photonic integrated circuit assembly and packaging, PIXAPP, was launched in 2017
to offer industry wide standardized photonic packaging solutions [105]. The process equipment manufacturers are often overlooked in these attempts to provide
general packaging and assembly standards. These typically get only involved
when the process is already established. However, a fresh look from outside the
photonic industry give rise to new ideas for assembly and packaging approaches
suitable for larger volume production. A collaboration between General Motors,
Philips, Universal, Fuji and Siemens in the 1980s, for example, led to general standards for mounting of electronic SMD (surface-mounted device) components resulting in a massive scale-up in production volume [106]. In addition, it is often
attempted to scale-up current low volume manufacturing processes instead of
developing dedicated solutions for mid or large volume manufacturing. Many
processes depend on other manufacturing steps and related design choices. The
package design affects, for example, the wire-bonding process for the electronic
connections of a chip, and the alignment time for the optical interconnects can be
improved by the knowledge of the tolerance stack-up of the other assembly processes. It is therefore beneficial to collectively examining the multiple required
processes.
It is envisioned that a large step can be made for a more general adoption of
photonic integrated circuit technology by developing industry wide standards
for photonic packaging and assembly, which focuses on larger volume production and where hardware suppliers are involved from the beginning of the process. Important here is not to pursue an all-in-one solution suitable for all photonic devices but to have focus on the main use cases since all-in-one solutions
rarely lead to an ideal process.
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Mustafa, L. and Černčič, E. Low-cost nir measurement device. In 2015
4th International Workshop on Optical Wireless Communications (IWOW), pp.
127–131. 2015.
Evans, C. J., Hocken, R. J., and Estler, W. T. Self-calibration: reversal,
redundancy, error separation, and ‘absolute testing’. CIRP annals, volume 45(2):617–634, 1996.
Rencher, A. C. and Schaalje, G. B. Linear models in statistics. John Wiley &
Sons, 2008.
Trust Automation Inc.
Datasheet of the TA115 Linear Drive.
URL
https://trustautomation.com/pdfs/datasheets/linear-drives/
TA115DataSheet.pdf, accessed: 8-11-2019.
Papalambros, P. Y. and Wilde, D. J. Principles of optimal design: modeling and
computation. Cambridge university press, 2000.
Sill Optics.
Datasheet of the S5LPJ7625 telecentric lens.
URL
https://www.silloptics.de/fileadmin/user_upload/Downloads/
Datasheet/S5LPJ7625.pdf, accessed: 5-9-2019.
Barwicz, T., Boyer, N., Harel, S., Lichoulas, T. W., Kimbrell, E. L., JantaPolczynski, A., Kamlapurkar, S., Engelmann, S., Vlasov, Y. A., and Fortier, P.
Automated, self-aligned assembly of 12 fibers per nanophotonic chip with
standard microelectronics assembly tooling. In 2015 IEEE 65th Electronic
Components and Technology Conference (ECTC), pp. 775–782. IEEE, 2015.
Kat, P. personal communication.
Technobis. Generic test package, 2014. URL https://www.technobis.com/
files/9614/1534/9075/Packaging_v1.pdf, accessed: 5-11-2019.
PIXAPP. Photonic Integrated Circuits Assembly and Packaging Pilot Line. URL
https://pixapp.eu/, accessed: 9-12-2020.
Gastel, S., Nikeschina, M., and Petit, R. Fundamentals of smd assembly:
A systematic approach analysing the relationship between smd placement
machine concepts and their performance. Southampton, UK: RTFB, 2004.

Appendix A
Displacement-friction curves
In Section 5.5, the friction properties of the designed force-closed crossed roller
guidance for the horizontal x-stage was discussed. This appendix provides additional displacement-friction curves for larger displacement amplitudes. In
Fig. A.1 the results are shown for a stage carriage position of 0 mm and in Fig. A.2
the results are shown for a stage carriage position of -7 mm. For these measurement the same measurement procedure is followed as discussed in Section 5.5.

Figure A.1: Hysteresis friction loops of the preloaded crossed roller bearing around the 0 mm stage
carriage position for different position amplitudes.
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Figure A.2: Hysteresis friction loops of the preloaded crossed roller bearing around the -7 mm stage
carriage position for different position amplitudes.

For larger position amplitudes the friction force shows a varying magnitude
as function of the stage position which can be explained by the beginning of rotation of the bearing rollers. The friction magnitude is still in general small with
a maximum observed value of 0.03 N around the 0 mm stage carriage position.
Similar to the results of Section 5.5, no clear flattening effect is visible in the friction curves when entering the rolling regime before rotation of the bearing rollers
commence.

Appendix B
Alignment procedure photographs

The fiber array assembly machine assembles arrays using the described procedure in Section 4.4. Fig. B.1, shows a block scheme of this procedure. In this
appendix photographs of the different assembly steps of an array are shown. The
captions under each figure provides a description of the shown assembly step.
Array production preperation:
Start

Fiber
preperation

Product carrier
loading

Fiber array alignment machine:
For 1st ﬁber:
Axial ﬁber
alignment

Adhesive
dispensing

1st ﬁber
pickup

Substrate angle
measurement

Substrate height
measurement

1st ﬁber
alignment

UV-curing

1st ﬁber
release

Repeat until last ﬁber
For 2nd until last ﬁber:
Adhesive
dispensing

Fiber
pickup

Substrate height
measurement

Fiber
alignment

UV-curing

Fiber
release

End
Array production completion:

Strain relief
application

Product carrier
unloading

End

Figure B.1: Block scheme of the fiber array assembly procedure.
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Product carrier loading

A)

B)

Fiber gripper

Substrate

Reference
ﬁbers

1 mm

y

x

Figure B.2: The loading of the product carrier into the fiber array assembly machine using the detent
mechanism: A) External view when operating the detent mechanism, B) Front view of the loaded
substrate.

Axial fiber alignment
A) Axially-unaligned
ﬁber in ﬁber holder

B) Axially-aligned
Fiber gripper

ﬁber in ﬁber holder

Substrate

Reference
ﬁbers

1 mm

y

1 mm

x

y

x

Figure B.3: Axial alignment of the fibers in the fiber holder: A) Front view of the fiber holder before
axial alignment using the z-stage, B) Front view of the fiber holder after axial alignment.

Adhesive dispensing
A)

B)

Fiber gripper

Adhesive
Substrate

Adhesive dispenser

Reference
ﬁbers

1 mm

y

x

Figure B.4: Adhesive dispensing: A) External view during adhesive dispensing, B) Front view of the
substrate after adhesive dispensing.
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Fiber pickup
A) Axially-unaligned
ﬁber in ﬁber holder

B) Axially-aligned
Fiber gripper
ﬁber in ﬁber holder

Substrate

Vacuum V-groove

Reference
ﬁbers

1 mm

y

1 mm

x

y

x

Figure B.5: Fiber pickup out of the fiber holder using the fiber gripper: A) Front view of the fiber
holder during fiber pickup, B) Front view of the fiber holder after fiber pickup.

Substrate angle measurement
A) Axially-unaligned
ﬁber in ﬁber holder

B) Axially-aligned
Fiber gripper

ﬁber in ﬁber holder

Substrate

Vacuum V-groove

Reference
ﬁbers

1 mm

y

x

1 mm

y

x

Figure B.6: Substrate angle measurement relative to the two embedded reference fibers in the product
holder: A) Front view of the substrate during touching of the left side of the substrate, B) Front view
of the substrate during touching of the right side of the substrate.
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Substrate height measurement and fiber alignment
A) Axially-unaligned
ﬁber in ﬁber holder

B) Axially-aligned
Reference
Fiberline
gripper
ﬁber in ﬁber holder

Substrate

Vacuum V-groove

1 mm

y

1 mm

x

y

x

Figure B.7: Substrate height measurement and fiber alignment. The 1st fiber is placed at a fixed height
above the substrate while the subsequent fibers are aligned with respect to a reference line bases on the
1st fiber position and measured substrate angle: A) Front view of the substrate during the substrate
height measurement and subsequent alignment of the 1st fiber, B) Front view of the substrate during
the substrate height measurement and subsequent alignment of the 2nd fiber.

Fiber curing and fiber release
A) Axially-unaligned
ﬁber in ﬁber holder

B) Axially-aligned
Reference
Fiberline
gripper

ﬁber in ﬁber holder

Substrate

Vacuum V-groove

1 mm

y

x

1 mm

y

x

Figure B.8: Curing of the adhesive for the aligned fiber and subsequent release of the fiber out of
vacuum gripper: A) Front view of the substrate during the UV-curing of the adhesive for the 1st
aligned fiber, B) Front view of the substrate during the release of the 1st placed fiber.
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Repetition of the alignment procedure for the rest of the fibers and the
unloading of the product carrier
A)

B)

Fiber gripper

Substrate

Reference
ﬁbers

1 mm

y

x

Figure B.9: Repetition of the alignment process (adhesive dispensing, substrate height measurement,
fiber alignment, curing and gripper release) for the 2nd until the last fiber as shown in Fig. B.1. Hereafter the product carrier is unloaded for strain relief application and unloading of the fiber array: A)
Front view of a finished 8th fiber, 250 µm pitch array before unloading, B) External view during the
product carrier unloading process.

Appendix C
Fiber array alignment machine photographs
In this appendix photographs of the realized fiber array assembly machine from
various angles are shown.

Product carrier

y-stage

UV-source

Figure C.1: Overview (1) of the fiber array alignment machine.
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z-stage
x-stage

238 mm

Detent mechanism
handle
200
Figure C.2: Overview (2) of the fiber array alignment machine.

Fiber connectors

Vision system

455 mm

Figure C.3: Right side view of the fiber array alignment machine.

mm
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Weight compensation
lever of the y-stage

Product holder

Hinged
leaf spring
Crossed roller bearing
rail of the x-stage

Figure C.4: Left detailed side view of the fiber array alignment machine.

Adhesive dispenser

Adhesive reservoir

Fiber gripper
Viewing hole for
the vision system

Figure C.5: Detailed view of the moving axes of the fiber array alignment machine.
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Quartz substrate

Fiber holder
Optical ﬁbers

Figure C.6: Detailed view of the product holder of the fiber array alignment machine.

Appendix D
Detent mechanism position reproducibility
In this appendix the position reproducibility of the product carrier is evaluated
when the detent mechanism, as discussed in Section 5.3, is used to position the
product carrier with respect to the vision system. The detent mechanism has the
requirement to obtain a reproducibility of the horizontal position of the product
carrier of < 10 µm. This is required to minimize errors during the straightness
calibration process of the vision system as discussed in Section 5.9.3. The operating procedure of the detent mechanism is shown in Fig. D.1. By moving the
detent ring upwards it is positioned against two pins fixated to the product carrier which transfers the position of the detent mechanism to the product carrier,
as discussed in more detail in Section 5.3.
Detent steel ring
Operating handle

Not-engaged position

Engaged position

Figure D.1: Photographs of the detent mechanism of the product carrier. In the left photograph the detent mechanism is not engaged, showing the detent ring in the lower position. The right photograph
shows the detent mechanism in the engaged position with the detent ring in the upper position.

The product carrier is detented 15 times with respect to the vision system to
determine the position reproducibility of the detent procedure. The embedded
reference fibers in the product carrier are used as measure of the position of the
product carrier. As described in Section 6.2.1, a 2D-Gaussian least-squares fit is
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used to extract the position of the fiber cores of the embedded reference fibers. Per
detent attempt 28 frames are recorded which are subsequently averaged resulting
in a 3σ measurement reproducibility of 11.0 nm. In Fig. D.2 the results of the
detent experiments are visualized.

Figure D.2: Position reproducibility of the product carrier when detented relative to the vision system
using the detent mechanism. Indicated are the core position deviations of the embedded reference
fibers with respect to the mean obtained detent position over all the attempts.

The results show that the required < 10 µm horizontal position reproducibility of the product carrier is more than met with a maximum horizontal position deviation of about 600 nm. A 3σ x-position reproducibility of 1.2 µm is
obtained resulting in a contribution to the measurement uncertainty during the
y-straightness calibration of the vision system of 0.5 nm (Section 5.9).
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