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Summary
Photonic integrated circuits (PIC) are an upcoming technology as an alternative to the
electronic circuits. Due to their advantages, such as the energy efficiency and high bandwidth, photonics is already widely used in telecommunication. However, in many other
fields it is still in the research stage. A key challenge is the light intensity loss in connections to and from the chips. This requires accurate alignment between the fibers and
the waveguide, which is a time consuming and costly process. A technique is proposed by
M.H.M. van Gastel to create a sub micrometer accurate fiber array. This way, multiple
fibers can be aligned simultaneously. In this report, a design for an assembly machine for
such micrometer accurate fiber array is shown. The machine uses position measurements
of the core of fibers. This circumvents that the production tolerances of the fibers are
passed through to the fiber array. The fiber cores are position with respect to each other.
The position is then fixated on a flat carrier using UV-curing adhesive.
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multi mode
Photonic Integrated Circuit
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Introduction

Photonic integrated circuits (PICs) is the topic of a growing field in research. They can
be used like Integrated Circuits (ICs) and have different advantages. Unlike ICs, they are
partially or completely composed of optical functions. Although photonics already have a
growing contribution to the market of for example communication, this is not yet the case
for PICs on other markets. A key challenge is still the signal intensity loss in the connection
between the PIC and optical fibers. This is due to the fact that, unlike as for ICs, metal to
metal contact is not enough. The fibers have to be accurately aligned to the waveguides of
the PIC. To get a low insertion loss connection is currently a costly, time consuming and
challenging process. While the cost of the materials for the connection are low, the cost are
driven up by the difficult process of active alignment. This is increased further when a PIC
has multiple inputs and outputs. Fiber arrays with fibers passively aligned in v-grooves
can be used to reduce the costs since multiple fibers can be aligned simultaneously to the
PIC. However, due to the tolerances of the optical fibers the performance is reduced using
such fiber arrays. M.H.M. van Gastel has proposed a different technique to manufacture
fiber array by actively aligning the cores of the fibers[10]. This would reduce the cost
while maintaining the performance. This thesis will look into the design of an automated
assembly machine to make fiber arrays using the concept as proposed by M.H.M. van
Gastel [10]. The concept and requirements will be elaborated in section 2. What steps
have taken on an assembly line is given in chapter 3. In chapter 4 an assembly station for
the fixation of the optical fibers is shown in detail.

Figure 1.1: An example of the use of an optical fiber array using a TriPleX interposer for
a low loss connection [4]
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2
2.1

Optical fiber connection
Optical fiber

In optical fibers, there is a distinction between two fiber types; multi-mode (MM) fibers
and single-mode (SM) fibers. MM fibers have fiber cores with a diameter of several times
the wavelength of the light. The light is trapped in the fiber by total internal reflection
due to the higher refractive index of the core than the cladding. The light reflects on this
interface layer and the light can thus travel on infinite distinctive paths or modes. SM
fibers have a much smaller core diameter. A representation of a SM fiber is shown in figure
2.1. Due to the smaller core diameter the physical model of internal reflection no longer
suffices. While the light is still trapped by the higher refractive index of the core, the
light travels on a single path along the core. The intensity of the light is not distributed
evenly over the area of the core and even travels partially through the cladding. Figure 2.1
also provides an illustration of such a mode shape. For a low loss connection, the mode
shape of the receiving wave guide has to be approximately the same as the transmitting
waveguide. The shape is determined by the difference in refractive index between the core
and cladding as a discontinuity in the shape is present at the interface layer. For most
fibers where the refractive index of the core is only slightly larger a Gaussian Beam model
is valid . As the intensity of a Gaussian Beam never reaches zero but merely approaches it,
the diameter of the light beam refers to the mode field diameter (MFD). The MFD gives
the the diameter of the area in which 1 − 1/e2 , or 86.5%, of the light intensity is present.

MFD

Jacket
0,9 mm

Buffer
250 µm

Cladding
125 µm

Core
2-9 µm

Light intensity

Figure 2.1: The different layers of a SM fiber and an illustration of how light propagates
through a fiber.
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2.2

Requirements

The insertion loss in a connection between fiber and waveguide is due to a combination of
several effects. Some of these effects are illustrated in figure 2.2. While the insertion loss
due to a refractive index mismatch or MFD mismatch can be reduced by the choose of
fibers and PICs, the loss due to the lateral alignment, angular alignment and separation
can be reduced with an accurate fiber placement. The effect of non ideal facets are caused
by defects at the end of the fibers or wave guides. This can be reduced by correct handling
during manufacturing or by polishing the fibers.

Figure 2.2: Common sources of the intensity loss in connections [4]
Since the loss due to the difference in refractive index and MFD mismatch are determined
by the application for the fiber array, not the array itself, the requirements for the fiber
array are focussed on reducing the misalignment. The requirements for the alignment
of a low insertion loss connection are given in table 2.1. Th table also state additional
requirements for the assembly machine.
Fiber placement
Lateral alignment
< 100nm
Longitudinal alignment < 1µm
Angular alignment
< 1◦
Assembly machine
Fiber
Array size
Process
Production

SM fibers, cleaved ends
16
Automated, low human interaction
100.000 units/years

Table 2.1: Requirements for the assembly machine
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2.3
2.3.1

Fiber arrays
V-groove array

Current common fiber arrays consist of optical fibers in an array of v-grooves. An example
is shown in figure 2.3. The cladding of the fibers are passively aligned with respect to each
other by the v-grooves. By aligning the cladding of the fibers, the production tolerances
of the fibers are passed on to the fiber array [9]. Typical tolerances for SM fibers are given
in table 2.2. These values indicate that the required lateral accuracy of 100nm can not be
met using the cladding of the fibers.
Cladding diameter
Non-circularity
Eccentricity

±1µm
1%
0.5µm

Table 2.2: Typical manufacturing tolerances of SM fibers

Figure 2.3: Alignment of fibers in an array of v-grooves

2.3.2

Flat carrier

M.H.M. van Gastel proposed a technique to actively align the core of the fibers [10]. In his
setup the fibers are fixated above a flat glass carrier in UV curing adhesive. These fibers
are positioned and fixated one by one during the manufacturing process. The cores of the
fibers are placed on a reference line during this process. At first a droplet of adhesive is
placed on the glass carrier, after which a fiber is positioned a few micrometers above the
carrier. This allows the adhesive to creep between the carrier and the fiber. The lateral
position of the core is measured using an optical microscope. This is done while shooting
light through the fiber from the other side. Since the mode shape of the light beam is
known, the position of the core can be estimated with sub pixel accuracy. The core is
moved to its corresponding position on the reference line, after which the fiber is frozen in
the correct position by curing the adhesive. This is repeated per fiber while the position
of the previously place fibers is also observed by the optical microscope. These previously
4
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place fibers are used to create the reference line. M.H.M. van Gastel further shows the
predictability of the shrinkage of the adhesive during curing [10]. The shrinkage leads to
a displacement only in the y direction for symmetrical adhesive layer. As this shrinkage
is predictable it can be compensated by positioning of the core above the reference line
before curing the adhesive.
Speci ed pitch of cores in horizontal direction
Cores on reference line above substrate

y
x

Figure 2.4: Fiber array by aligning cores on reference line [10]
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3
3.1

Assembly line
Production processes

Several processes have to be done in series to make a fiber array. The steps are shown
in figure 3.1. It is divided in three group; preprocess, the assembly line and postprocess.
During preprocesses the fibers will be cut to a few millimetre over the required length
after which the jacket and buffer are stripped away. The fiber is then cleaved using a
precision cleaver at the required length and to create a clean end facet. The fibers and
carrier are cleaned to ensure good adhesive binding during later processes. The fibers and
carrier can then be placed on the product holder on the assembly line. This is done by
hand. On the product holder the carrier and the fibers are aligned passively to reduce the
operating range and degrees of freedom (DOF) necessary for the assembly stations. As
the assembly station will permanently fixate the fibers to the carrier in a time consuming
process, only correct product holders will be engaged by the assembly station, while faulty
ones will move past the stations. At a assembly station the product holder is engaged by an
indexing mechanism [5] fixating the position. One assembly station will assemble all fibers
on an array, although multiple station can be placed in series to work on multiple arrays
simultaneously. This is done since relative placement accuracy between the fibers important
rather than absolute accuracy. The absolute placement accuracy on the carrier can have a
higher tolerance, since the fiber array will be actively aligned to the PIC at a later stage.
By placing all the fibers of one array with one station, the angles and longitudinal position
of the fibers do not require adjustment and have a high repeatability within an array. After
the initial fixation of the adhesive on the assembly station, the adhesive requires additional
post curing to reach its optimum adhesion. This is done in post processing by ageing the
adhesive for 12 hours at 50◦ C. The product holder is no longer needed for this process, so
the fibers and fiber array will be removed from the product holder before moving to the
post processes. This reduces the amount of product holders in circulation. The product
holders will be returned to the front end of the assembly line.

6
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Stripping,
cleaving and
cleaning of fibers
- Loading fibers
and carrier on
Product holder

- Check fibers
and carrier

- Assemble fiber
array
- Check quality

Remove fiber
array from
product holder

Cleaning of
carrier
-Return product
holder

- post curing of
adhesive with
UV exposure
and at 50 ⁰

- Check fiber
fixation

- packaging of
product

Figure 3.1: Block diagram of the production processes

3.2

Throughput

The bottleneck in the assembly of fiber arrays is the curing of the adhesive. The initial
fixation of the fibers requires a pulse of UV light of 5 seconds. As each fiber is positioned
and fixated individually, a fiber array remains for approximately 110 second at the assembly station. This accounts for an additional 1,5 second for administrating adhesive and
positioning the fiber. It also accounts for 5 seconds for the product holder to and from the
assembly station. Assuming a operating time of 4000 hours per year, one assembly station
can produce 130.000 arrays per year [6]. Multiple assembly station can be in series on the
assembly line to increase the throughput.
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Assembly station

An overview of the assembly station is shown in figure 4.1. The coordinate system is
adjusted to the axis used in fiber optics where the z axis is in the longitudinal direction
of the fiber while the x and y axis are in the lateral direction. The assembly station has
a vacuum v-groove to pick and place the fibers and a piezo dispenser to administer the
adhesive. These are both attached to the long stroke, but both have separate short stroke
mechanisms. The long stroke moves along the x-direction guided by air bearings. The
vacuum v-groove is attached via a XY flexure mechanism to the long stroke. The piezo
dispenser is attached via a linear guide in the z-direction to the long stroke.

Camera
Optical microscope
Long stroke
Short stroke
Z stroke
Adhesive dispenser
Carrier
Fibers
Product holder

Y
Product holder
guidance

Z
X

Figure 4.1: An overview of the assembly station
The product holder can move to the assembly station over the guidance rail for the product
holders. The product holder is positioned at the station using indexing detent mechanism
and will remain there until all fibers are placed. The steps for the placement of a single
fiber are shown in figure 4.2. The piezo dispenser will administer a line of droplets for each
fiber on the carrier. After a line of droplets is placed, the vacuum v-groove picks up a fiber.
8
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The fiber is then moved to approximately the corresponding position above the carrier.
As the fiber approaches the carrier, the droplets of adhesive will be distributed into a line
between the fiber and the carrier due to capillary forces. The core of the fiber is then
positioned in sub micrometer accuracy on the reference line using the optical microscope.
The UV-led will then cure the adhesive, fixating the fiber to the carrier.

Adhesive dispenser
Vacuum V-groove
UV led

Applying adhesive

Positioning fiber

V-groove to fiber

Curing adhesive

Picking fiber

Releasing fiber

Figure 4.2: The top figure shows the front view of the long stoke. The lower figures zoom
in on the fibers and the carrier to show the steps taken to place a fiber.
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4.1

Product holder

On the product holder the pitch between the fibers is gradually decreased. At the connector
the pitch is 5mm. This is reduced to 0, 9mm the first block. The jackets of the fibers are
pushed together to align the lateral position and pushed against an edge to align them in
the axial direction. By doing so, the length from that point to the end is approximately
equal for all 16 fibers. In the next block the pitch is further decreased to 250µm by pushing
the buffer layer together. The fibers go from that point to a v-groove array with a pitch
of 250µm. This v-groove array aligns the fiber laterally with respect to each other. The
fibers are pushed with a low force against a wall at the end of the v-groove to align the
longitudinal position of the fibers. The bends in the fiber allow this longitudinal alignment
by reducing the axial stiffness of the fibers significantly. The last bend also help to keep
the fibers in the v-groove array. The force from the vacuum of the v-groove gripper is
significantly larger than the reaction force due to the bend and can pick a fiber out of the
v-groove array (appendix C.1). The longitudinal alignment is maintained by the friction
force between the fiber and the vacuum v-groove gripper. The distance between the carrier
and v-groove array on the product holder is kept as small as possible to keep the change
longitudinal force due to lateral displacement small during the motion from v-groove array
to carrier. The pitch is reduced from 250µm to 127µm when the fibers are placed on the
carrier.
Connectors
0,9mm jacket
250µm buffer
125µm cladding
V-groove array
Carrier

y
z
x

Carrier
Vacuum V-groove
V-groove array

Figure 4.3: The product holder with fibers and carrier

10
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4.2

Optical microscope

The lateral position of the core of the fiber and the edge of the carrier are measured with
a microscope with a telecentric lens. For a telecentric lens, the depth of the image does
not effect the magnification. Thus misalignment in the longitudinal direction of the fiber
will not change the x and y position on the image. The camera in combination with the
microscope has a pixel size of 986nm. However, the position of the core can be measured
with sub pixel accuracy by interpolation using the Gaussian beam shape. The lens has
a long working distance which allows the long stroke to run between the lens and the
product holder. The position of the microscope is fixated and looks at the centre of the
carrier. As it does not move and can see all the fibers in the array simultaneously, all fibers
can be place under the same visual conditions, which increases the repeatability within an
array. The position measurement of the microscope is not used directly in the controller for
positioning the fibers, but is used as set points for controller. By doing this the bandwidth
is not limited by the frame rate and calculation speed of image processing. By using set
points from the microscope, the relative positing of the optical fibers can be done with high
precision and long-term drift of the components of the assembly station will not influence
the accuracy of the placement in the lateral direction.

4.3

Long stroke

The air bearing of the long stroke run over a rectangular beam. The long stroke has a
range of 20mm in the x direction. The bearing placement is shown in figure 4.4. The
two vertical air bearings on the side of the of the long stroke determine the z-position
and the ψ-rotation. The vertical air bearings on pistons at the opposite side provide the
preload. The air bearings on pistons will provide a constant preload force even when the
width of the beam varies over the stroke, creating a force closed loop. The four air bearing
on the horizontal plane determine the y-position and the φ- and θ-rotation. These air
bearings move on the same plane as the top surface of the carrier. By having four air
bearings to fixate three DOF, the position of the long stroke is over-constrained [7]. This
is done to maintain a symmetric air bearing configuration while allowing the microscope to
look underneath the long stroke at the carrier. This requires a higher flatness for the top
surface of the rectangular beam. Due relative short range of the long stroke and the simple
geometry this is achievable. The long stroke will be assembled on top of the rectangular
beam and will only be used as a set from that point on to further reduce the effects of
the over-constrainment. The remaining small deviation over the stroke of 20mm will be
moderated by the air gap of the air bearings. The range where the highest accuracy is
required is only on 2mm of the 20mm, as this is the width of the fiber array. The horizontal
air bearings are preloaded by vacuum pads. Vacuum pads are used rather than air bearings
on pistons to reduce the mass and complexity of the geometry. Vacuum pads are chosen
rather than preloading by permanent magnets since it adds less mass, is not as non-linear
in force over distance and does not need a ferromagnetic surface.
Design of a machine for the assembly of optical fiber arrays
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Preload vacuum pad
Preload bearing on piston

Sensor scale
Positioning bearings
Acturator coil

φ

x

Ψy θz

Figure 4.4: Overview of the bearing configuration on the bottom of the long stroke
The air bearings are fixated to two beams on both sides of the long stroke. The mechanisms
for the vacuum v-groove and the adhesive dispenser are also connected to these beams.
The two beams are connected to each other by a closed box structure to reduce mass. A
cross section of this is shown in figure 4.5. The long stroke is actuated by a voice coil close
to the centre of mass of the long stroke. The force is transferred through the centre of the
rectangular profile to the other beam. The position of the long stroke is measured using a
linear encoder positioned close to the carrier.

12
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Microscope
Actuator

Bearing guidance
Sensor

x

y
z

Figure 4.5: Cross section through the middle of the long stroke

4.4

Short stroke

The short stroke for the vacuum v-groove can move in the x and y direction. The remaining
DOF of the fibers are imposed by the v-groove. As all fibers are placed with the same
v-groove these DOF will have a high repeatability within an array. The range for the y
motion is 200µm. The y motion is guided by a parallelogram. The parallelogram actuated
by a voice coil actuator via a lever to reduce actuator force. The lever is connected to the
parallelogram through the middle of the reinforced leaf springs. At the upper side a rod is
connected on the same line. This goes via a lever to a spring for weight compensation. The
spring pulls on the parallelogram to counter the force on the parallelogram due to gravity.
The spring force can be adjusted by a nut at the bottom of the mechanism. This keeps
the parallelogram in the neutral position when no actuator force is applied. By adding the
weight compensation, the actuator force is lowered and a product holder can move past the
assembly station without actively lifting the vacuum v-groove. By connecting the spring
via a lever the force variation over the stroke is reduced and a stiffer spring can be used so
the spring will have a higher natural frequency [11]. The range for the x motion is 20µm.
This motion is done by a rotation around a cross hinge. This is also actuated using a voice
coil actuator via a lever. In both actuators the coil is attached to the lever as is has a lower
mass to move. The clearance between the coil and the housing wide enough to allow for
the relative rotation due to the levers between the coil and housing.
The x and y position are measured using capacitive sensors. These sensors will however
not register parasitic displacements. Both the x and y movements will have parasitic
Design of a machine for the assembly of optical fiber arrays
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Y Sensor
Weight compensation

Y Actuator
X Actuator

X Sensor

Parallelogram
Cross hinge

Adjust nut for
weight compensation

y

Vacuum V-groove

x

Figure 4.6: Cross section of the flexure mechanism for the vacuum v-groove
displacements. For the x- motion this parasitic displacement will be in the y direction.
The parasitic displacement can be calculated using equation 4.1 in which Lv is the length
from the cross hinge to the vacuum v-groove and uxx is the displacement of the vacuum
v-groove in the x direction. Since the range of the x motion is ±10µm the parasitic
displacement has a maximum of 5nm. This is acceptable for the required accuracy.
uxy = Lv −

p
L2v − u2xx

(4.1)

The parasitic displacement for the y motion is larger as the range is larger. The parasitic
displacement can be approximated using equation 4.2 [2]. In this equation the Ls is the
length of the leaf springs and uyy the displacement in the y direction.
uyx

3u2yy
=
5Ls

(4.2)

For the full range this will lead to a parasitic displacement of 300nm. This is not acceptable.
14
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However, the position where high accuracy is required is not over the full range and is
approximately the same within an array. When the only the last 5µm of the y motion is
used the equation can be modified to equation 4.3 where usety is the y displacement at the
last measurement of the microscope. In this case the parasitic displacement is reduced to
30nm. This can be further reduced by using smaller intervals between measurement using
the microscope. This will however increase the production time.
3u2sety − 3u2yy
(4.3)
5Ls
An other source of error is thermal expansion. Long term thermal expansion and drift do
not lead to an increase in lateral error as the x and y sensor position is calibrated using
the microscope. This will influence the passively aligned DOF of the fibers. The required
accuracy in these DOF is lower. Although the absolute accuracy is influenced by this, the
relative accuracy between the fibers within an array as the fibers are placed within a short
time span with respect to each other. Short term thermal expansion will occur during the
5 seconds as the adhesive is cured. This is not accounted for by the microscope unlike the
long term drift, as the microscope is not directly used in the control loop. The effects of
short term expansion are reduced by shielding the components from the UV light and by
reducing the power of the short stroke actuators by using the levers.
uyx =

4.5

Adhesive dispenser

The adhesive is dispensed by a piezo dispenser. This dispenser can dispense NOA61 in
droplets of 120pl at 2000Hz and with high repeatability. After the long stroke is positioned
in the right x-position, the dispenser can move in the z-direction over the carrier while
dispensing droplets on a line. The range for the z motion is 20mm. A flexure mechanism
for this range would be large and using air bearing to guide this motion would increase
the mass of the long stroke significantly. However, the required accuracy for the droplets
is lower than the required accuracy for the fibers, since the droplets are sucked under the
fiber due to capillary forces upon contact. A linear rail guidance can be used due to this.
The z motion is guided by two linear rails and driven by a spindle drive with an integrated
hall sensor. The dispenser and z-stroke are shown in figure 4.7.
The adhesive container is moved with the piezo dispenser. Although this adds mass to
the moving components, this is necessary since relative movement between the container
and dispenser would lead to leakage of the dispenser. This is due to the pumping effect by
bending and unbending the tube between them. Figure 4.8 shows a cross section of the z
stroke. The spindle drives the z stroke through the centre of the two guide rails, which is
the centre of friction. The length of the bearing cache is smaller than the length of the inner
rail. Although this configuration has a lower stiffness than a overrunning configuration, it
can be sealed which is preferable since it moves above the fibers and carrier. This could
lead to particle due to wear to drop on the carrier.
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A
Spindle drive
Adhesive container
Piezo dispenser

A

z
x

y

Figure 4.7: An overview of the z stroke of the adhesive dispenser

Preload adjustment
Gearbox
Motor

Membrane
Bearing

Inner rail
Outer rail
Backlash free nut
Wipers

Section A-A

Figure 4.8: A cross section of the z stroke
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Figure 4.9 shows the dimension of 120pl droplets on the substrate. As the adhesive cures,
it shrinks. This shrinkage is only in the y direction and is predictable for symmetrical
bonds between the carrier and fibers. This shrinkage 32, 4nm per µm distance between
the carrier and fiber [10]. For asymmetrical bonds the shrinkage will lead to an additional
unpredictable displacement in the x direction. This symmetrical bond develops on its own
between a clean carrier and a clean fiber due to capillary forces. This can be disrupted by
residue of previously placed droplet or when a droplet partially hits a neighbouring fiber.
While falling the fiber has a diameter of 60µm and on the substrate the droplet has a
diameter of 130µm as the contact angle between NOA 61 and glass is 30◦ (appendix B).
As the droplets are dispensed at a velocity of 2m/s the droplets could spread or break up
on impact. For sufficient low Weber and Reynolds numbers the spread at the impact is
dominated by surface tension and the droplet will stay intact [1]. The spread can then
be calculated using equation 4.6. In these equations ρ is the density, v the velocity, D0
the diameter of the droplet, η the viscosity, σ the surface tension, θ the contact angle and
Dmax the diameter at impact.

Dmax
=
D0

s

Re =

ρvD0
= 7.74
η

(4.4)

We =

ρv 2 D0
= 7.74
σ

(4.5)

W e + 12
√
= 2.96
3(1 − cos(θ)) + 4 ∗ (W e/ Re)

(4.6)

During impact the droplet will expand to a diameter of 180µm but it will not break and
will return to a diameter of 130µm. By dispensing a line of 40 droplets at a pitch of
180 ± 20µm from the previously placed fiber, a symmetrical bond can be obtained. When
all fibers are placed, an additional larger droplet is placed over all fibers. This is done
where the fibers come from the connectors to the carrier. This reinforces the connection
between the individual fibers and between the fibers and array. This is only done on one
side so the alignment of the ends of the fibers is not disrupted due to the shrinkage of this
droplet and as the external forces are largest at that side.

Figure 4.9: A visualisation of the dimensions of the droplets
Due to the production tolerances of the optical fibers, the distance from the core to the
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CHAPTER 4. ASSEMBLY STATION
bottom edge of the fibers varies up to ±1, 5µm. This means that the adhesive gap can
also vary with this ±1, 5µm. This leads to an error due to adhesive shrinkage of up to
±48, 6nm which can not be compensated without knowing the eccentricity and diameter
of the fiber. This falls within the required accuracy.
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5

Conclusion

Low insertion loss connections between fibers and PICs by active alignment is an costly
and time consuming process. This can be reduced by using fiber arrays, since multiple
fibers can be aligned simultaneously to the PIC. When using a v-groove array to passively
align the fibers in an array an accuracy of > 1µm can be obtained. This is due to the
production tolerances of the fibers. A new alignment technique was proposed by M.H.M.
van Gastel which uses an optical microscope to measure the position of the core of the
fibers. Using this technique a fiber array with sub micrometre accuracy can be obtained.
This is done by positioning the fibers cores with respect to each other and fixating the
fiber in UV curing adhesive above a flat carrier. An assembly line is designed to automate
this process.
In this assembly line the fibers and a carrier are positioned on a product holder by hand
which passively aligns the fibers and carrier. The product holder is then moved to an
assembly station where the fibers are fixated to the carrier. All fibers within an array
are assembled at the same station, since relative accuracy is of higher importance than
absolute accuracy. By doing it with one station the passively aligned DOF of the fiber
will have a high repeatability with respect to the other fibers. This is used for the angular
and longitudinal alignment of the fibers. The assembly station has a piezo dispenser to
dispense a line of droplets on the carrier and a vacuum v-groove to pick and place the
fibers. These are both attached to a long stroke that can position the dispenser and the
vacuum v-groove above the carrier. The long stroke is guided by air bearings for a precise
linear motion. The vacuum v-groove is attached to the long stroke via a flexure mechanism
that can position the fiber in the lateral direction. The position of the core of the fiber with
respect to the other fibers is measured using an optical microscope. This is used to created
set point for the control loop to control the flexure mechanism. The flexure mechanism
has parasitic displacement since it is guided with a single parallelogram for the y motion
and a cross hinge for the x motion. By creating set points using the optical microscope
when the fibers has already approached the correct position, the effect of these parasitic
displacements is sufficiently reduced. The error from the difference in adhesive thickness
due to the production tolerances of the fiber is expected to have the largest contribution to
the lateral error. This error is up to 50nm. However, with this error a lateral accuracy of
100nm can still be obtained. One assembly station can produce up to 130.000 fiber arrays
per year. Multiple assembly stations can be placed in the assembly line to increase this
number. The number of people to load the product holders will increase with the number
of assembly stations.
Design of a machine for the assembly of optical fiber arrays

19

CHAPTER 5. CONCLUSION

5.1

Recommendation

If necessary, the lateral accuracy can be increased by addressing the two largest contributions to the error. These are the unknown eccentricity and diameter of the fibers and the
short term thermal expansion when the adhesive cures. The eccentricity and diameter can
be measured using the optical microscope. By doing so, the set point for the y position
can be adjusted accordingly before curing the adhesive. The short term thermal expansion
can be reduced by adding stiffness compensation to the parallelogram for the y movement.
This would reduce the power consumption of the actuator when it holds the fiber in the
lower position (C.3).
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A

Parts
Part

Company

Microscope:
Camera
Telecentric lens

COE-050-C-USB-050-IR-C
TCLWD350

Opto-e
Opto-e

Long Stroke:
Material
Actuator
Sensor
Airbearings

Aluminium 6061
LA15-26-000A
BEI KIMCO
PIOne: Optical Nanometrology Encoder PI
S102501
Newway air bearings

Short stroke:
Material
Actuators
Y sensor
X sensor

Aluminium 6061
LA05-05-000A
C5R-2.0
C3R-0.5

Adhesive dispenser:
Linear guidance
LWRB 2
Spindle drive
Spindle Drive GP 6 S
Backlash free nut
ZBMR
Piezo dispenser
MD-K-140- 320
Adhesive
NOA61
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BEI KIMCO
Lion Precision
Lion Precision

SKF
Maxon
HaydonKerk
Microdrop
Norland Products Inc.
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Figure A.1: Exploded view of the assembly station
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B

Image analysis

Figure B.1: An image of the gripper, a fiber and the adhesive made using a telecentric
microscope on the set-up of M.H.M. van Gastel. The contact angle between glass and
NOA61 is estimated using this image

24

Design of a machine for the assembly of optical fiber arrays

C
C.1

Calculations and simulations
Vacuum v-groove

In order for the v-groove to pick and hold fibers, the force should be large enough to bend
the fiber at 20◦ . The force is calculated in equation C.2 using the pressure difference of
0, 5bar and the width b between the contact points between the fiber an v-groove from
equation C.2.

β

pv
F
p0

b = Dcos(β)

(C.1)

F = bL(p0 − pv )

(C.2)

This friction force also depends on this pressure distance. The friction force is used to
maintain the z alignment of the fibers and should be sufficiently high. The normal force
is calculated in equation C.3. This is used to calculate the friction force in equation C.4
with µ = 0, 5to0, 7.
FN =

F
2sin(β)

Ff riction = 2FN µ

(C.3)
(C.4)

These forces are shown in figure C.1 for as function of the angle β. For smaller angles
the pull force increases as the distance between the contact force increases. The effect
is further increased for the friction force as the angle of the contact is also increased. It
should however be kept in mind that, for a angle β smaller then 90◦ , the fiber might get
wedged.
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Pull force on fiber
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Friction force of fiber
0.15

0.09
0.1
0.08
0.07

0.08
0.1

0.05
0.04

force (N)

force (N)

force (N)

0.06
0.06

0.04
0.05

0.03
0.02
0.02
0.01
0

0
60

80

100

120

0
60

angle (degrees)

80

100

120

angle (degrees)

60

80

100

120

angle (degrees)

Figure C.1: The forces due to vacuum on the fiber with a varying angle of the v of the
v-groove
To see what pull force is required, the bending force for 20◦ is calculated using equation
C.6 [3]. This is a simplified representation, where the end can move freely. This is not the
case with the fiber in the v-groove. Nevertheless, the required force is low enough that
forces due to a less ideal shape can be accounted for by the pull force and the friction force
of the v-groove.
I=
F =−

πD4
64

2θEI
= 6, 9e − 3N
L2

(C.5)
(C.6)

Figure C.2: The vacuum v-groove with a air fitting glued in and holes to create pv in the
v-groove.
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C.2

Long stroke
C

C

Figure C.3: Dimensions of the long stroke as seen from the front

Figure C.4: Dimensions of the long stroke as seen from section C-C
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APPENDIX C. CALCULATIONS AND SIMULATIONS
Figure C.5 shows the free eigenfrequency of the long stroke. The short stroke mechanisms
ar replaced with solid block with the same dimensions and mass. The mass of the assembly
is 1, 2kg.
[8]

Figure C.5: First eigenmode of the long stroke

Table C.1: The frequencies of the first six modes of the long stroke
Eigenmode
Mode 1
Mode 2
Mode 3
Mode 4
Mode 5
Mode 6
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Frequency
1110Hz
1750Hz
1930Hz
1980Hz
2120Hz
2220Hz
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C.3

Short stroke

Figure C.6: Dimensions of the flexure mechanism as used for the mathematical model and
FEM analysis.
To estimate the power consumption of the short stroke over a normal cycle for placing
a fiber, a mathematical model is made of the parallelogram. This model calculates the
actuator force to displace the stiffnesses of the leaf springs, the hinges of the levers and the
stiffness of the weight compensation spring. The dimensions are shown in figure C.6. It
also calculates force for the acceleration of the mass of the y-motion and also uses this mass
to calculate the required weight compensation force. This force is 2, 7N . The upper figure
of figure C.7 shows the position of the y-stage over the cycle. During this cycle the adhesive
is dispensed, the v-groove is lowered to pick a fiber, then raised, after which it is position in
two steps to the required height and hold there for 5 seconds. The stage follows an oblique
sine during the motions. The middle figure shows the actuator force required to follow
this path. This is done for two configurations, with and without stiffness compensation.
The power consumption is calculated from the force using the actuator constant for both
Design of a machine for the assembly of optical fiber arrays
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configurations. Most energy is needed to deform y stage. Although the power consumption
is low, it can be significantly further decreased using stiffness compensation. This would
reduce the energy usage during a cycle from 0, 9J to 0, 04J.
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Figure C.7: The position, force and power consumption for the y-movement during the
placement of one fiber
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Figure C.8: Y-motion with actuator force of 0, 16N . The deformation is scaled with a
factor of 10 to visualize the motion. The deformation is in mm

Figure C.9: X-motion in mm with actuator force of 0, 045N . The deformation is scaled
with a factor of 100 to visualize the motion. The deformation is in mm
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Figure C.10: Third eigenmode of the short stroke. The third mode is shown since the first
and second mode can be suppressed in the control loop.

Table C.2: The frequencies of the first six modes of the short stroke
Eigenmode
Mode 1
Mode 2
Mode 3
Mode 4
Mode 5
Mode 6
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Frequency
40Hz
100Hz
1430Hz
2000Hz
2550Hz
2600Hz

Mode
Y-movement
X-movement
Rotation X-stage
Preload lever
Leafspring mode
Leafspring mode
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