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Chapter 1

Introduction

1.1 Motivation

The demand for tools to handle micron-sized objects with high precision gives rise to the CTI
TOP NANO21 project Manipulating Microscale Objects with Nanoscale Precision. Applica-
tions of ultra-high precision manipulation can be found in the field of optics, telecommunica-
tions, medical engineering and the automotive industry where a higher integration density can
lead to better device performance and smaller size. The manipulation of micron-sized parts
(< Imm and > 1pum) parts can be considered as micromanipulation (MM) with a positioning
resolution being significantly smaller than the dimension of the parts.

In particular, the assembly of micro-opto-electro-mechanical systems (MOEMS) can be im-
proved. MOEMS are characterized to be highly integrated, flexible, batch-processed, micro-
scale devices. However, many constraints have to be considered during the development:
manufacturing processes, product specifications, materials, interfaces to the environment.
The packaging costs of a MOEMS dominate the manufacturing costs [8]. There are different
approaches to decrease the packaging costs. For instance, techniques like flip-chip packaging
create a mechanical and an electrical connection at one time. Most of the MOEMS are de-
signed either monolithic or hybrid. Monolithic devices integrate all functions in one substrate
and hence little packaging is necessary. The drawback of this concept is that the design, be-
cause of technological constraints, is complicated and that the corresponding product cannot
be modified easily. Hybrid system can be designed very fast and flexible since modules being
manufactured by different technologies (for example different materials) could be integrated
easily using micromanipulation [1].

A second big field of application is the manipulation of cells. Automated cell manipulation
can be for example used for full-automated microinjections, used by molecular biologists for
cell research or used for new approaches to gene therapies. Currently, the repetitive task of
microinjection is tele-operated by a human operator.

This work is part of a first step towards the manipulation with nanoscale resolution within
the mentioned project. The aim of this diploma thesis is to develop an interface that allows
a human operator to manipulate objects in a semi-automatic fashion: The operator can
select between detected objects which are manipulated full-automatically. The goal is to
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obtain a positioning repeatability of less than 1um after releasing the object. Therefore a
vision system, calibration procedures and a control strategy for micromanipulation will be
integrated and a high-precision robot and an end-effector suitable to handle micron-sized
parts will be employed.

1.2 State-of-the-art

Micromanipulation (MM) can be categorized either as manual, tele-operated or automated.
Manual MM is not desirable because it is slow and the repetitive process is fatiguing the
operator. Tele-operated MM shows the highest positioning resolution (high enough to probe
surfaces at atomic scale), requires however an operator as well [1]. An overview of the de-
velopments in tele-operated MM can be found in [1]. The category this work is seeking at
is automatic manipulation. The following section gives a short summary of related work in
this category considering especially the vision-related issues. All projects have in common
that the main visual sensor for lateral positioning is a light microscope and that almost all
groups present an autofocus method to obtain position information along the optical axis of
the microscope.

A research group at the university of Oldenburg [4] [10] detects the manipulator and the
object of interest with the Matrox Imaging Library (MIL) geometrical model finder, which is
a robust contour-based tool for pattern recognition. The correlation result for the end-effector
is also used to be able to detect the end-effector height when it is close to the plane in which
the objects are.

In [1] region growing is used for the detection of objects and the manipulator and the autofocus
is calculated based on the Brenner function. A relative lateral positioning accuracy before
the object release of £1um is achieved.

The authors of [3] detect the position and orientation of objects using the probalistic gener-
alised Hough transform. For objects with non-rigid shapes active contours are employed. The
autofocus is based on the Tenengrad criterion, however information about object height is
obtained through a laser triangulation system. An object tracking system based on template
matching was implemented.

In [9] and [11] an object tracker based on an optical flow technique called Sum-of-Squared-
Differences (SSD) is employed which is improved by a pyramidal search scheme. A histogram-
based autofocus technique is employed.

The authors of [6] use SSD tracking under the XVision software package that is initialized
by the user for objects and by blob analysis for the end-effector. In order to detect the end-
effector height relative to the substrate, the end-effector is lowered till the substrate is moved.
This motion is registered by an optical flow technique. The end-effector is then lifted in steps
of 1um until the substrate does not move anymore.

The authors of [7] employ template matching. Because of the high computational effort a
look-and-move control strategy is used. A template of the object to be manipulated is selected
by the user at the beginning of the manipulation. Using a stereo-light microscope and an
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extended Kalman filter to update the camera calibration during operation, a relative lateral
position precision in the order of 100nm is obtained.

1.3 Notation and definitions

This section describes the notation and some definitions used in the following.

As described in [22] the temporally- and spatially-sampled images coming from the data
acquisition can be considered as matrices I(x;) € R xR whose elements represent the image
intensities at the corresponding index x; = [xi,yi]T. M and N are integers and correspond
to the height and the width of the image correspondingly. The image coordinates x;, y; are
integers and run from 0 to N —1 and M —1, respectively. Each pixel x; corresponds to the area
of each array element of the camera sensor. Hence the averaged intensity level of illumination
over the sensor element area is represented as I(x;). The origin of the coordinate system is
situated in the upper left corner of the image, where the x;-axis points to the right upper
image corner and the y;-axis to the lower left image corner. For example the coordinates
(u,v) determine the pixel location as shown in figure 1.1. 7 represents the set of all image
coordinates x;. Some image processing algorithms return their results with sub-pizel precision
so that in this case x; € R?. Variables with a hat, for example X, indicate estimated values.
The frame j in which a vector x is defined, is also written as {x};.

0 1 u N-1 .
0 X
Vv (u,v)
M-1
vy

Figure 1.1: Representation of an image.

The image size of the high-resolution microscope camera is 1024 x 768 pixel. If nothing else
is stated image operations are performed on this image format.

The software is running on the Windows XP operating system on a PC with two Pentium
IIT 801MHz processors. The execution times that will be presented are measured during the
normal operation of the whole system. Due to the multi-tasking behavior of Windows XP the
execution times vary. Hence, delays of background processes like displaying video streams
are included in the measurement. Because of that the execution time is averaged over 10
measurements.
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The operator £{-} is used to represent the calculation of the expectation value and V{-} is
the operator to calculate the variance over all elements that are passed as argument.

1.4 Outline

Chapter 2 starts with an introduction to micromanipulation. An overview of the used experi-
mental setup is given. The different manipulation steps and their sequence are also presented.
The section ends with the software design and graphical user interface description. Machine
vision and its application to micromanipulation is stressed in chapter 3. Beginning with an
analysis of the vision system and the selection of an image processing library, section-wise the
acquisition, calibration, the properties of the images are discussed accompanied by experi-
mental results. The last two sections of the machine vision chapter treat the detection of the
relative distance of the substrate to the focal plane and lateral position detection in the field
of view (FoV) of the microscope. In chapter 4 the calibration of the relative distance between
an end-effector and the focal plane and a relative positioning law are discussed. Chapter 5
presents the results of the overall system performance to manipulate micron-sized objects.
The last chapter summarizes the presented work and gives an outlook of the steps which
could be followed.



Chapter 2

Micromanipulation - General
concept

The basic idea of micromanipulation, the description of the setup and the sequence of ma-
nipulation steps are topics of this chapter. At the end, the software design and the developed
graphical user interface (GUI) is discussed briefly.

As already stated in the introduction, micromanipulation is known as the manipulation of
micron-sized parts with even higher precision. The high precision leads to very demand-
ing requirements for the positioning of the manipulator. Considering the manipulation of
macroscaled objects in an industrial application, it is often sufficient to utilize a well-calibrated
robot in feed-forward mode. However, in the micro-domain effects like thermal extension and
errors in the robot kinematic cannot be neglected. These effects limit the positioning accu-
racy of a robot in general. The positioning accuracy is the precision with which a certain
point can be reached by the robot from any start position at any time in the work space,
whereas the positioning repeatability is the ability of a robot to return to the same position
within a short time interval. Certainly, if there is thermal expansion of the robot the start
position is already shifted and hence this introduces and error in the positioning accuracy. To
enhance the manipulation performance with respect to accuracy and manipulation duration,
additional sensor information is needed. A microscope combined with a camera is used to
detect objects and the gripper and their relative position to each other. This enables to close
the relative positioning control loop locally in the field of view (FoV) of the microscope so
that a high relative positioning precision is obtained.

Even more important towards the overall manipulation performance is the repeatability of
the object placement. Figure 2.1 depicts the possible linear offsets in the plane that can
occur during a manipulation. The displacements are measured after fixing the object to see
if the manipulator was able to align an object or if maybe the object moved relative to the
manipulator. The displacement is measured a second time after releasing the object which
shows how well an object can be aligned with a reference frame. Furthermore, information
about the fixing and releasing process can be obtained. The main objective of this work is to
be able to detect the relative position of the manipulator to the object and to minimize these
offsets, hence to obtain a high repeatability in object positioning.
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Figure 2.1: Measuring the repeatability to position objects.

2.1 Setup

This section describes the micromanipulation setup. Figure 2.2 gives an schematic overview
of the system structure.

Vs

Start calibration/application .
User Z-axis of the
GuUI - > Scheduler Feed-forward microscope
commandg robot control/ Vet Move ~» table
Start calibration > Image processing z-axis
I J for end-gffector - Measure coordinates
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M > - Obtain height
information
Microscope + L - Scene overview
CCD |__Microscope Position
(Firewire

image data commands '—> Delta3
IEEE 1394)
Move
Camera robot
image data
»

- Robot trajectory planning
- Grasp control

Adjust
CCD Camera end-effector End-effector
(USB 2.0)

(e.g. gripper)

Figure 2.2: Schematic system overview.
The following elements are visualized:

e The user interacts with the system over a graphical user interface (GUI).

e A scheduler works as an intermediate layer between the user input and the image pro-
cessing and the robot control.
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e Two cameras are employed: A Sony XCD-X710 high-resolution CCD camera is mounted
on top of the microscope to obtain the microscope images. The camera is connected to
a PC via FireWire IEEE1394. A ToUcam PRO II from Philips camera is used to give
a coarse view onto the workspace of the robot.

e The employed manipulator A% wversion 2 provides three DOF of linear motion. This
robot provides a range of +2mm, a resolution of 50nm, a repeatability of +50nm and
an accuracy of ~ 10um before calibration and a maximum velocity of 30™". An
calibration procedure is currently developed at the LSRO to increase the accuracy to
100nm, which is not used in this application.

e 2D images taken by the camera are processed to determine (z;,y;)-coordinates in the
focal plane of the microscope. Height information of the position of the substrate,
respectively the z-coordinates along the optical axis, is evaluated using autofocus tech-
niques and the controllable height position of the microscope table. Moving the sub-
strate up and down, the microscope images at several positions are used to defer height
information®.

e The manipulation of micron-sized objects requires a special end-effector: In this work
pipettes as they are used for manipulation of biological cells, as well as two-jaw grippers
are employed. The end-effectors are mounted towards the focal plane under an angle 3
(compare figure 2.3). In case of the two-jaw gripper at each finger two edges at its tip
are considered: The lower edge refers to the one which is closer to the substrate surface.
The other edge is called upper edge in the following.

Microscope
-~ + Camera
TN . o~ Upper edge
/B AN Focal plane

Figure 2.3: Definition of the angle between the orientation of the end-effector and the focal
plane.

Figure 2.4 presents the setup alternative 1 in which the microscope is looking from above
onto the substrate: With a 20x magnification objective the glass substrate below is observed.
The substrate is positioned temporarily on a beam splitter which is used in combination with
the light source, that can be seen on the left side of the image, to obtain backlighting of the
substrate. The beam splitter stands on a manual XYZ positioning table. A glass pipette is
mounted on the A3 version 1.

Figure 2.5 shows a photograph of the setup in which the microscope is looking from below the

!Note that the substrate positioning was not yet motorized and that the substrate was moved into focus
manually.
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substrate. The main differences are to the configuration above: Using a mirror the optical
path is redirected so that the glass substrate is observed from below. The A3 version 2 [2]
is used and a two-jaw gripper which was developed at the LSRO is mounted. The gripper is
manufactured by laser-cutting leading to high surface roughness of a few um. It is actuated
pneumatically and the pressure is supplied through the blue tube shown in the photograph.
The gripper thickness is 50um and the mounting angle § = 20°. Due to a misalignment of
about 7Tum between the two fingers in height only the edge of one finger can be in focus.

‘»’F Delta clibe | robot]

XYZ mapual table

Figure 2.4: Image of the experimental Figure 2.5: Image of the experimental
setup: Alternative 1; Configuration ver- setup: Alternative 2; Configuration hor-
tical microscope. izontal microscope.

2.2 Manipulation sequence

In a macroworld application a manipulation sequence is easily described: Locate the object
and the gripper in the workspace. Track the position of both and move the end-effector
to the object and manipulate the object. In the used setup the limited field of view and
limited depth of focus of the microscope objective must be considered. Figure 2.6 shows the
manipulation sequence that is divided into basically three blocks: Calibration of the cameras
and of the height of the end-effector (e.g. gripper) with respect to the substrate, Application
initialization and Visual servoing.

The user calibration or the application is started by the user. During the Application initial-
1zation

e the microscope table is adjusted such that the objects are in the focal plane to which



2.2 Manipulation sequence
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Figure 2.6: Sequence of the whole manipulation task.

will be referred in the following as object plane.

e Assuming there are objects in the field of view, the objects appear sharp in the micro-
scope images which enables object detection and their characterization.

e The user receives a choice of detected objects from which one has to be selected.

o Afterwards, the end-effector is moved into the focal plane and into the field of view.
This is possible because the relative displacement between the field of view (FoV) and
the robot zero position is known from previous experiments and the accuracy of the
robot is high enough to return into the FoV.
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2.3

Detecting the end-effector position in the FoV and knowing the object position,
tracking of the end-effector and the object can be initiated and

the end-effector can be moved towards the object.

Once the manipulation position is reached the object is fixed and

the substrate is moved down?. This means that the object and the gripper are still

in the focal plane such that the following detection of the object displacement can be
performed in the focal plane.

The object is then positioned at a desired position. Therefore the object position is
estimated while being attached to the end-effector. This estimate is subtracted from
the desired position to generate a relative positioning error that is used to position the
object,

The substrate is lifted for the same amount it was lowered, and
the object is released.

Finally, the object displacement is determined to see how repeatable the positioning of
the objects is.

Software design and graphical user interface

The basic specifications of a software system, that controls a manipulation process as described
above, can be formulated as:

Interfacing several different hardware systems,
Image processing,

Calibration,

End-effector control,

Human-machine interface,

Data logging and exchange.

To meet these specifications, a modular object-oriented structure was developed to insure
maintainability, re-useability and readability of the source code. Therefore the system was
divided into the following objects:

Camera object from which the microscope camera and the coarse/overview camera are
derived,

Video recorder object,
Autofocus object,

Image processing object,

2Since the substrate positioning was not yet motorized. Hence the gripper was lifted.

10
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e Robot object,
e End-Effector object from which the Gripper object is derived and
e Visualization and control objects

The development environment Microsoft Visual C++ 6.0 was used. The GUI was developed
using the Microsoft Foundation Class (MFC). The objects of the GUI correspond to the
visualization and control objects. Figure 2.7 presents the GUI. Several buttons are provided
to start the

e calibration of the microscope (Fine camera calibration) or of the overview camera
(Coarse camera calibration),

e detection of the z—position of the substrate using autofocus (Determine substrate z-
position),

e calibration of the z—position of the tip of the end-effector (Calibrate z(EE)),
e initialization routine of the robot (Init Robot),

e detection of objects in the field of view followed by a selection of one of the found objects
(Find objects),

e combined detection of the end-effector and a selected object(Find gripper and object),
e detection of the gripper position (Find gripper),

e pick&place operation as shown in chapter 5 (Start Manipulation),

e pausing or stopping of the manipulation (Pause, STOP),

¢ manual robot motion dialog box that allows global and relative motion commands (Move
Robot),

e definition of the gripper template needed for the template matching described in section
3.7.2 (Define Gripper Template),

e displaying and optional saving of the current microscope image in full resolution (1024 x
768)

e testing of routines (Test).

In the menu bar—Camera Settings the framerate and the properties of the microscope camera
can be set. Furthermore, the partial scanning options of the microscope camera can be
accessed and the recording of the microscope video stream can be started and stopped. In
the menu bar—Measurements the image signal-to-noise ratio (SNR) can be determined as
well a routine to obtain image statistics can be started.

There are several outputs in the GUI:
e current manipulation and gripping status,
e current position of the robot in world coordinates (compare also fig. 3.12),

e image processing results are shown: estimated object and gripper tip position in FoV
coordinates (compare fig. 3.12) are displayed,

11
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e live streaming of the overview and of the microscope camera data (the blue cross is
aligned with the the center of gravity of the selected object; the other two crosses are

aligned with the corners at the gripper tip (compare section 3.7.2)),

e text output used for longer user messages and debugging,

e the gripping force is currently not available.
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Figure 2.7: Graphical user interface to control and overview the manipulation.
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Chapter 3

Machine vision

Visually-guided micromanipulation requires a complex sensor system. The main sensor em-
ployed is the high precision Sony XCD-X710 CCD camera that is mounted on top of the
microscope. From this sensor lateral and height measurements are obtained. Certainly there
are different sensors suitable for this task. A good comparison of different systems consider-
ing resolution, range, measurement speed and their limitations can be found in [1]. Another
camera is used to obtain an overview of the whole scene. This chapter analyzes first the prop-
erties of the microscope vision system. To facilitate the implementation of the analysis of the
obtained images two image processing libraries were compared and one of them selected. The
process of transferring the image data from the cameras to the PC and making it accessible
to the software is known as image acquisition. There is a short paragraph about this topic.
The images are obtained in pixel coordinates. For positioning of the robot however it is nec-
essary to translate positions from image coordinates into a physical scale. This mapping is
done by the so-called camera calibration. The properties of the images were examined. The
limited depth of focus of a microscope requires that the objects of interest appear sharp in
the image. Therefore an autofocusing procedure is presented. Since the characteristics of the
objects and the gripper are different, different techniques for their detection are considered.
The description of the detection algorithm will conclude this chapter.

3.1 Microscope and cameras

The properties of the microscope and the employed camera is discussed in the following.
Especially how the optical effects, mechanical properties of the system and the behavior of
the CCD camera influence the sensor resolution.

In order to achieve a relative positioning reliability of less than 1pum a light microscope is
used. Its advantages are high availability and short time delays (video rates of 30H z). With
modern microscopes it is possible to have a resolution down to 0.2um in terms of the Rayleigh
criterion. An objective M Plan Apo 20z from Mitutoyo is employed.

13



3.1 Microscope and cameras

Optical effects

e Diffraction: This wave optics phenomenon occurs when the light waves have to pass an
aperture of similar dimensions as their wave length. Modern microscope lenses can be
modelled as a linear shift-invariant system with a point spread function (PSD) followed
by a constant gain including the objective magnification [16]. The PSD is a first-order
Bessel function parameterized by the numerical aperture of the objective NA and the
wave length of the illuminating light A\. The PSD has a bright region in the center
surrounded by rings. The bright region in the middle is also know as Airy disk [16].
Two different points can be distinguished if the corresponding Airy disks have at least
a displacement of Az from each other. There are different definitions for thresholds
indicating the maximal resolution Ax to separate two points in the object plane. Using
the Rayleigh criterion it can be calculated that

A

Furthermore, derived from wave optics the depth of focus can be written as

Az = A (3.2)

n(1— /1= ()

where n is the index of refraction [16]. Figure 3.1 depicts the relationship between the
numerical aperture NA and lateral resolution Axz as well as the effect on the depth
of focus Az with n = 1.0 and A = 555nm. With increasing numerical aperture the
lateral resolution improves and the depth of focus decreases. The results for objectives
with different magnifications from Mitutoyo M Plan Apo series are displayed marked
by circles.

Considering the lateral resolution of the objective with the 20x magnification Az =
0.8um and the dimensions of one pixel (4.65 x 4.65um?) it can be seen that Az cor-
responds to 3.44 pixels. Note that if lines or contours consisting of many points the
resolution can be much higher.

o [llumination: There are several possibilities to illuminate the object plane. The two
most common in microscopy are transillumination (light is coming from behind the
object aligned with the optical axis of the objective) and epi-illumination (in-line il-
lumination using a beam splitter to introduce the light along the path through the
objective). The image brightness F' is dependent on the numerical aperture of the ob-
jective NA and its magnification M. Using transillumination the image brightness has
a proportional dependency on the numerical aperture and the magnification:

NA?
Ftransillumination X W (33)

The relationship for epi-illumination is dependent to the fourth power of the numerical
aperture and the magnification squared:

14



3.1 Microscope and cameras

—— Depth of focus A z
— — Lateral resolution A x

Figure 3.1: With increasing numerical aperture NA and a constant wave length of A = 555nm
and n = 1.0 the lateral resolution Ax improves and the depth of focus (DoF) Az decreases.

NA*
Fepi—illuminati(m X W (34)

For small magnification and corresponding numerical apertures the transillumination
results in higher image brightness. Oil immersion objectives have NA > 1.0, so that in
this case the epi-illumination leads to a better image brightness. In general, to maximize
image brightness the maximal numerical aperture of the corresponding magnification
should be chosen [14].

The choice of illumination is also dependent on the objects that appear in the image.
Since reflecting objects, like the gripper, are of interest it is necessary to account for
that. In order to avoid hot spots and blooming effects diffuse illumination should be
used. Additionally, polarization filter in front of the video lens and in front of a light
source can be put to reduce glare. The polarization axes of the polarizers should be
perpendicularly orientated such that glare is minimized and an even illumination with
high contrast is obtained. Depending on the impact of glare it could be sufficient to use
only one polarizer. The disadvantage of the use of polarizers is the attenuation of the
illumination by 60 — 65% for each polarization [18].

There are different illumination techniques which are presented briefly.
— Backlighting can be used to show the silhouette of objects [18].

— Directional lighting can be employed such that the reflected beams do not go di-
rectly into the microscope.

15



3.1 Microscope and cameras

— Shadow effects and high-lighted edges could be employed to gather more informa-
tion about the object geometry [18].

— A directional light source could be mounted on the gripper illuminating its tip.
Using a geometric model of the shadows, additional information to locate the
object can be obtained. Instead of detecting the object itself the shadow is observed
(compare fig. 3.2)

Directional

Robot illumination Microscope

+ Camera

Focal plane/ 1
substrate :

Figure 3.2: Using directional light mounted on the gripper to increase the lateral detection
resolution of the object.

However this is only possible if the object geometry is known precisely. It is
more interesting to use this light for the height calibration of the gripper since the
shadow thrown by the gripper tip onto the substrate will be minimal when the tip
is touching the substrate (compare fig. 3.3).
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Gripper

Too high Stilltoo At sulbbstrate
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Figure 3.3: Top view onto the substrate. Using directional light mounted on the gripper, the
shadow that is thrown by the gripper onto the substrate can be used to determine when the
gripper is close to the substrate.

— As already seen in the case of the polarizer, filters can be used to change il-
lumination conditions. In general, optical filter can be divided in two classes:
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3.1 Microscope and cameras

Filters attenuating light across most of the spectrum evenly and filters attenu-
ating wavelength dependent. E.g. polarizers and neutral density filters, which
are used to protect from overexposure or blooming, count to the first class. FEx-
amples for the wavelength-dependent filters are interference, dichroic and color
filters. Wavelength-dependent filters can be used to generate monochromatic light
in combination with a light source with a suitable spectrum. For instance using a
tungsten lamp with its spectrum depicted in figure 3.4: only very little intensity
for the violet color (wave length A ~ 350nm) would be obtained when trying to
filter out this wavelength whereas a high intensity could be obtained when filtering
with a red filter (A ~ 630nm).

oy

T = 2850K

Relative Intensity
=4

Fadi

infrared

200 400 600 800 1000
Wavelength (Nanometers)

Figure 3.4: Tungsten lamp emission spectrum [12].

e Optical aberrations: The used objectives are of the category M Plan Apo. Apo stands
for apochromatic and means that the objective is corrected for chromatic aberrations
(colors: red, blue and yellow). Plan is a quality measure for the field flatness which
means that 95% of the field of view appears flat when observed through the objective.
There are two more levels of correction: Achromatic (65%) and semi-plan (80%). Figure
3.5 illustrates the difference between the different classes of field flatness.

This flatness includes compensation for field curvature, astigmatism and distortions.
Figure 3.6 illustrates the effect of field curvature. The elliptical specimen is projected
onto the curved Petzval surface. By replacing this surface by a planar CCD camera,
blurring effects close to the optical axis occur while having a focused image close to the
borders and vice versa. These aberrations cannot be completely cancelled out, however
their effects are negligible [13].

This can be verified when using a regular test pattern covering the whole field of view.
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Figure 3.5: Image of a test pattern showing the effects of field flatness [18].
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Figure 3.6: The curvature of field introduces blur in certain areas of the image [13].

In the first step the microscope camera calibration is done using the features close to the
optical axis, and the calibration is tested estimating the position of the features close to
the border of the field of view using some error measure. In the second step the features
close to the optical axis are estimated based on a calibration matrix obtained by using
features far away from the optical axis. The difference in error for these two cases can be
interpreted as measure for the impact of aberrations on the image quality. However this
test is not suitable to show the existence of astigmatism. Since a high-quality objective
is used its effect is expected to be negligible.

Alternatively, the transformation of a grid test pattern can be observed and analyzed.

e Statistical behavior of photons and the creation of photoelectrons: The production of
photons is governed by the laws of quantum physics and hence a statistical component
is introduced. Modern CCD cameras can be so sensitive being able to detect single
photons. These fluctuations cannot be removed and limit the overall signal-to-noise
ratio (SNR). This behavior introduces noise into the image. The higher the radiometric
intensity in Watt per meter squared the higher the variance of the photon numbers
that arrive at the CCD chip [27]. The higher the variance the lower the SNR (compare
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equation 3.13).

Mechanical effects

o Assembly precision: Limited assembly precision introduces small angular and linear dis-
placements. The effects of linear displacements can be compensated through calibration.
However, the calibration needs not to be extremely precise since the relative positioning
of the gripper to the object is the main objective. The angular displacements have
more impact on the system precision. Assuming there is a tilt angle A© between the
focal plane of the microscope and the workspace/microscope table, objects that are on
the table at the limit of the field of view at z = % will become blurry being observed
through the microscope when the displacement to the focal plane becomes greater than

half the depth focus Az (compare fig. 3.7).

Figure 3.7: The microscope table is tilted by A©® with respect to the focal plane of the
microscope.

If w the width of the field of view and an objective with magnification M is used the
following expression can be derived using a trigonometric relationship:

Az
tan(AO) = -2, (3.5)

w
2

Since only small angular displacements are considered the small-angle approximation
can be applied.

If @ is the width of the CCD sensor (4.8mm), the width of the field of view can be
calculated using the magnification of the objective:

(3.6)

=l =
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Inserting this expression into equation 3.5, a maximum angular displacement

Az M

w

AOpar = (3.7)
in which the whole field of view is perceived sharp in the microscope image can be
formulated. Table 3.1 shows the maximum allowed angular displacements for Mitutoyo
M Plan Apo objectives for different magnifications. For the 20x magnification objective
the highest precision of 0.38° is needed.

‘ M ‘Azinum ‘A@maxino‘

10x 3.5 0.42
20x 1.6 0.38
o0x 0.9 0.54
100x 0.6 0.72

Table 3.1: AB,4, in ° for Mitutoyo M Plan Apo objectives for different magnifications.

It is assumed that the alignment of the CCD camera with the objective is much more
precise compared to the alignment of the objective relative to the microscope table so
that the effects of a misalignment between the camera and the objective are expected
to be negligible.

CCD camera effects

e Spectral characteristics: CCD sensors are normally more sensitive to longer wavelengths
(maximum =~ 800nm) [27]. However, long wavelengths reduce the lateral resolution
proportionally (compare equation 3.1). This results in a trade-off between the sensitivity
of the camera, respectively the signal-to-noise ratio (SNR), and the lateral resolution.
For intermediate magnification (10x, 20x) the illumina