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ABSTRACT 
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Microsystems is a topic which is under a lot of research. Many micro actuation 
and sensor technologies have been seen emerging in the market. This opened a 
gateway of development in the field of micro-robotic systems. In fixed micro-
robotic systems, micromanipulation plays a key role for the handling of micro 
objects. It has many applications in various fields like micro-robotic industry, 
micro-robotic surgery, testing of micro objects and bioengineering. 
 
To test micro objects, they have to be picked up and placed on a testbed which 
is a hard manual process. This thesis is a step forward in the development of a 
fully automated pick and place process of fibrous material. To achieve this goal 
a technique was established to perform camera calibration with minimal effort. It 
not only calibrates the camera but it also binds the micromanipulator with the 
camera calibration values.  
 
This thesis presents a calibration technique which can be used with any 
manipulators of nearly the same design and whose actuators are equipped with 
closed loop sensor feedback control. Instead of large measurements, 
dimensioning and calculations, this thesis established a technique which uses 
four points to calibrate the whole system with minimum effort and calculations. 
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1. INTRODUCTION 

1.1 Motivation background 

Micro-robotics is a multidimensional field which has been a growing topic of research 
for the past two decades. It has seen its application in many different fields. More and 
more research is being carried out on micro scaled robots to develop a fully automatic 
micro-robot. A vast amount of research has already seen its application into different 
fields of study like 

1. Bioengineering related application [1] [2] 
2. Micro industrial/assembly application [3] [4] 
3. Micro mobile robotics application [5] [6] 
4. Microelectromechanical systems (MEMS) related application [7] [8] 
5. Micro scale material characterization application [9] [10] 

Micromanipulation systems play a key role in the microsystems industry. Mostly, for 
industrial and bioengineering related applications, a micromanipulation system, specially 
contact manipulation is hard to avoid [9]. A key research has been seen in past to develop 
various kinds of gripping solutions and manipulation systems. The control of such 
technologies has many challenges involved [10]. 

Micromanipulation systems solve the problem of very tedious and minute handling of the 
micro objects. However, a fully automated system is yet to be seen. There are many 
numbers of research activities focused on the control system and automated technology 
of microsystems [11] [12]. A fully automated micro-robotic system involves a lot of 
calculations and calibration points. This thesis has attempted to develop an easy 
calibration method with reduced calculations to pave a path forward towards a fully 
automated pick and place micromanipulation system. 

Fiber manipulation system is a very important area of research in microsystems for 
material characterization, especially in the development of a fully automated tester for 
the fibrous materials. Textile and paper industry can benefit from this research to produce 
more durable and strong materials. The FibRobotics research conducted at Tampere 
University of Technology(TUT) is focused on creating a tensile tester and bond strength 
tester of fibrous materials, and how the results can be used in pulp industry. For testing 
of fibrous materials, a key procedure involves placing the fibers on the testing system, 
which is a very hard process to be conducted manually. This thesis is an attempt to solve 
that problem by taking a step further in the development of a fully automated manipulator 
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which is capable of picking up fibers from a slide and then place them on the testing 
system for further strength testing and fiber bond testing. 

This process involves calibration of the micromanipulator. There are many methods in 
the literature by which this process is achieved. A calibration approach for a micro-robotic 
platform, which is very similar to the platform used in this thesis, can be previously seen 
in [14]. It used dot pattern calibration method based on [15]. It calibrates the image and 
uses the dimensioning of the manipulator to find the end effector. It also uses a second 
camera for depth perception. Then it compared the calibration results from a dot pattern 
method with a calibration based on actuators. There are other methods in which camera 
is used for the calibration and control of the manipulator like presented in [16] [17] [18]. 
In these methods, visual servoing is used. A camera is used as a feedback, an image 
processing method for object and goal point detection is used and the manipulator is 
moved by using camera feedback. In this thesis, however, a single camera is used and the 
depth perception is kept on constant known distances for pickup and placement 
operations. There are some drawbacks in the methods described in [14]. Firstly, a proper 
dimensioning of the manipulator is required to find the end effector. Secondly, once the 
position of the end effector is known, a proper kinematic analysis of the manipulator has 
to be carried out in order to pick and place any object. It is due to the fact that the x and 
y directional actuators cannot be at an exactly right angle, it also explains why the actuator 
based calibration showed the highest amount of error because some kind of correction is 
needed due to this small angle between the x and y directional actuators. The methods 
described in [16] [17] [18] have a great computational cost for point of interest extraction 
and for using a camera as a feedback. The technique established in this thesis does not 
need any proper dimensioning and kinematic analysis. It uses the concept of kinematic 
properties but in the end, to pick and place objects, a proper kinematic analysis was not 
required after calibration of the system.  

1.2 Key contributions 

This thesis has made some contributions to the development of a fully automated micro-
robotic system. Following are some of the main contributions. 

1. An easy and flexible technique established to calibrate a camera using piezo based 
micro actuators. 

2. Using kinematic techniques to bind the camera calibration with the 
micromanipulator. 

3. A semiautonomous pick and place operation of fibers with the use of a 
micromanipulator. 

4. An attempt to base the error of the system solely on the micro actuators used for 
micromanipulation which comes out to be 1.089µm. 

5. Development of the whole system in such a way that it can be integrated with 
other micromanipulators. 
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6. Development of the system in a way that it can be integrated with other research 
to develop a fully automated pick and place system for fibers. 

1.3 Thesis outline 

This thesis discusses the calibration of the system by using four points in the camera 
calibration and kinematic modelling. The thesis outline is stated below 

In Chapter 2, conventional robotic manipulation technique is discussed. It also gives an 
introduction to micromanipulation and challenges involved with it. It discusses the basic 
concepts and methods widely used in camera calibration. 

Chapter 3 focuses on the hardware and software of the micro-robotic platform. It 
discusses the micromanipulator and the camera used to detect the fibers and manipulators. 
It also discusses the software used for the development of the system. The software which 
is used for the simulation and the practical implementation of the whole system. 

Chapter 4 presents the complete design and the implementation method used for the 
practical implementation of this thesis. The development of the simulation and how the 
simulation was used to develop a semi-automatic pick and place process for fiber picking 
and placement is discussed. 

Chapter 5 presents the results and discussion of those results. It focuses on how the 
experiment to gather the results were conducted and what can be deduced from the 
gathered results. 

The thesis is finally concluded with Chapter 6, which concludes the whole work and 
presents proposals on the structure of the future work which could be carried out to 
integrate other systems for a fully autonomous pick and place system for fibers. 
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2. BACKGROUND AND THEORY 

A robot is a device which can perform a certain task/group of tasks fully or semi 
autonomously. Robotics is a multi-disciplinary field which includes principles of 
mechanical engineering, electrical engineering and software engineering. Robots can be 
divided into two general categories: 

1) Fixed robots 
2) Mobile robots 

Fixed robots consist of a linked manipulator and end effector attached to a fixed surface. 
They are designed to do specific tasks with a limited workspace. On the other hand, 
mobile robots are capable to move freely in a certain environment. 

The robotic manipulator used in this thesis is a serially linked fixed robot. Hence, to lay 
the foundation, this chapter will first discuss modelling method of a serially linked fixed 
robot and then state of the art micro-robotics and micromanipulators will be discussed 
with their modelling methods. 

2.1 Manipulator modelling 

For a robot to perform any task it has to move to the desired location or set of locations, 
which are provided to the robot’s actuators by the control system of the robot. The control 
system of the robot ensures that robot is moving to the desired locations. Before 
developing a control algorithm for a robot, modelling is done to analyze the kinematic 
structure and actuators to evaluate the movement of a robot and its ability to reach desired 
orientations in its working environment. 

Robot kinematics deal with the motion and analysis of a robot by ignoring the forces that 
cause the motion [13] [14]. In robotic structures, there are six types of joints including 
revolute, prismatic, cylindrical, planar, screw and spherical [13].  Joints connect the 
individual links of the robot to form a manipulator. There are two types of manipulators 
such as serial linked and parallel linked. In the scope of this thesis, only revolute and 
prismatic joints and serial linked manipulator will be discussed. 

By modeling the robot, two important aspects of a robot control problems can be solved. 
First is the forward kinematics, which calculates the position and orientation of the end-
effector with respect to the base Cartesian axis of the robot for the current joint actuator 
values. Second is the inverse kinematics, which is inverse of the first problem i.e. in order 
for the end-effector to reach a desired position and orientation with respect to the base 
Cartesian axis of the robot, what joint actuator values are required.     
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2.1.1 Degree of freedom 

The degree of freedom refers to the ability of a robot to move in an XYZ coordinate 
system. A robot can have a maximum of six degrees of freedom i.e. 

1) Movement along x-axis 
2) Movement along y-axis 
3) Movement along z-axis 
4) Rotation about x-axis 
5) Rotation about y-axis 
6) Rotation about z-axis 

Typically, each joint should add a degree of freedom to a robot. Any joint which adds the 
same degree of freedom to the robot will be redundant. Each joint has its own limits, 
defined by the maximum movement or angle an actuator can perform which results in 
developing a workspace for a robot. Workspace of a robot is composed of all the positions 
a robot can reach [13]. 

2.1.2 Denavit-Hartenberg parameters 

Any serial linked robot can be described by using four parameters for each link. These 
four parameters are known as the Denavit–Hartenberg (DH) parameters of a robot, which 
thus create a DH table for the robot. There are two kinds of DH tables, standard and 
modified DH table. The main difference arises in the convention of attachment of the 
coordinate frame to the link. In this thesis, modified DH table and parameters will be used 
and discussed. Out of the four parameters, two define the link itself and two parameters 
describe its connection with the adjacent link [13] [14]. 

The four DH parameters to make the modified DH table are ai-1, ai-1, di and qi. Three of 
these parameters are fixed also known as link parameters and one is the joint variable. In 
case of a revolute joint, q will be the joint variable and in case of a prismatic joint, d will 
be the joint variable. All the robot links are first numbered starting from the base of the 
robot which is link 0. The next movable link will be link 1 and so on until the end effector 
is reached. 

The coordinate frame attachment to the links can be completely arbitrary but by following 
some rules the calculations become easier. For example, by choosing the Frame 0 in such 
a way that it coincides with the Frame 1 when the joint angle is zero makes all the first 
three fixed parameters zero. Figure 2.1 would be useful to see how all four parameters 
are found after the frame has been attached to the link itself and the adjacent link [13]. 
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Figure 2.1 Link i-1 connection to link i and their frame attachment [13] 

 

The four DH parameters for link i-1 will be: 

ai-1(link length) will be the distance from 𝑍i-1 to 𝑍i measured along the axis 𝑋i-1 

ai-1(link twist) will be the angle from 𝑍i-1 to 𝑍i measured about the axis 𝑋i-1 

di(link offset) will be the distance from 𝑋i-1 to 𝑋i measured along the axis 𝑍i 

qi(joint angle) will be the angle from 𝑋i-1 to 𝑋i measured about the axis 𝑍i 

These four DH parameters for each link of a manipulator are enough to model the 
complete manipulator. For a robot having five 1 degree of freedom (DOF) joints there 
will be 15 fixed parameters and 5 joint variables. In Matlab, two more parameters are 
required to model a robot: one for the joint type and one for the type of DH table used. 
Modelling of a robot manipulator using Matlab will be discussed in the next chapter. 

2.1.3 Transformation matrices 

Transformation matrices are used to define a position vector, which is known in one 
coordinate frame, into another coordinate frame. It includes a translation and rotation 
combined in one 4x4 matrix, which is also known as a homogeneous transform. Suppose 
there are two coordinate frames: Frame A and Frame B, a transformation matrix 𝑇%&  is 
used to define any position vector, which is known in Frame B, into Frame A. The 
transformation matrix 𝑇%&  includes the position and orientation of the origin of Frame B 



7 

with respect to Frame A. A general representation of a transformation matrix is given 
below. 

𝑃	& = 	 𝑇%& 𝑃	%       (2.1) 

𝑃	&
1

	= 	

	
	 								 𝑅		%

& 	 𝑃%,-.	
&

	
0 0 0		 1

𝑃	%
1
		           (2.2) 

Over here, 

𝑅%&  is the rotation matrix of Frame B with respect to Frame A. 

𝑃%,-.	
&  is position vector of the origin of Frame B defined in Frame A. 

𝑇%&  is the complete transformation matrix which maps the point 𝑃	%  to 𝑃	& . 

𝑃	%  is the position vector of a point defined in Frame B. 

𝑃	&  is resultant position vector of the point in Frame A. 

So, if 𝑇%&  is known, then a position vector of a point defined in Frame B can be defined 
in Frame A. Similarly, the inverse of this transformation matrix will map the position 
vector of a point defined in Frame A to Frame B. This convention of writing a 
transformation matrix will be used throughout this thesis to find out any position vector 
of a point defined in one coordinate frame of the system in another coordinate frame of 
the system. 

2.1.4 Forward kinematics 

If the link parameters and the joint variable of a DH table are known, then by using 
forward kinematics, a transformation matrix can be calculated to map any coordinate 
frame of the robotic manipulator to another coordinate frame of the manipulator, typically 
used to map the end effector coordinate frame to the base coordinate frame of the 
manipulator. For each link, the three link parameters are fixed by the mechanical design 
and there will be one joint variable. Forward kinematics is useful to construct a workspace 
of a robot and to know beforehand any positions of the obstacles in a path of the robot.  

By dividing a robot in ‘n’ number of links, the forward kinematics transformation is also 
divided into ‘n’ number of sub problems. The transformation to map frame i to i-1 by 
using the DH parameters is shown below. 
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𝑇0012 = 	

𝑐q0
𝑠q0𝑐a012
𝑠q0𝑠a012

0

−𝑠q0
𝑐q0𝑐a012
𝑐q0𝑠a012

0

0
−𝑠a012
𝑐a012
0

𝑎012
−𝑠a012𝑑0
𝑐a012𝑑0

1

   (2.3) 

This general transformation matrix solution gives transformation of one link to the 
previous link and multiplication these transformations give a complete transformation 
matrix from the end effector coordinate frame to the base coordinate frame of the robot. 

𝑇8012 = 	 𝑇29 𝑇:2 𝑇;: … . . … . 𝑇8812     (2.4) 

2.1.5 Inverse kinematics 

When modelling of a robotic manipulator is completed and workspace has been 
established, the next problem is to calculate joint angles for any given end effector 
position. Suppose a robot has to pick something from a specific point. First, it will be 
checked that the point is in the robot’s workspace, then by using inverse kinematics 
calculations, the joint variable values to reach that point are calculated. Inverse kinematics 
is inverse of forward kinematics. 

In inverse kinematics calculation, multiple solutions can exist for a single position 
because there can be more than one joint value sets that can achieve the same end effector 
position. 

 

Figure 2.2 A three linked manipulator with two solutions [13] 

Figure 2.2 shows a three linked manipulator and the dashed line shows the second solution 
for the same inverse kinematic problem. The criteria on which a solution for the inverse 
kinematic problem is selected can vary. The obvious selection will be to choose the 
inverse kinematic solution, which is closest to the current joint values of the robot but if 
the robot could hit an obstacle with that position or if there are some other requirements, 
then some other inverse kinematic solution is selected.  
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Similarly, it is also possible that no solution for an inverse kinematic problem exists. If 
the point on which end effector is trying to reach exists outside of the robot’s workspace, 
then it will be impossible for the manipulator to reach that point. 

The methods to solve an inverse kinematic problem can be divided into two broader 
terms: closed form solutions and numerical solutions. Closed form solutions term is 
generally used if the inverse kinematic solution can be solved analytically or base on 
solving a polynomial of degree 4 or less and no numerical analysis technique like iteration 
is required to solve it. Numerical solutions focus on the numerical analysis iteration 
technique to solve the manipulator’s inverse kinematic problem. Numerical solution can 
take a lot of computational power and is generally slower.  

The closed form solution can be further divided into algebraic and geometric solutions. 
In algebraic solutions, matrix algebra is used to create equations with joint variables. 
Those equations are then solved to get the joint variable values at which the end effector 
can reach the required position. In geometric solutions, techniques of geometry are used 
to divide the problem and create joint variable functions, which are then solved using 
algebra to find the joint values. 

2.2 Micromanipulation 

Micro-robotics is a term given to robots which are of a size ranging from 1 mm to a few 
millimeters or which are capable of handling micro scaled objects. A great revolution is 
seen in past two decades in the field of micro-robotics. More and more hardware solutions 
are seen emerging in the market. However, the control solutions are more in a research 
state, as there are more challenges involved than conventional robotics. It is due to the 
fact that the movements in micro-robotics are usually measured in micro and nano scale, 
which is not usually visible with a naked eye. Also, there are unknown characteristics of 
the actuators involved in the development of the control software. 

A micromanipulator is a manipulator, which can manipulate objects in micro scale. The 
manipulator itself does not have to be in micro scale, but it should be able to interact and 
deal with micro objects. In general terms, a manipulator which can manipulate the objects 
between the size of 1µm to 1 mm is considered as a micromanipulator [15]. 

There are many principles which are involved when dealing with objects in micro scale. 
Usually, the visibility of the objects at micro scale is sensitive to illumination. So, a good 
illumination has to be selected to manipulate objects in micro scale. One another 
important thing to consider are the adhesive forces such as electrostatic forces, Van der 
Waal forces and capillary force, which keeps on holding an object even when the gripper 
is opened. Usually, in a macro space, gravitational forces overcome these electrostatic 
forces. Finally, in micro scale, there is a very high chance for the object to break if a 
greater force is applied [15] [9]. 
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More and more micromanipulators and grippers are being made today. There are four 
general categories in which micromanipulators can be divided [10]. 

 

• Magnetic and electric micromanipulators 
• Mechanical micromanipulators 
• Optical tweezers 
• Scanning probe microscopy 

The micromanipulator used in this thesis is a mechanical micromanipulator. Mechanical 
micromanipulators use a mechanical structure built in such a fashion that it could hold, 
move, rotate and release a micro object. The most common type of micromanipulator 
gripping design is a tweezer like micro gripper in which two or more fingers like 
structures are used to hold objects. There are many ways in which a mechanical 
micromanipulator is actuated such as electro thermal, voice coil, Shape memory alloy 
(SMA) and piezoelectric. Piezoelectric actuators are preferred due to their small size, 
large force and fast response [16]. 

There are various control strategies which can be used for the automation of a 
micromanipulation system. Fully automatic solutions have not yet been implemented but 
a semi-automatic approach and tele-operated approach are most common. In semi-
automatic, many operations still rely on a human operator but some kind of assistance is 
given to the operator like for example a collision detection method. In tele-operated 
approach, a human operator controls the manipulation system [10] [9]. 

2.3 Imaging in robotics 

Due to development of high resolution cameras and high powered microprocessors, 
imaging is widely used in micromanipulation technologies. Two main applications for 
image based measurements in robotics are visual servoing and calibration [17]. Visual 
servoing uses the information extracted from an image as a feedback to control the motion 
of a robot. The calibration of the imaging system converts the pixel coordinates to the 
real world coordinates [18]. 

Calibration is used for two main reasons 

• To convert the pixel coordinates to the real world coordinates 
• To remove distortion in an image 

Various, robust camera calibration techniques are available. The most commonly used 
are the techniques introduced by Tsai and Zhang  [19] [20]. Camera calibration depends 
on intrinsic and extrinsic properties of the imaging system. Intrinsic properties are the 
built-in properties of the camera such as focal length, image format (skew coefficients) 
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and principle point (ideally in the center of the image). The intrinsic properties of the 
camera cannot be changed once the camera has been purchased. They are available in the 
datasheet of the camera. The extrinsic properties are the location and orientation of the 
camera. 

 
 

 
Figure 2.3 A general model of a pinhole camera [21] 

Figure 2.3 shows a general model of a pinhole camera. The idea is to make a relationship 
of the three dimensional (3D) real work coordinates [X, Y, Z] with the picture coordinates 
(x, y). This can be done by solving the following equation [22] [17]. 

𝑥
𝑦
1

= 	
𝑓A 0 𝑐A
0 𝑓B 𝑐B
0 0 1

1 0 0
0 1 0
0 0 1

				
0
0
0
[𝑇]

𝑋
𝑌
𝑍
1

   (2.5) 

Where fx and fy are the focal lengths in the horizontal and vertical direction respectively. 
cx and cy are the locations of the principal point. These four are the intrinsic parameters. 
T is the 4x4 transformation matrix containing the rotational and translational matrices, 
which are extrinsic parameters. 

There are many methods to solve for these parameters. The method of Zhang presented 
in [19], is one of the most robust and commonly used methods, in which images of a 
calibration pattern with known distances are taken from different angles and it solves for 
all the intrinsic and extrinsic parameters. 
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3. HARDWARE AND TOOLS 

Before discussing the implementation, it is important to know the micro-robotic platform, 
mechanical design of the robot, the hardware used to move the actuators and for data 
acquisition and finally the software used to move and control the actuators and to develop 
the necessary simulations and models. This chapter will discuss the mechanical design 
and hardware aspects of the existing micro-robotic platform and the software used to 
model and control the robot. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Complete micromanipulation system 
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3.1 Micro-robotic platform 

The set up used for this thesis was developed at TUT micro and nano system research 
group and is part of FibRobotics project. The whole workstation set up is made on a lab 
table and can be moved easily for demonstration purposes. It comprised of a 3 DOF robot 
which is mounted upside down on a metallic plate which is supported by a pillar. The 
mechanical design of the robot will be discussed later in this chapter. Then there is a pick 
up table, on which fibers are placed which are then picked up by the robotic manipulator. 
The coordinate frame presented in Figure 3.1 is of the pickup table and from here onwards 
will be referred to as table coordinate frame. The table can be rotated along the Z axis of 
the table coordinate frame. It can also move linearly in X and Y axis of the table 
coordinate frame. There is also a place for backlight illumination underneath the table. 
The fibers are placed on a microscopic slide which is then placed on top of the table. 

Finally, a camera and optics are mounted on top of the whole system. The camera is 
mounted on a frame which is attached to the workstation. Workstation is a metal plane 
which every component of the micromanipulation system is fixed. The frame has a 
manual prismatic movement joint which allows the camera to be moved in the Z direction 
(up and down). The camera is be used to detect the micro fibers (hair or paper fibers) 
placed on the table and define the pick-up location for the robotic manipulator. The 
mounted camera can be easily changed and adjusted according to need. The whole 
micromanipulation system is shown in Figure 3.1. 

The notations used in Figure 3.1 are as follows: 

A. Is scale for measuring the camera distance from the pickup table. It also serves as 
a manual prismatic joint for focus adjustments. 

B. Camera used for calibration and detection of fibers. 
C. 12x Zoom optics to produce a magnified image. 
D. Servo control outlets for autofocus and zoom (not used). 
E. Optics illumination (not used). 
F. Robotic Manipulator for fiber handling. 
G. Backlight illumination. 
H. Table with x, y and rotational movement. 

3.2 Robotic manipulator 

The robotic manipulator used for this thesis is a 3 DOF manipulator. It has three prismatic 
micro actuators attached orthogonally which allows the robot to have translation 
movement across X, Y and Z axis. A fourth micro actuator is for the gripper which is 
attached to a rotational actuator whose angle can be changed to avoid any collisions with 
the table during the pickup process. 
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The designed manipulator is fully capable of grasping and picking up a fiber. It is 
important that the micro actuators are completely fixed and there is no play or offset in 
them as in micromanipulation system a very small play and offset can cause a great 
amount of error and all the calibration calculations will have to be adjusted or in the worst 
case had to be done from the scratch again.  

The manipulator used for the implementation of this thesis is presented in Figure 3.2. The 
coordinate frame shown in Figure 3.2 is the coordinate frame of the micromanipulator 
from here onwards it will be referred to as robot coordinate frame. Robot coordinate frame 
has no relation to the kinematic modelling of the micromanipulator. It is chosen according 
to the x and y movements as seen in the image received by the camera.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Micromanipulator with a rotational joint 
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The notations used in Figure 3.2 are as follows: 

A. Linear actuator producing y axis movement in the image received from the camera 
and in the robot coordinate frame. It will be referred to as y actuator throughout 
this thesis. 

B. Linear actuator producing x axis movement in the image received from the camera 
and in the robot coordinate frame. It will be referred to as x actuator throughout 
this thesis. 

C. Rotational actuator to tilt the gripper in order to avoid collision with pickup table. 
It is mounted on a linear actuator which produces z axis movement in the robot 
coordinate frame. This linear actuator will be referred to as z actuator throughout 
this thesis. 

D. The linear actuator used to control the gripper’s jaws 
E. Backlight illumination on the pickup table, the slide on which fibers are placed is 

put on top of it. 
F. Gripper used to pick, place, hold and move micro fibers 

The micromanipulator design made on SolidWorks is shown in Figure 3.3. 

 

 

Figure 3.3 Mechanical design of the micromanipulator 
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The robotic manipulator design shown in Figure 3.3 does not have rotation along any 
axis. The actual manipulator is with one rotational joint. which will also be discussed later 
in Chapter 4. The control system developed is also without the rotational joint but it will 
be discussed how the rotational joint can be catered for in the control algorithm later. 

The robotic manipulator has previously been used to pick up the fibers and perform 
flexibility tests on them [24].  The prismatic actuators used for the 3 axis motion of the 
micromanipulator and the gripper are manufactured by SmarAct [25]. The micro 
actuators used are piezoelectric, they can act as actuators and sensors [25] [26]. However, 
the piezoelectric used in this case can only be used as actuators with a feedback sensor. 
The product used for 3D motion is SLC-1740. Figure 3.4 show one single linear micro 
actuator. 

 

Figure 3.4 SmarAct SLC-1740 linear positioner [25] 

A single micro actuator has a dimension of 40 x 17 x 8.5mm3. The actuator has a lift force 
of greater than 1.5N, which is more than the required force to lift a fiber. It has a blocking 
force greater than 3.5N, which is enough to hold a fiber, also without the power supply. 
It has a weight of 26g. It can move a maximum distance of ±13mm with a step size of 1 
– 1500nm in low vibration mode and normally 50 – 1500nm. It has a maximum operating 
frequency of 18.5 KHz. Scan resolution is the minimum amount of change which can be 
detected with the mounted sensor. Scan range is the change in position for one revolution 
of the optical encoder installed. Scan range and scan resolutions can be used as a feedback 
to develop a control system of the micro actuators but in this thesis, the positioning control 
that is already available with the micro actuators is used. 

Mechanical and positioning details of the micro actuator are given in Table 3.1 
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Mechanical Properties 
Blocking Force FB >3.5N 
Maximum normal force FN 30N 
Maximum lift force FL >1.5N 
Positioner dimension 40 x 17 x 8.5mm3 

Weight 26g 
Positioning 

Travel ± 13 (26)mm 
Step width 1-1500nm 
Scan range >1.5µm 
Scan resolution <1nm 
Velocity >20mm/s 
Maximum frequency 18.5KHz 

Table 3.1 Properties of SLC-1740 

The gripper used on the micromanipulator is SG-1730. It is SLC-1730 micro actuator and 
a gripper is mounted on that actuator for very accurate micro handling [4]. Figure 3.5 
shows the gripper. 

 

 

Figure 3.5 Smaract SG-1730 micro gripper [25] 

Micro gripper has dimensions of 17 x 31.6 x 9.5mm3. It has a gripping force of 1N and 
a weight of 25g. These properties will be used to model the micromanipulator and 
calculate its different characteristics. 

The mechanical details of the micro gripper are shown in Table 3.2 
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Mechanical Properties 
Gripping force 1N 
Gripping time <10ms 
Gripping resolution <10nm 
Gripper opening >1mm 
Gripper dimension 17 x 31.6 x 9.5mm3 

Weight 25g 

Table 3.2 Properties of SG-1730 

3.3 Imaging equipment 

The camera used for the experimental setup is BFS-U3-32S4M-C which is made by Point 
Grey Research, which is now acquired by Flir Integrated Imaging Solutions Inc. The 
camera is used with 12x Zoom Navitar optics [27]. The optics have motorized controls 
for focus and zoom. However, in this thesis motors are not used instead the camera is 
manually moved up or down to adjust the focus. 

The camera mounted is a mono camera with Sony IMX252, complementary metal-oxide-
semiconductor (CMOS), 1/1.8” imaging sensor. It has a resolution of 2048 x 1536 at 121 
frames per second (FPS). It has a dimension of 29 x 29 x 30mm. The camera produces 
very crisp and clear images at high speed. The imaging setup used is presented in Figure 
3.6. 

 

Figure 3.6 Camera with optics 
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Some of the camera specifications are given in Table 3.3. Complete technical details can 
be found in [28]. 

Resolution 2048 x 1536 
Frame Rate 121 FPS 
Megapixels 3.2megapixel (MP) 
Chroma Mono 
Sensor name Sony IMX252 
Sensor type CMOS 
Read out method Global shutter 
Sensor format 1/1.8” 
Pixel size 3.45µm 
Lens mount C-mount 
ADC 10bit and 12bit 
Acquisition mode Continuous, Single frame, Multi frame 
Image buffer 240MB 
Interface USB 3.0 
Dimensions 29 x 29 x 30mm 
Mass 36grams 

Table 3.3 Camera Specifications [28] 

3.4 Simulation environment 

When developing a control algorithm, it is important to first develop a simulation of the 
system. It allows a good testing environment for the algorithms. It can cope with changes 
in the system.  

3.4.1 Matlab 

Matlab is an engineering software developed by MathWorks Inc. It is widely used for 
mathematics, graph plotting, programming and simulation [29]. It can be used to design, 
model and simulate virtually any engineering application. It has a strong matrix 
manipulation capability which is very useful in robotic applications.  

The functionality of Matlab is extended by using task specific toolboxes. There are many 
toolboxes which come preinstalled with Matlab. Alternatively, they can be purchased 
from MathWorks. There are also many third party toolboxes whose licenses can be 
bought from third party vendors. 
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The toolbox used to model the micromanipulator is an open source robotics toolbox 
developed by Peter Corke [30].The Robotics toolbox needs to be separately installed on 
Matlab. 

3.4.2 Matlab robotics toolbox 

The robotics toolbox(RTB) offers a wide range of functionality for fixed and mobile 
robotics simulations. It allows the user to solve very complex robotics problems with 
ease. It has a very good functionality in solving forward and inverse kinematics problems. 
Transformation matrices can be easily implemented and visualized using the robotics 
toolbox. The robotics toolbox offers a general representation for serial linked 
manipulators [30]. 

After calculating the DH parameters for a robot, the robotics toolbox makes it very easy 
to model a robot. It also gives a very good visual representation of the robot. In this thesis, 
it is used to correctly visualize a workspace of the robot and it is used to determine the 
transformation matrices between different links and finally used to study the manipulator 
behavior and to find how computational costs can be avoided when the inverse kinematics 
will be implemented on the micromanipulator. 

When the DH parameters for a serial linked robot are known, then link function is used 
to define a link on Matlab. There are 18 parameters which can be given to the link 
function, ten of which are kinematic parameters and rest are dynamic parameters. The 
first four parameters are the DH parameters. If the joint is revolute, q will be a variable. 
In case of prismatic joint, d will be a variable and it is not be given to this function. The 
joint type will also be given in this function. The function also takes the type of DH table 
used as a parameter (standard or modified). It also takes the joint limits and offset as 
parameters. The joint limits define how much angle in radians can a revolute joint rotate 
or how much units a prismatic joint can move. Offset is the zero position for the joint 
from where it starts rotation or translation. It is given if the link has some angle or 
measurement in the direction of the joint variable. 

The links created are then needed to be joined together to form a robot. SerialLink is then 
used to create a robot object. It takes the links created by the link function as parameters 
and creates a robot. Name of the robot is also given in this function. SerialLink is a 
constructor used to create the robot object which has different functions, which can be 
accessed by using dot operator. The functions in this class are used to perform different 
operations on the robot created. Name of the robot is also given as a parameter in the 
constructor. 

Before plotting the robot, it is good to define a workspace for the robot. Workspace is a 
matrix of six parameters, which are the negative and positive limits of X, Y and Z axis in 
the 3D coordinate system. Then, the plot sub function of the SerialLink class is used to 
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plot the robot in a 3D workspace. The plot sub function is called by using dot operator. 
The workspace and joint variable values are given as an input to the plot sub function. 
The teach sub function of the SerialLink class is used to change the joint variables on the 
plotted robot. It creates sliders for each joint variable which can then be used to change 
the values of joint variables. The slider can move to the joints limits in a positive and 
negative direction which are defined when creating the link. 

To perform inverse kinematics, a goal transformation matrix is first defined. The 
transformation matrix includes the rotation and translation of goal point with respect to 
the base frame. Translation is given by using transl function of the RTB. It takes three 
parameters as inputs, which are the translation along the three axis. To give rotation rotx, 
roty and rotz functions are used to give rotation about x, y and z axis. These functions 
take the rotation in radians as default. Rotation angle in degrees can also be given but it 
has to be specified as an input parameter that the angle given is in degrees. The inverse 
kinematics is performed on the robot by using ikine sub function of the SerialLink class. 
The ikine sub function takes goal point as an input which has to be given in the form of a 
transformation matrix and it returns the joint values needed to reach that goal position. 
When using ikine a number of steps can be taken to reduce the computational costs if a 
complex robot with many joints is being used. 

Developing a Matlab model and simulation helps to understand the robot response. It also 
helps to efficiently develop a control algorithm for a robot. As a visual plot of the robot 
is seen, so, it is very quick to analyze the important coordinate points used for developing 
the control algorithm of the robot. 

3.5 Software development 

To perform any operation on a computer, it needs to be programmed to perform that 
operation. Conventionally a computer program is executed line by line. Each line 
performs an operation on its execution. There are three general types of programming 
languages [31]. 

1) Machine language 
2) Assembly language 
3) Higher language 

Machine language is the Boolean language, which is understood by the central processing 
unit (CPU) to perform different calculations. Programming in machine language is a very 
difficult task for a human being. Assembly languages are a little more understood by 
humans but it is processor dependent. To program each processor, different commands 
and operations are needed to be learned. The higher programming languages are more 
human friendly and they use operations and commands which are easy to be interpreted 
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by humans. Higher programming language compiler converts the program to the machine 
code for the execution. 

3.5.1 Procedural programming 

Higher programing languages such as C, Pascal and FORTRAN are procedural 
languages. Each line execution performs a task and the program compiler compiles the 
program and the execution of the program is performed line by line. For complex 
programs, functions are introduced. Functions are reusable parts of a code and are used 
to structure the program [32]. 

Using only a structured programming approach is good and an easy way to build small 
programs. For developing large programs, however, the structured programming can 
become very complex and hard to manage as there can be many variables which are being 
accessed by many different functions and for that purpose, those variables are have to me 
made global. This creates unwanted complexity to the programs. 

3.5.2 Object oriented programming 

An object oriented programming (OOP) solves this problem. In OOP, the programmer 
can create own data types and functions which act on those data types. The original data 
is stored in the object’s variable, which is accessed and altered by calling member 
functions of that object. This prevents accidental alteration of the variables. Different 
objects communicate with each other by calling member functions of each other [32]. 

The use of OOP makes the program becomes more structured and organized. A same 
class can be used in different programs and it becomes easier to write, debug and maintain 
a program. 

3.5.3 Distributed software approach 

While programming a robot, using a procedural programming approach will limit a robot 
operation. A robot will be able to do one task at a time. When programming a robot, 
different sensors send inputs and outputs are sent to the actuators accordingly. In 
procedural programming approach, first data from the sensors is read and then commands 
are sent to the actuators. 

This can become very complex and a slow process if the robot has many different sensors 
and actuators. Usually, a lot of processing of the sensor data is required to get meaningful 
results. Also, with procedural programming, only a single actuator can be moved at a 
time. 
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This problem can be solved by using a multithreaded programming approach in which 
different threads can perform different tasks and can exchange data together to 
simultaneously perform different functions of a robot. This method is good when the 
system is of discrete type and it has a limited expandability. 

In a distributed system, several programs run together. They can either be on the same 
computer or distributed among different computers connected through a network. The 
different programs interact with each other by using some sort of message sharing 
protocol  [33] [34]. 

Each program may be referred to as a node, which performs a specific operation. A 
different node can be used for data acquisition, which will just take data from the sensors 
and pass it to another node which will then process the data. Similarly, a node to carry 
out each individual task can be made and they can work together to operate a complete 
robot. This kind of approach offers a good potential to expand the whole system in which 
many different robots are connected on a network, which can work together to perform a 
common goal. In this thesis, such approach is used and it is implemented by using robot 
operating system (ROS). 

3.6 Robot operating system 

Robot operating system (ROS) as the name suggests, is not a typical operating system but 
it is an operating system for a robot. With the use of ROS, an operating system for a robot 
can be developed. It combines hardware programming, device control and message 
passing between different programs under one platform [35].  

ROS has an open source licensing, which means that it can be freely used for research 
and commercial purposes. The benefit of an open source software is that anyone can 
download it, use it, improve it and upload it back. ROS is improved by an active 
development community known as ROS eco system. It is primarily used on Linux based 
operating system. Linux itself is an open source operating system with many open source 
libraries and an active development community [36]. 

ROS is actively used in the robotics community. Almost every commercial actuator, 
control board and sensor used in robotics come with hardware drivers for ROS. A ROS 
package can be distributed and used by some other person on a different robot. It has 
many inbuilt packages for fixed and mobile robotics. It has built in libraries for data 
acquisition, robot control and data processing etc. There are many ROS packages 
available among ROS eco system where one can find ROS packages for almost any 
robotic task. ROS has many versions and the version used for this thesis is ROS kinetic.  

The software is organized in a ROS package. Any piece of software which can be 
considered as a separate module and can perform a specific purpose is made as an 
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individual ROS package. Depending on the usage, a ROS package can contain many 
programs which run together to perform the task of the package. Figure 3.7 shows a ROS 
package. Following are some files which are in a ROS package. 

 

Figure 3.7 ROS package  

3.6.1 Nodes 

ROS nodes contain the program which is run by ROS. The program can be written in 
C++, Python or Lisp. Support for other languages like Java is also available but it is in a 
prototype stage. A code to program any robotic component is written over here. Usually, 
ROS nodes offer individual functionality [37]. 

These different nodes can communicate with each other through ROS message 
publish/subscribe. The message subscriber does not have to know the node. It just needs 
to know a topic name and the message type and it can receive data. The subscriber is 
accompanied by a callback function. The callback function tells the program what to do 
with the received data. Similarly, a publisher only has to publish on a topic. It does not 
have to know if some subscriber is listening to the topic. There can be many nodes 
publishing on the same topic and many subscribers listening to the same topic  [35] [36]. 

3.6.2 Messages 

ROS messages are the message types which can be published on a topic. A topic is a 
named route via which nodes exchange messages between each other. ROS has many 
built in messages types. It is important to have a message type so the publisher and the 
subscriber can know how many bytes of memory should be reserved for the message 
buffer. Image files can also be sent through ROS messages. Custom messages can also 
be made which has to be stored in a specific file. 

3.6.3 Services 

If only data needs to be sent, then topics are used for communication but if some response 
or an answer is needed from a node then topics cannot be used. ROS services provide a 

ROS	package

Dependencies Messages Services Compilation	
rules Nodes Other	files



25 

solution to this problem. A node can offer services and if something is sent to a service 
the client must wait to get a response from the service. Like topics, ROS services have a 
name, which client has to know before requesting any response from the service. 

3.6.4 Compilation rules and dependencies 

ROS package manifest is where a node name is defined. It contains the list of all the 
libraries on which a ROS node will be depended upon. For a complete package, only one 
package manifest is needed. The file is in .xml format and it is written in extensible 
markup language (XML) format. Then there is a make file which contains all of the rules 
for the compilation of the ROS package. It must include all the files and libraries that are 
needed to be compiled. If an execution file is needed after a compilation, then that also 
has to be specified in this make file. The make file can also contain other compilation 
rules before the compilation of a package, such as which compiler to use and which 
directories to find etc. 

3.6.5 Robot operating system master 

The publisher and the subscriber exchange messages with each other through roscore. It 
manages the data sent through each subscriber and publisher. The roscore may be running 
on the same computer or it can be running on some other computer connected on a 
network. The roscore is like a ROS master, it has to be running at only one place and it 
has to be started before launching any ROS program [35] [36]. 

Every topic or service is registered with the ROS master and it subsequently binds the 
publishers and subscribers. ROS master creates a computational graph like network 
between the publishers and the subscribers. 

A node advertises a topic to ROS master and that topic is stored in the ROS master’s list 
of topics. Then a subscriber subscribes to a topic and communication is established 
between publisher and subscriber by the use of ROS messages. The ROS master keeps 
track of the publishers, subscribers and their topic names. It also keeps track of ROS 
services.  A ROS communication between two nodes can be seen in Figure 3.8 
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Figure 3.8 Establishment of a ROS publisher/subscriber 

3.7 Actuator controller 

SmarAct Modular Control System (MCS) controller is used to drive the SmarAct micro 
actuators. It fits a 19” rack which makes it easy to carry and move. It can be connected 
via a universal serial bus (USB), Ethernet or RS232. A graphical user interface for 
Windows, LabView integration software, Windows and Linux drivers come with the 
MCS unit. Each modular control unit has a driver module which can drive up to three 
channels. The MCS controller used for the implementation of this thesis has a support for 
15 channels. It means 15 different micro actuators can be connected and run 
simultaneously. The MCS can operate in both open loop and closed loop. Working of 
MCS is shown in Figure 3.9 

 

 

 

 

Figure 3.9 Working of a SmarAct Modular Control System 
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A same interface module can be connected to six driver modules which can be used to 
drive 18 actuators at the same time. A sensor module is also attached to get the position 
of the actuator. The actuators can be given position in nanometers, it can either move to 
an absolute position in nanometers or relative to the current position. In this thesis, x 
actuator is attached to channel 0, y actuator is attached to channel 1 and z actuator of the 
micromanipulator is attached to channel 3. The rotational actuator is attached to channel 
4 and the gripping actuator is attached to channel 5. 

3.7.1 Modular Control System programming 

To interact with the Interface Module first, the port has to be described where the MCS 
controller is attached. In this thesis, the MCS controller is attached to a USB port. The 
interface module is identified on a unique USB ID before starting to give any operational 
functions to it. The MCS controller comes with a very well explained programmer’s guide 
which contains all the functions and operational modes of the micro actuators. 

The system is first opened by using the SA_OpenSystem function. The USB ID and the 
mode of communication have to be described when opening the system. If a system is 
opened by one program, then the MCS controller cannot be used with any other program. 
To use it with another program, the system has to be closed by using the SA_CloseSystem 
function. The system should always be closed when shutting down the whole system or 
else, it will cause a resource leak. 

3.7.2 Modes of operation 

There are two modes of communication in the MCS control library.  

• Synchronous mode 
• Asynchronous mode 

Synchronous mode is more easy to use but it has less flexibility. In synchronous mode, 
once an operational function is called, the program will wait at that function, till it receives 
a response that the given action has been carried out or it has some error. Asynchronous 
mode offers a lot more flexibility, but it requires more programming. In asynchronous 
mode, once an operational function is called, the program will just give a command to the 
MCS controller and will move on. It will be the responsibility of the user to obtain a 
response from the MCS controller. Depending on the mode of communication, the 
operational functions corresponding to it must be called otherwise the system will return 
an error. The MCS programmer’s guide contains all the functions which can be called in 
synchronous and asynchronous modes. It also contains functions to retrieve data in case 
of an asynchronous mode of operation. 
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The mode of operation used in this thesis is asynchronous. It allows to control many 
actuators at the same time and user can retrieve data whenever needed. The synchronous 
and asynchronous modes of communication are shown in Figure 3.10 and Figure 3.11 
respectively. 

 

    Program execution 

 

 

 

 

 

Figure 3.10 Synchronous mode of operation 

Figure 3.10, shows the synchronous mode of operation. Once a command is sent to the 
actuator, the program execution stops and wait for a response from the actuator. Once, it 
receives a response then the program execution continues.  

 

 

            Program execution 

 

 

 

 

Figure 3.11 Asynchronous mode of operation 

Figure 3.11 shows the asynchronous mode of operation. Several commands can be sent 
to the actuator during the program execution. The response from the actuator is stored in 
a buffer. It is then up to the programmer to retrieve that data or to discard it. 
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3.8 Imaging software 

The camera manufactures make the necessary drivers for running a camera on a system. 
Typically, cameras have their preinstalled drivers for the operating system. A camera 
which is used for machine vision purposes also comes with an application programming 
interface (API), which is used for the development of image acquisition and image 
preprocessing algorithms. In this thesis, spinnaker API is used with a combination of 
Open CV to implement the image acquisition.  

3.8.1 Spinnaker application programming interface 

Spinnaker [38] is an API which is used to develop an interface with Point Grey’s USB 
3.0 and GigE vision cameras. First, a camera or cameras connected to the system are 
searched, then a pointer is defined by using the serial number of the camera. Using serial 
number gives a unique identifier to the camera, which is used to identify each camera if 
multiple cameras are used in the system. 

Cameras are stored in a node map of the API. Each camera has to be accessed by using a 
node map pointer. Then image acquisition mode continuous, single frame or multiple 
frames is defined. If other parameters like frame size, gain value and image format are 
needed to be set, then they have to be set before starting image acquisition. Images can 
then be stored on a system hard drive by using C++ file streaming option [38]. 

It should be noted that the spinnaker API can only be used with the C++11 compiler. So, 
when using with ROS the CmakeList should contain the path of the library and it should 
be defined that the C++11 compiler should be used to compile the program. Otherwise, 
the program will not compile and return errors. 

3.8.2 Open source computer vision library 

Open source computer vision library (OpenCV) started as an Intel research program in 
1999. Currently, it is one of the most widely used image processing and handling library 
with over 47,000 users and more than 14 million downloads. OpenCV is distributed via 
Berkeley software distribution (BSD) license which means that it is free to use for 
academic and commercial purposes. It is written in C/C++. Nowadays, its modules are 
written and improved in C++ only. It has interfaces for C++, Java and Python. It can be 
installed on Windows, Linux, MacOS, Android and iOS [39]. 

OpenCV uses multi core processing and hardware acceleration support from compute 
unified device architecture (CUDA) and open computing language (OpenCL) to produce 
quick results. OpenCV comes with a variety of modules, which are used to perform 
various image processing and machine learning operations. Some common modules of 
OpenCV are shown in Table 3.4. 
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Module Name Functionality 
core OpenCV core functionality and data structures 
imgproc Image processing module 
imgcodecs Reading and writing image files 
videoio Video input and output functionality 
highgui High level graphical user interfacing 
video Video analysis 
calib3d Camera calibration and 3D reconstruction functionality 
features2d 2D feature extraction, description and matching 
objdetect Object detection functionality 
ml Machine learning routines 
flann Clustering and searching in high dimensional applications 
photo Computational photography 
stitching Used for stitching images together 
shape Matching shapes in an image 
superres Super resolution enhancement of images 
videostab Video stabilization routines 
viz 3D visualization capability 

Table 3.4 Different OpenCV modules and their functionality [40] 

To install OpenCV on a system running Linux, cmake file is used. All the repositories 
which are needed to run and install OpenCV have to be downloaded and installed on the 
system. This thesis uses OpenCV3 to convert images matrix to ROS message. So, it can 
be published or subscribed to a topic. A complete procedure to install OpenCV3 on a 
Linux based system is given in [41]. 
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4. DESIGN AND IMPLEMENTATION 

In this chapter, the methodology used to implement this thesis is explained. It will use the 
theory, hardware and software explained earlier in this thesis to develop a pick and place 
control scheme for a micromanipulator to pick up and place fibers. 

4.1 Design considerations and methodology 

A simulation model was first designed to analyze the micromanipulator kinematics. To 
develop the simulation model, the DH parameters were calculated, to develop the 
simulation using Matlab Robotics Toolbox. Simulation of kinematics helped to 
understand the control strategies which could be used to develop a pick and place 
algorithm. The algorithm should involve minimum computation, which will thus be 
creating quick response time. It should have minimum errors, which will thus create a 
robust way to create a pick and place methodology for the micromanipulator. 

It should also be kept in mind that the micromanipulator is being viewed under a digital 
microscopic setup. A very small disturbance will create a need for recalibration and 
measurements. So, the algorithm should cater for such changes and it should be able to 
be recalibrated with minimum effort. 

After the development of a control strategy, it was implemented as a ROS node. Two 
ROS nodes were made. One for image acquisition and publishing and the other to 
calibrate and control the micromanipulator.   

4.2 Kinematics solution 

A kinematic solution was developed by calculating the DH parameters. The 
measurements of the micromanipulator were taken by using a digital Vernier scale. Those 
measurements were then imported into the SolidWorks model. In the model, the rotational 
joint used in the actual manipulator was not implemented, but rather a manipulator 
without the rotational joint was used. 

A kinematic model will be used just to analyze the robot and to see the changes joint 
angle can have. As the control algorithm should be as generic as possible and should cater 
for small changes, some errors were introduced here to see the response of the robot’s 
movements. Figure 4.1 shows the coordinate frames: Frame 1, Frame 2 and Frame 3, 
attachment to the micromanipulator. The frame attachment method of modified DH 
parameters was used to attach the frames. Frame 0 is coincident to Frame 1 which means 
that both have origins at the same point and there is no rotation between them. 
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After the frame attachment, the DH parameters were calculated. As described in Section 
2.1.2 making the Frame 0 and Frame 1 coincident makes all the link parameters for Link 
1 equal to zero, the only value is the joint variable which is d1. The origin of Frame 3 is 
considered as an endpoint for this simulation because if the gripper is kept at a constant 
angle then the x, y and z values of the gripper’s positional vector in Frame 3 will be 
constant. They can be added to the resultant endpoint value to get the position of the 
gripper.  

DH parameters for Link 2 are as follows:  

• a1 is the angle between z1 and z2 measured along x1, which is	– π 2.  

• a1 is the distance between z1 and z2 measured along x1, which is 8mm. 
• d2 is the joint variable, the endpoint has an offset value of 27mm in the direction 

of the joint variable (in this case z2) with respect to the origin of the base 
coordinate frame (Frame 1). So, a constant value of 27mm is added in the joint 
variable. 

•  q2 is the angle between x1 and x2 measured along z2, which is	π 2. 

 

z1 

x1 

z2 

x2 

z3 

x3 

Figure 4.1 DH coordinates frame attachment to a micromanipulator 



33 

DH parameters for Link 3 are as follows: 

• a2 is the angle between z2 and z3 measured along x2, which is	π 2.  

• a1 is the distance between z2 and z3 measured along x2, which is zero. 
• d3 is the joint variable, the endpoint has an offset value of 44mm in the direction 

of the joint variable (in this case z3) with respect to the origin of the base 
coordinate frame (Frame 1). So, a constant value of 44mm is added in the joint 
variable. 

•  q3 is the angle between x2 and x3 measured along z3, which is zero. 

The DH table is shown in Table 4.1 

Link (i) ai-1 ai-1 di qi 
1 0 0 d1 0 
2 −𝜋

2 8mm 27mm + d2 𝜋
2 

3 𝜋
2 0 44mm + d3 0 

Table 4.1 DH table for the micromanipulator 

The first column of the DH table represents the link numbers. After making the DH table, 
the transformation matrices from the endpoint to the base coordinate frame (Frame 1) of 
the manipulator can be calculated by using Equation 2.3. 

4.3 Design of simulation 

Simulation on Matlab was created by using the DH parameters. Three links to represent 
the kinematic model discussed in Section 4.2, were created by using the DH parameters 
of each link. Those three links were connected together, by using SerialLink command, 
to form a serial linked manipulator. SerialLink command created a robot in RTB which 
was ready to visualize. Visualization was done by calling plot and teach function.  

The simulation included the usage of teach command. With the use of teach command, 
movements of the manipulator were observed by giving different joint values. Two 
separate plots of the simulated manipulator are shown in Figure 4.2. Zero position is when 
all the three joint variables are zero. The plot of the simulated manipulator with zero 
position is presented in Figure 4.2 on the left side. The plot of manipulator on the right 
side of Figure 4.2, contains the Joint variable values of 2.6, -5.2 and 2.6 for Link 1, Link 
2 and Link 3 respectively. 
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Figure 4.2 Simulated model of the micromanipulator 

Each plot of the manipulator in Figure 4.2 contains a 3D representation of the manipulator 
on the right side and a blue box on the left side. The blue box is present on the plot due 
to the usage of teach function. The values of the endpoint (in mm), with respect to the 
base coordinate frame, are shown in the top of the blue box. In the bottom of the blue 
box, three sliders are present to give values to the three joint variables. In RTB the joint 
values are represented in q. Hence q1, q2 and q3 refer to joint variables d1, d2 and d3 
respectively. 

4.4 Inverse kinematic analysis 

To perform the inverse kinematics ikine function of Robotics Toolbox was used. The 
transformation matrix used to give the goal coordinates had the x, y and z translation of 
[54.6, 21.8, 2.6]. T and the result of inverse kinematics function are shown in Figure 4.3. 
Values of q are the resultant joint values if the manipulator has to be moved to the goal 
position of [54.6, 21.8, 2.6] with respect to the base coordinate frame. 

 

Figure 4.3 Goal transformation matrix and inverse kinematic result 
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There are many ways by which an inverse kinematic solution can be calculated. Linear 
algebra can be used to determine generic equations which can be used to control a 
manipulator. There can also exist many solutions for the same problem but after a quick 
analysis of the inverse kinematics result, it was found that by using simple addition and 
subtraction the inverse kinematic problem for this manipulator can be solved. 

By inspecting the above values, a general relation can be made between the DH 
parameters and the resultant joint values to solve inverse kinematics of this manipulator 
which is: 

𝑑2 = 𝑧      (4.1) 

𝑑: 	= 	27 + 𝑦     (4.2) 

𝑑; 	= 	𝑎2 + 44 + 𝑥     (4.3) 

x, y and z in above equations are the goal positions with respect to the base coordinate 
frame. So, for this kind of manipulator where all the linear actuators can be fixed at a 
right angle from each other, their inverse kinematics can be solved by measuring the offset 
values and link lengths.  

4.5 Rotational joint and robot model 

The inverse kinematic solution gave a better understanding of the micromanipulator but 
modelling of the rotational joint still remains. The aim of this thesis was to pick up fibers 
from a table and place them on the same table. This can be done without using the 
rotational joint. The actuator which is driving the gripper has to be at an angle from the 
table otherwise it will not be able to pick up the targeted fiber. Without an angle, if it even 
succeeded in picking up the targeted fiber, there is a very high chance that it will touch 
and disturb the orientation of the other fibers which are present on the table. 

That is why in this thesis, the rotational joint is fixed on a position before starting to 
calibrate the system. After picking operation of fiber is done, the micromanipulator moves 
up by using the z directional actuator, which means that if the value of z actuator is known 
at the pickup point, then it will be the same value for the targeted placement point for the 
fiber. It will be explained in detail in the actuator movement section of this chapter. 
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4.6 Analysis of simulation 

It is now established that the rotational joint is not needed to pick and place fibers from 
the same table. It is also known that the manipulator goal coordinates can be reached by 
simple addition and subtraction. But this modeling and simulation were carried out by 
assuming that all the three directional actuators were orthogonally attached to each other. 
This would not have been a problem if the manipulator has to be modelled in a macro 
workspace but over here, the manipulation is done in micro scale. As it can be seen from 
the inverse kinematics equation there is no influence of 𝛼	or 𝜃 because of orthogonal 
attachment of the links. Hence, only a small deviation from a 90o angle will create an 
error and the inverse kinematic equations will become invalid. This also creates another 
problem that if somehow the angles are measured correctly and every measurement is 
considered while modeling the robot, then it will only work on the same setup. If at some 
point the actuator needs to be changed or the micro-robotic platform has to be moved it 
will certainly create small changes in the attachment of the actuators. This requires a 
tedious task of taking each measurement again and then modelling the manipulator 
accordingly. 

Later in this chapter, in the section of image and system calibration, the problems which 
are described above will be addressed and a solution to solve these problems will be 
presented. 

4.7 Goal coordinates extraction design 

If a model of a robot is developed and the robot can move to any goal position described 
to it, the question will be how to get the goal position where the manipulator should move 
to pick up and place the fibers. This is done by using the camera and the goal position is 
extracted from the image. In this thesis this part is done manually i.e. the user clicks on 
the position on an image from where to pick a fiber and then click on a position on an 
image where the fiber needs to be placed. 

4.7.1 Image acquisition 

Image acquisition is done by using the spinnaker library. First, it makes a node list of all 
the cameras which are attached to the system. The image acquisition mode is set to 
continuous. Using the camera’s serial number as a unique identifier, the camera which 
will be used for image acquisition is identified. The image is then captured by using the 
GetNextImage function of the spinnaker library. The image is then converted into the 
monochrome 8-bit format by using the Convert function of the library. The monochrome 
8bit image is a grayscale image with each pixel having an 8bit value. The image is then 
saved in a .jpg format on the system’s hard drive. During the execution of the program, 
the same file is overwritten continuously to avoid unnecessary use of memory. The image 
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pointer and the camera node list is cleared and destroyed when ending the program, this 
step is required to clear the memory. 

4.7.2 Image conversion and publishing 

Once the image is captured the next step is to publish that image on a ROS topic. For that 
purpose, OpenCV is used. Once the image is saved on the system, the image is read from 
the system by using the imread function of OpenCV. Before the image can be published 
on a ROS topic, it has to be converted to one of the available ROS messages or a new 
message has to be created. ROS messages type of sensor_msgs contains a data type of 
Image which is used here. It has been used because the graphical user interface (GUI) is 
made by using rqt (as explained in Section 4.7.3). The image viewing tool of rqt only 
reads images which are sent via the Image type of sensor_msgs. To convert the image to 
ROS image, toImageMsg of cv_bridge is used. It converts the image to the Image type of 
sensor_msgs. Finally, the converted image is published on a ROS topic named 
/static_image. Once the image is published next image is saved on the same file to avoid 
saving unnecessary images. The user can save all the pictures but is recommended to save 
only images which are needed. 

4.7.3 Graphical user interface 

For the graphical user interface, ROS rqt is used. The rqt is a ROS meta package which 
is used to make graphical user interfaces. It has a plugin to view images named Image 
viewer. Any image which is published on a ROS topic can be viewed by using this plugin. 
The ROS topic which was created to publish images on the topic /static_image is viewed 
in this plugin to display the image which is acquired by the camera. The plugin has a 
checkbox, which can be used to publish the image pixel coordinates which are clicked by 
using mouse left click. Any ROS topic name can be written next to the check box. The 
rqt will publish the clicked image coordinates in ROS message type of geometry_msgs. 
The x and y values are extracted from the data structure by using dot operator. 

4.8 Design of actuator control 

As discussed earlier in this thesis, there are two operational modes of the piezoelectric 
actuators provided by Smaract, which are synchronous and asynchronous modes. For the 
movement of the actuators in this thesis, the asynchronous mode is used. The MCS system 
first needs to be initialized, which is done by using the SA_OpenSystem function. It takes 
USB ID, node handle and mode of operation as inputs. Node handle is a system handle 
which is used when a program needs to access and manage a block of memory on another 
system. In this case, a node handle is used by the program to access the memory of MCS. 
It has to be passed with each operational function of the MCS. USB ID is a vendor specific 
ID of the system. It should be kept in mind that whenever the mechanical design is 
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changed, meaning the actuators are taken off from the manipulator or the load conditions 
of the manipulator are changed, or the actuators are being used for the first time, then the 
actuators are needed to be calibrated. The piezoelectric actuators used are with sensors 
and closed loop control. So, to give absolute movement commands to the actuators, they 
are needed to be calibrated. The actuators can be calibrated by calling the 
SA_CalibrateSensor_A. It takes the channel number and the node handle as inputs. The 
calibration process can be visually seen on the actuators. They will move to the end 
positions and a beep sound is also heard during the calibration process. 

After calibration, the actuators are ready to be used and move. The actuators are moved 
by either calling SA_GotoPositionAbsolute_A or SA_GotoPositionRelative_A functions. 
The first function takes the node handle, absolute position in nanometers, channel and 
hold time as inputs. The second function also takes same inputs but the position is in 
relative which means that the actuator will move in nanometers from its current position 
in positive or negative direction. The absolute position can also be given in positive and 
in the negative direction. 

As shown earlier in this thesis, in asynchronous mode, the value returned from the sensor 
is stored in a buffer and the buffer has to be cleared or it has to be read after every 
command which is sent to the actuator. If this is not done, then in time of need a very old 
value in the buffer would be read and the system will not respond as it should be 
responding. So, whenever a packet is received it is read and published to a ROS topic. 
This is also used to check if the actuator is currently stopped before sending any 
movement command to it. 

The current position of the actuator can be found by using SA_GetPosition_A function. It 
takes the actuator handle and the channel number and return the current position in 
nanometers. 

4.9 Design of image and system calibration 

The previous sections have described, how to receive the goal pixel coordinates and how 
the actuators can be moved in nanometers absolutely and relatively. Now all needed is to 
calibrate the image in order to get the Cartesian value of a pixel and calibrate the 
manipulator so that the gripper will move to the clicked image coordinates. 

The calibration algorithm takes advantage of three facts. One, the position of the actuators 
can be given in nanometers. Two, the current positions of actuators of the manipulator 
can be known and three, the inverse kinematic properties of the manipulator. While 
calibrating the user of the algorithm needs to take four points by clicking on the image. 
The fourth point is just as a confirmation that the system and the camera are calibrated 
correctly.   
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First, it is ensured just the tip of the gripper is touching the pick-up plate. This is done by 
manually adjusting the z actuator and the rotational actuator by hand. The whole gripper 
should not be touching the plate otherwise it will disturb the orientation of other fibers 
while pickup and placement process. Then the gripping point of the closed gripper is 
moved to the bottom left corner of the image. This is done by manually inputting the 
positions of x actuator and y actuator in the program. These values are entered in 
nanometers. At this point, the camera should be adjusted in a way that the gripper is seen 
as straight as possible. This will align the robot coordinate frame with the image 
coordinate frame to some extent and it will give better calibration results. Now the user 
clicks on the gripping point of the gripper. The gripping point is the point on the gripper 
where it will hold the fiber. The user can choose any gripping point on the gripper but the 
recommended point is just above the second tooth of the gripper jaw on the left side. It is 
shown as a red dot in Figure 4.4, Figure 4.5, Figure 4.6 and Figure 4.7.  This will take 
and save the gripping position pixel coordinates as xp_bl and yp_bl, and the x and y 
actuator values as xa_bl and ya_bl, for later calculations. The bottom left calibration point 
is shown in Figure 4.4. User clicks where the red dot is shown in the image. 

 

 

 

 

 

 

 

 

Figure 4.4 Bottom left calibration point 

 

Then the gripper is manually moved to the top left corner of the image by giving position 
values in nanometers for actuator x and actuator y in the program. The user will again 
click on the gripping point on the image. This will also save the values of x and y actuators 
as xa_tl and ya_tl, and the clicked pixel values as xp_tl and yp_tl. Top left calibration 
point is shown in Figure 4.5. User clicks where the red dot is shown on the image.  
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Figure 4.5 Top left calibration point 

Finally, the gripper is moved to the top right corner of the image and the gripping point 
is clicked. This will also save the pixel coordinates as xp_tr and yp_tr and the actuator 
values as xa_tr and ya_tr. Top right calibration point is shown in Figure 4.6. User clicks 
where the red dot is shown in the image 

 

 

 

 

 

 

 

Figure 4.6 Top right calibration point 

 

Now, the calibration algorithm will calculate the x_value, y_value, x_zero, y_zero, 
x_correction, y_correction and the gripper_down_position. The calculation of the values 
is explained in the following sections 
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4.9.1 Pixel to Cartesian values 

The pixel to Cartesian value is calculated in x and y direction by using 

𝑥_𝑣𝑎𝑙𝑢𝑒 =
(𝑥𝑎_𝑡𝑟−𝑥𝑎_𝑡𝑙)2

𝑥𝑝_𝑡𝑟−𝑥𝑝_𝑡𝑙     (4.4) 

 

𝑦_𝑣𝑎𝑙𝑢𝑒 =
(𝑦𝑎_𝑏𝑙−𝑦𝑎_𝑡𝑙)2

𝑦𝑝_𝑏𝑙−𝑦𝑝_𝑡𝑙     (4.5) 

 

The x_value and y_value represent each pixel, in nanometers, in the x and y direction 
respectively. It assumes that the coordinate frame of the camera and the robot coordinate 
frames are perfectly aligned. But in reality this is not the case so, correction values are 
calculated which are explained in the following section. 

4.9.2 Correction values 

If the actuators are connected at an exactly right angle, then these correction values are 
not required but in a real system that is not possible. The actuators are not connected at 
an exactly right angle, which means that the x actuator value at the top right and bottom 
right corner of the image will not be the same. Similarly, the y actuator value will not be 
same at the top left and top right corner of the image. The correction values are calculated 
by using  

𝑥_𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 =
(𝑥𝑎_𝑏𝑙−𝑥𝑎_𝑡𝑙)2

𝑦𝑝_𝑏𝑙−𝑦𝑝_𝑡𝑙     (4.6) 

𝑦_𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 =
(𝑦𝑎_𝑡𝑟−𝑦𝑎_𝑡𝑙)2

𝑥𝑝_𝑡𝑟−𝑥𝑝_𝑡𝑙     (4.7) 

 

 

The x_correction value represents the x actuator correction in nanometers when the 
gripper has to move each pixel in the y direction. The y_correction value represents the 
y actuator correction value in nanometers when the gripper has to move each pixel in the 
x direction. 



42 

4.9.3 Combining the calibration values 

The actuator values of the gripping position at the zero pixel values can be found by using 

𝑥_𝑧𝑒𝑟𝑜 = 𝑥𝑎_𝑡𝑙 − (𝑥𝑝_𝑡𝑙	×	𝑥_𝑣𝑎𝑙𝑢𝑒)   (4.8) 

𝑦_𝑧𝑒𝑟𝑜 = 𝑦𝑎_𝑡𝑙 − (𝑦𝑝_𝑡𝑙		×	𝑦_𝑣𝑎𝑙𝑢𝑒)   (4.9) 

The x_zero is the position of x actuator at pixel (0, 0) and the y_zero is the position of y 
actuator at pixel (0, 0). Note here that all the calibrated positions of the actuators and all 
the calibrated values are in nanometers.  

Gripper down position has to be taken from the z actuator when the calibration process is 
started i.e. when the gripper’s tip is touching the pick-up plate. To use the 
SA_GetPosition_A function when the system is started, the actuators have to be moved 
otherwise the function will return the position as zero. So, the z actuator is moved 1 
nanometer relative to its current position in order to take the gripper’s down position value 
which is saved in gripper_down_position. 

Finally, if the gripper is needed to be moved to any arbitrary pixel value (x_pixel, y_pixel) 
the actuators x and y values can be found by using 

𝑥_𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 = 𝑥_𝑣𝑎𝑙𝑢𝑒	×	𝑥_𝑝𝑖𝑥𝑒𝑙 + 𝑥_𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛	×	𝑦_𝑝𝑖𝑥𝑒𝑙 + (𝑥_𝑧𝑒𝑟𝑜)  (4.10) 

𝑦_𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 = 𝑦_𝑣𝑎𝑙𝑢𝑒	×	𝑦_𝑝𝑖𝑥𝑒𝑙 + 𝑦_𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛	×	𝑥_𝑝𝑖𝑥𝑒𝑙 + (𝑦_𝑧𝑒𝑟𝑜)  (4.11) 

The x_actuator and y_actuator values are the absolute positions which are given to the x 
and y actuators respectively to move to the pixel value of (x_pixel, y_pixel). 

Using this, the last calibration point on the bottom right is generated. The x and y actuator 
values are generated by giving x pixel value of top right corner (xp_tr) and the y pixel 
value of bottom left corner (yp_bl). The user has to input the actuator values generated 
by the system manually and confirm by clicking the gripping position that the gripper is 
in the bottom right corner. The bottom right gripping position is shown in Figure 4.7. The 
user has to click where a red dot is shown in the image. 

This fourth point is also used to calculate the x_value, y_value, x_correction and 
y_correction with alternate pixel points and then these points are used to compare the 
calibration values which were found earlier, if the difference is minimal, then the 
calibration is done and the system becomes ready to use. The maximum allowed 
difference is 1nm in x_value and y_value. The x_correction and y_correction have to be 
the same.  
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Figure 4.7 Bottom right calibration point 

4.10 Calibration summary 

To summarize this in a bigger picture, it was established in this thesis that the manipulator 
can be modelled by using addition and subtraction because it is a 3 DOF linearly actuated 
manipulator in which three linear actuators are attached orthogonally. The system saves 
the x and y actuator values at zero position of the manipulator which is the (0, 0) pixel 
value. It calculated how much distance the actuator needs to move for each pixel in x and 
y direction. For a perfect 90-degree scenario this would have been enough and the 
actuators would have been able to move in x and y coordinates. But in the real system, 
this is not the case, the actuators are not at perfect 90-degrees and the camera cannot be 
perfectly straight. So, it saves the x and y correction values, which are corrected according 
to the clicked pixel. As the system is calibrated while the gripper was closed and touching 
the pickup plate so, the gripper and the z actuator was not needed to be modelled rather 
they are moved relatively at known positions. 

4.11 Real system implementation using robot operating system 

In real pick and place operation, there are three ROS nodes which are running at the same 
time and sharing data with each other by using publish/subscribe method. Figure 4.8 
shows the overall view of the whole software implementation on the real system. each 
node’s working process will be explained in later sections. 
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As presented in Figure 4.8, image node receives images from the camera and send clicked 
pixel values (goal coordinates) to the manipulator control node. The manipulator control 
node takes the goal coordinate values from the image node and sends the appropriate 
commands the smaract controller node. It can also send query messages to smaract 
controller node to get status callbacks and positions of the actuators. The smaract 
controller node has an interface to control the MCS. It receives positional commands from 
the manipulator control node and sends them to MCS. It also gets query messages from 
the manipulator control node and receives status callbacks and current positions from the 
MCS and send them to the manipulator control node. The blocks shown in blue are the 
hardware and the blocks shown in green are the software implementation. 
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 Figure 4.8 Overview of the whole software implementation on the real system 
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4.11.1 Image node 

The image node is used for the imaging and its functionality is described step by step: 

• Make use of the spinnaker API to capture continuous images from the camera. 
• Convert Image to ROS messages by using OpenCV. 
• Publish the image on a ROS topic named /static_image. In rqt, the image plugin 

will subscribe to this topic to display image. 
• Extract the clicked image pixels and send them to the manipulator controller node. 

 

4.11.2 Manipulator control node 

The manipulator control node is where the whole calibration and pick/place process is 
implemented. Its working sequence is: 

• First calibrate the image by using the method described above or take the 
calibration values from the user, if the system does not need calibration. The 
calibration method is implemented in start_calibration function. 

• Automatically open the gripper by using gripper_open function and move the 
manipulator upward in the z direction of robot coordinate frame (the gripper will 
move out of camera’s focus). This is implemented in the move_up function, it 
moves the z actuator 2,000,000nm upward relatively to the 
gripper_down_position. Then the program will wait for the user to click on the 
image. 

• User clicks on a fiber which is needed to be picked up on rqt. Once the pixel 
coordinates are received, x and y actuator position values are calculated by using 
the algorithm explained in previous sections. It is implemented in move_robot 
function which takes goal pixel values as inputs. 

• Send the absolute position values of x and y actuator to the smaract controller 
node by using the move_actuator_absolute function, which takes an absolute 
position in nanometers and the channel number as inputs. 

• Move the gripper downwards in the z direction of the robot coordinate frame (the 
gripper will come back in camera’s focus). This is implemented in move_down 
function which gives the z actuator absolute value of gripper_down_position.   

• Close the gripper to pick up the fiber by calling gripper_close function and again 
move upwards by calling the move_up function. 

• User clicks on the image where fiber needs to be placed. Once the pixel 
coordinates are received move the gripper to the coordinates by using the 
aforementioned technique. 

• Move the gripper downwards in the z direction of the robot coordinate frame by 
calling the move_down function. 



46 

• Open the gripper by calling the gripper_open function to place the fiber and again 
move upward in the z direction of the robot coordinate frame by calling the 
move_up function.  

• All the actuator movement commands are sent to the Smaract controller node by 
either using move_actuator_absolute or move_actuator_relative functions. The 
move_actuator_absolute function takes an absolute position in nanometers and 
the channel number of the actuator as inputs. The move_actuator_relative 
function takes a relative position in nanometers and the channel number of the 
actuator as inputs.  

• It also receives a status callback from the smaract controller node after the 
movement of the actuator is executed. The status callback is used to check if the 
actuator is currently stopped before sending any movement commands. 

• For calibration purposes, the current position of any actuator can be checked by 
calling the get_position function. 

4.11.3 Smaract controller node 

Smaract controller node has an interface with the modular control system. It sends the 
commands which it receives from the manipulator control node to the MCS. Its 
functionality is described as follow: 

• First, it initializes the actuators by calling SA_OpenSystem function. It calibrates 
the actuators if needed. 

• It waits for the position commands from the manipulator control node. 
• According to commands it receives, it sends those commands to the MCS 

hardware for the actuators to move. 
• It gets query requests from the manipulator control node and sends back status 

reports and the positions of the actuators to the manipulator control node. 
• It receives all messages which are sent by the hardware to keep the buffer clean. 

All nodes are running in a loop to perform the operation continuously and end up with an 
exit sequence to keep the memory of the system clean. 

4.12 Orientation of the fiber 

The process to rotate the pickup table was not implemented during this thesis. Hence, the 
fibers should be aligned with the gripper of the manipulator in order to be picked up like 
shown in Figure 4.9 
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Figure 4.9 Alignment of hair fiber with gripper 

In Figure 4.9, the gripper of the manipulator is seen whose jaws are almost aligned with 
the hair fiber. 
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5. RESULTS AND DISCUSSION 

A number of tests were performed on the system to test the error in the developed system. 
The tests which were performed are explained below with their results. 

5.1 Calibration values comparison 

A calibration technique was established in this thesis. This technique is used because it 
calibrates the manipulator and the camera at the same time. The camera calibration results 
were compared by calibrating a camera with a different method. 

To calibrate the camera, Tsai and Zhang methods [20] [21] are widely used methods. 
Matlab’s imaging toolbox, OpenCV and many other imaging tools already have sub 
routines to calibrate a camera by using a calibration pattern. The calibration pattern used 
to calibrate the image for comparison with the calibration results of this thesis is a dot 
grid pattern manufactured by Edmund Optics [42]. 

The total pattern area is 25 x 25mm. Each dot has a diameter of 62.5µm and center to 
center distance is 125µm. An image of the calibration pattern was captured with the 
camera. The image was then loaded into Matlab by using image toolbox. Pixel values 
were taken at the center of two consecutive dots. The calibration pattern used for alternate 
calibration is shown in Figure 5.1. 

 

Figure 5.1 Calibration pattern used for comparison 
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Centers of two consecutive dots are 95 pixels away. The actual Cartesian distance 
between two dots is 125µm so, the Cartesian distance between each pixel is 1.313µm. 
With the calibration method described in this thesis, the x_value and y_value come out to 
be in the range of 1.13-1.35µm. So, there is a maximum difference of 200nm per pixel. 
This difference is due to three main reasons. 

1. The calibration pattern used for the image calibration comparison was 3.2mm 
thick, while the actual slide on which fibers are placed is almost 1mm thick and 
the manipulator was calibrated according to the actual slide. For taking a focused 
image of the calibration pattern the camera had to be moved to get the dotted 
pattern in focus. 

2. The calibration technique established in this thesis is dependent on the 
manipulator. If the actuators were attached at an exactly 90-degree angle, then the 
difference would have been lesser than this. As there is no way to include 
x_correction and y_correction values for comparison, hence, the difference in 
calibration values is noted. 

3. Environmental factors play a great role in these values. Only a small disturbance 
in the manipulator or the camera can create a need to recalibrate the system. As 
the system is influenced by even a small disturbance so, referring to point 1, the 
calibration values will become affected. 

 

5.2 Pick and place test 

The objective of the pick and place test was to evaluate, how many times the manipulator 
successfully picks up a fiber and place it. The pickup location was giving by clicking on 
the pickup point of the fiber on the image. The orientation of the fiber was set manually 
to align it with the gripper’s jaws as it was earlier presented in Figure 4.9. The manipulator 
then picked up the fiber from that location on the image and then waited for the placement 
coordinates. The placement coordinates were also given by clicking a location on the 
image and the manipulator then placed the fiber on that location. The pickup and 
placement locations were selected on the extreme left side and right side of the image 
respectively. These locations were selected because it would create maximum movements 
in the actuators and will be inducing maximum error.  

The test was performed by using a human hair fiber and a paper fiber. It was performed 
ten consecutive times to see the reliability of the system. For hair fiber, the pickup process 
was successful ten out of ten times and the placement process was also successful nine 
out of ten times but the exact placement position was achieved six out of ten times. For 
paper fiber, the pickup process was successful nine out of ten times and the placement 
process was possible only four out of ten times. The manipulator was not able to place 
the fiber on the exact location even single time. The exact placement was observed 
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visually with help of mouse pointer. When placement position was clicked on the image, 
mouse pointer was left in that position to observe the exact placement of the fiber. 

The pickup process went very successful but the placement process was not very 
successful especially with the paper fiber. It was due to the fact that the paper fiber is very 
thin as compared to the hair fiber so, the adhesion forces played a greater role in the 
placement process and the paper fiber remained attached to the gripper even when the 
gripper was open. It happened six out of ten times the test was performed. While in case 
of hair fiber it only once remained attached to the manipulator. It was observed that only 
when the hair fiber length was too small or the manipulator picked up the hair fiber from 
the tip then it kept on sticking with the manipulator. 

The exact placement location was not always achieved due to the electrostatic forces. To 
achieve the exact placement location, the gripper has to be opened slowly but if the 
gripper was opened slowly then the fiber would keep on sticking to the gripper. That is 
why the gripper was opened with maximum velocity. This way the fiber did not always 
remain attached to the manipulator but the exact placement position was not achieved.  

5.3 Actuator induced system error 

The manipulator was given four pixel points on the image which were top left (133, 124), 
top right (1863, 173), bottom right (1854, 1320) and bottom left (159, 1332). It moved on 
those four points 25 times. The gripper started from the top left position, then moved to 
top right position, then to bottom right position, then to bottom left position and then 
finally back to top left position. Values given to the actuators were compared with the 
actual positions of the actuators. 

The actual positions of the actuators were found by using SA_GetPosition_A function. 
The values which were given to the actuators for the top left, top right, bottom right and 
bottom left pixel points were (-964530, 494497), (1338085, 529136), (1366260, -766295) 
and (-887670, -867983) respectively. All the actuator values are in nanometers. This gave 
100 data points for each actuator. The error of each data point (x-axis) in nanometers (y-
axis) for x directional actuator is shown in Figure 5.2 
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Figure 5.2 Repeatability error in x directional actuator 

From 100 data values for the x directional actuator, the maximum error noted was 887nm 
and minimum error noted was 1nm. The error of 100 data points for y directional actuator 
is shown in Figure 5.3 

 

Figure 5.3 Repeatability error in y directional actuator 
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Maximum error noted in 100 data values taken for y directional actuator was 715nm and 
minimum error was 1nm. To calculate the combined repeatability error produced by x 
and y directional actuators, all the errors were converted into positive values and then 
added together. The combined error in nanometers (y-axis) for 100 data values (x-axis) 
is shown in Figure 5.4 

 

Figure 5.4 Combined repeatability error 

Table 5.1 shows statistical analysis of the plots presented in Figure 5.2, Figure 5.3 and 
Figure 5.4, in nanometers. 

Actuator Maximum 
Error 

Minimum Error Mean Error Standard 
Deviation 

X actuator 887 1 193.51 159.05 

Y actuator 715 1 128.53 122.4 
Combined 1089 17 322 199.77 

Table 5.1 Statistical analysis of errors 

The maximum combined error of x and y directional actuators for 100 data values was 
noted to be 1089nm and the minimum error was 17nm. This means that if the system was 
calibrated perfectly then still the manipulator will have an error and maximum value of 
that error will be somewhere close to 1.089µm. This error is due to the actuators but the 
maximum value for the experiments performed during this thesis came out to be so small 
that it did not hinder the pickup or placement process. 



53 

5.4 Environmental factors 

Once the calibration has been done then the calibration values can be saved. Some kind 
of test has to be done to check for how long the calibration values are valid. For that 
purpose, a point on the tip of the gripper was selected. Manipulator was given four fixed 
points on the image, these points were same as in Section 5.3. It moved on those points 5 
times. The point selected for this experiment is shown in red in Figure 5.5. 

  

 

 

 

 

 

 

 

 

So, the manipulator moved on four fixed points and the user clicks on the point shown in 
red to get pixel values. This experiment has to be performed very carefully because it can 
create human induced accuracy error. The point has to be very carefully clicked each time 
otherwise a large difference in pixel values will be observed. These pixel values were 
saved. The maximum change in the pixel values noted was of six pixels, which is 6.78µm 
according to the calibration values. The experiment was again repeated after 5 hours, it 
showed a maximum difference of eight pixels, which is 9.04µm. The system was turned 
off and checked again the next day. The calibration values were still valid but a maximum 
error of 22.6µm was observed. 

The system is very prone to small changes. Only touching the manipulator can disturb the 
calibration values. If the wire which connects the camera to the computer is touched at 
the camera’s end, then the system is needed to be calibrated again. Once the system is 
calibrated then very small environmental factors like change in temperature or 
atmosphere did not produce any noticeable change in the system. After calibrating the 
system, it was checked for a maximum of 8 hours. It was still able to pick and place fibers 
and no noticeable error was observed in the system. 

Figure 5.5 Point to check calibration validity 
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One last thing which needs to be noted is that the accuracy of the system depends on how 
carefully the system is calibrated. If the calibration points were selected very carefully 
according to the guidelines discussed in this thesis, then there will be a minimum error.  

So, there is no way to find out how much accuracy does the system actually has as it is 
completely dependent on the user who calibrates the system.  
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6. CONCLUSION AND FUTURE WORK 

This thesis presented a step forward to a fully autonomous micromanipulation system. It 
used the concept of kinematic modelling and applied it to a micromanipulator. However, 
taking the measurements to develop a kinematic model is a tedious step and it had to be 
done every time the system is changed. So, this thesis presented a solution in which the 
robot’s workspace is a 2D image and the robot can move to any position which is clicked 
on the image. No physical measurement had to be taken to calculate the kinematic 
parameters rather it bound the image with the manipulator by taking four calibration 
points. The study done during this thesis revealed that for this system only the calibration 
points mentioned are enough for calibrating the system, taking more points will be 
redundant. It uses the actuators closed loop operation with a sensor to measure the 
Cartesian distance between pixels. As the linear actuators used on the micromanipulator 
are not perfectly orthogonally attached that is why the correction values were needed. 

To move along the x-axis only the x actuator should have been used but the correction 
values determine how much the y actuator should be moved in order for the manipulator 
to move straight along the x-axis. The same is applied in movement along the y-axis.  

In the current state of the system, it takes about 10 minutes to calibrate the system. Then 
the user clicks on the picking point of the fiber and the manipulator picks it up from that 
point. The user again clicks on a point in the image and the manipulator places the fiber 
on that place. 

The objective of this work was to develop a pick and place method for a 
micromanipulator. This objective was achieved but a fully automatic method for this 
operation need an automatic object detection method. In the current scenario, there are 
many methods in research available but these methods also use a camera as a feedback 
sensor for the motion of the manipulator. The technique established in this thesis does not 
require a high computational power because it does not use camera based feedback. It 
uses the sensor feedback of the actuators installed on the manipulator to calibrate the 
reference positions and once the manipulator is calibrated it does not need any kind of 
feedback from the camera, rather, it just uses the camera for the goal position detection. 
This technique should be a huge step forward in micromanipulation because it will be 
easy to combine with the object detection method to develop a fully automated pick and 
place process for a fiber. Also, this method is easily transferable to any manipulator of 
the same type with minimum effort. 

There are some limitations of this method. It will only work if the actuators have sensors 
with a closed loop feedback control, otherwise, it has to be developed separately. It will 
pick up fibers which are placed on a two dimensional plane because the depth control has 
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not been implemented, one more camera or a stereovision camera must be used for the 
implementation of a depth control. The manipulator should be a 3DOF with linear 
actuators, rotational actuators have to be modelled and combined separately. The 
calibration process has to be done with great care. The calibration of this system depends 
on the human operator. Taking wrong calibration points will result in a great amount of 
error. Lastly, the fiber must be placed aligned with the gripper’s jaws, otherwise, there 
will be a very high chance that the micromanipulator will not pick up the fiber. 

In future,  

• An automatic alignment procedure of the fiber should be developed. The rotation 
of the table on which the fibers are placed can be controlled and OpenCV can be 
used for the detection of the fiber alignment.  

• The x and y directional movement of the table should also be integrated with this 
system so that the fibers automatically come in the field of view of the camera. 

• A fully automatic calibration process of the manipulation system should be then 
developed. It should automatically move the gripper to the endpoints of the image 
and it should automatically get the pixel values for the calibration points. 

• Detection of automatic gripping points for fibers is done in [46]. It should be 
integrated with the current system.  

This will create a fully autonomous system which will be able to pick up fibers 
automatically. This will allow the automatic testing of the fibers. This system should be 
made in a way that it would be easily shifted to all the micromanipulation systems 
available at TUT. 
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