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ABSTRACT

The intent to accelerate scientific research on biotechnology has been increasing for the last
few decades drastically. Investing in novel ways of advancing this sector, utilizing the most up-
to date technological equipment, has therefore been in the center of attention. This is why
researchers and companies have started directing their attention towards automation and its
branches. Robotic cloud biotechnology laboratories constitute one of these branches, which
aim is to change the way research is done, dramatically offsetting the ever-increasing costs of
clinical trials, automating tedious lab work, and accelerating research by running experiments
in parallel, by making scientific testing efficient and programmable for all. An overview of the
design and function of such a robotic system is the central theme of the current project.

In the current thesis, studied are the methodology and tools for developing the virtual
equivalent of a real biotechnology laboratory for pharmaceutical experiments. Specifically, a
SCARA type robot, the Staubli TX2-90XL robotic arm, as well as the lab environment, are
modeled using the 3D application development software VREP by Coppelia Robotics. The goal
is to investigate the offline programming of the arm in a virtual reality environment, as well
as to fully design a suitable lab layout that can be extrapolated on real-life laboratory settings.

As part of the design process, introduced are the components for the creation of the
laboratory set up, including equipment and consumables. Different laboratory layouts are
then created and compared, concluding to two specific set ups that are finally simulated.

For the modeling and simulation, the robot models are introduced and their respective
kinematic chains are developed. The forward and inverse kinematics of the arm are analyzed
and developed in Matlab, using different approaches and inverse algorithm methods such as
inverse and pseudo-inverse Jacobian, as well as the Damped Least Squares Method. The
trajectory of both robotic arms is planned so as to create a motion plan that can be used for
any experiment within the laboratory set ups. Additionally, a User Interface (Ul) is created for
the communication of the experiment protocols between the researcher and the robotic
arms. Finally, two experiments are simulated for both robots and layouts.
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1- INTRODUCTION

INTRODUCTION

1.1 What is a Robotic Biotechnology Cloud Lab?

When we think of automation and productivity improvements, industrial robots are the first
things to come into our mind. But there is much more to it. Most researchers, both in
academia and industry, are still using handwritten lab notes and Excel spreadsheets to record
their findings. For many of these labs entering into the 21st century of automation, sensors
and Internet of Things (loT) is nearly impossible without major financial investment for hiring
expert staff and buying equipment.

One of the most ‘hot’ and developing, to this respect, sectors is biotechnology. However,
innovation in biotechnology is hindered by the lack of two major factors. The first is
reproducibility. Most of the experiments in scientific publications are difficult to reproduce.
The second is accessibility. Very few people have access to the equipment or capital required
to start a lab. Even if someone does, it can take many months or even years of research before
having even a single product in the pipeline.

The main concept hidden behind a robotic biotechnology cloud lab, is an API-driven
(Application Programming Interface) and robot-operated molecular and cell biology research
facility. It’s use? Letting scientists manage a fully-fledged biotech facility automatically and
remotely. The drudge work of pipetting and transferring liquids between machines is
automated, with robotic arms having the primer role in fulfilling experiments with little human
intervention. Clients submit work orders via a user interface or an API call, and receive data
feedback at each step of the experiment. The underlying idea is that many experiments in
biology use the same basic operations on different material and in a different sequence. A
typical experiment involves centrifugation, plate reading and a small number of other
operations that can be handled in sequence and be fully automated.[1]

The aim is to change the way research is done, dramatically offsetting the ever-increasing
costs of clinical trials, automating tedious lab work, and accelerating research by running
experiments in parallel. In particular, this novel approach opens up the possibility of cheaply
and efficiently reproducing past scientific experiments, which is a perplexing problem in the
field. It also promises to drastically reduce the time and cost of getting new pharmaceutical
drugs on the market. More specifically, the number of new drugs being approved per billion
dollars of money spent is decreasing, as much as by half every nine years. The inefficiency or
research and development ensures that drug development remains the polity of the big,
multinational corporations and that most life-saving drugs remain unaffordable for the
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majority of people in the world. [2] This is why the current drug development model needs to
give way to a more democratic approach — and why the cloud and open source models hold
so much promise. Cloud labs remove the requirement of large capital expenditures from the
drug development process and in doing so enable a wider swath of people to design and test
new scientific ideas.

It will also likely change the way scientists plan experiments, since with human-operated
science, every additional step in a lab process incurs exponential cost and increases the
likelihood of human error and deviance from the protocol, something which is prevented by
a fully automatized approach.

In other words, there are multiple advantages to cloud labs, remote, real-time access being
just one of them. The labs allow researchers to more easily reproduce results. They make
documentation and standardization of the experimental process easier. Researchers can more
efficiently analyze knowledge from all experiments stored on the cloud. All of this can
translate to massively increased productivity.

1.2 Digital Factory Technologies

Industry 4.0 is focused on the adoption of new computing and Internet-based technologies,
including internet of things, cyber-physical systems, cloud manufacturing, digital/virtual
reality, etc., as Key Enabling Technologies to meet new challenges.[3], [4] The main features
of Industry 4.0 include interoperability, decentralisation, real-time capability, service
orientation and virtualisation, i.e. linking real factory data with virtual plant models and
simulation models to create a virtual copy of the Smart Factory. Its purpose is to lead to
increased flexibility in production, e.g. via the use of configurable robots and machineries that
may produce a variety of different products,mass customisation, e.g. allowing the production
even of small lots adapted to customer specifications due the ability to rapidly configure
machines, process speed up, since digital design and virtual modelling of manufacturing
processes and systems can reduce time between design and start of production, allowing to
substantially decrease the time needed to deliver orders and the time to get products to
market. [5]

Accordingly, the fourth industrial revolution is not only represented by Internet-enabled
interaction between machines, robot, computer, and data, but also by the increased use of
digital manufacturing and software tools, allowing for the digital representation of the real
production environment, including all levels from the entire production plant, a single
machine, a specific process or operation or just the design and the development of new
products. [6] In this framework, Digital Factory technologies, based on the employment of
digital methods and tools, such as numerical simulation, 3D modelling and Virtual Reality to
examine a complex manufacturing system and evaluate different configurations for optimal
decision-making with a relatively low cost and fast analysis instrument, are an essential part
of the continuous effort towards the reduction in a product’s development time and cost, as
well as towards the increase in customization options. [4], [7] Simulation-based technologies
are central in the Digital Factory approach, since they allow for the experimentation and
validation of different product, process and manufacturing system configurations [8]
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The shared digital data and models within the Smart Factory should be adaptive, in the sense
that they should always represent the current status of the physical manufacturing system.
For this reason, they should be regularly updated with information coming from the physical
manufacturing system as well as based on user input. As the models are updated and valid,
they can be effectively used to carry out decision-making through the employment of valid
optimization methods. A fundamental issue is therefore represented by the adaptation of
shared data and models realizing a tight coupling between the physical and the digital
world.[4]

In this respect, the importance of developing cutting-edge production methods for
pharmaceuticals utilizing the digital factory technologies is evident. Start-up companies,
among others, may be the biggest beneficiaries of these technologies, since the costs and the
risk in building, in our case, a biotechnology laboratory, are minimized thanks to simulation-
based technologies, on which the current project is also heavily dependent on.

1.3 Efforts towards automated biotechnology labs

Most pharma and biotech companies, and in part also academic labs, have automated
sections of their processes and make use of liquid-handling systems, especially those pursuing
high-throughput screenings, while the first laboratory science application programming
interfaces (APIs) are already available. Science-as-a-Service (SciAAS) companies have started
popping up, with the intent to accelerate scientific research and improvements
in biotechnology. By letting researchers outsource the expensive work of conducting
experiments, teams save time and money without compromising the quality of scientific
research, thus reducing the barrier to entry for biotech startups. Making scientific testing
efficient and programmable will enable anyone with the needs and ideas, but lacking the
resources to turn their experiments into a reality.

Currently common experimental protocols like Polymerase Chain Reaction (PCR) for
genotyping animal samples, DNA/RNA synthesis, and protein extraction are offered. More
complex or custom experiments are still better delegated to a Contract Research Organization
(CRO), but in the future all experiments may be conducted in this way. APIs will liberate
researchers from compromises, such as human error and lack of reproducibility, and will lead
to many more experiments.

1.3.1 Existent Robotic Cloud Platforms

The self-proclaimed first robotic cloud lab for on-demand life science research was developed
by a start-up company called Transcriptic. Founded in 2012, and backed by Google Ventures
and the founders behind Pay Pal, the company now numbers 40 people and occupies a 22,000
square-foot facility in the heart of Silicon Valley. The company builds and manages Plexiglas-
enclosed robotic biology labs, or “workcells” that house about 20 devices each, including
pipetting systems. The workcells are operated by computers, which receive experiment work
orders and run the assemblage of machines. A robot on a gantry runs the length of the

workeell, transferring plates from machine to machine to carry out the experiments. [Seurce:
Transcriptic]
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A platform that has recently also emerged is Arctoris. The Arctoris cloud lab specializes in the
automation of cell-based and biochemical experiments, with an emphasis on complex in vitro
models, augmented by machine learning-driven analytics. The start-up company aims mostly
at fundamental biology, target identification and validation, toxicology, phenotypic screening
and compound profiling for drug discovery and preclinical R&D. [source: Arctoris]

Various efforts towards this respect have been made, among which also the effort of the start-
up experoment, in collaboration with which this project has been completed and which aims
mainly at immuno-oncology experiments, some of which will be recreated and virtually
simulated for the purposes of the current thesis.

experoment

|tk'sperom(e)nt| (noun)

Your Cloud Lab for on-demand R&D

@

Experiment as
software

Programming languages are
unambiguous and explicit.
Describe your experiments in
our visual programming

Robotic facilities

Take advantage of high
performance automation and
robotics to speed up your
results with zero human error.

Data digitalisation

Unlock the full potential of your
research. Enable next-
generation Al and data analytics
with high quality standardized
digital data.

language and ensure on-
demand repreducibility of
results, anywhere in the world.

Figure 1: Section of web page of the experoment platform

1.4 Objectives and Goals of the Thesis Project

The subject of the current research is the trajectory planning and remote operation of a
robotic arm in a biotechnology laboratory, using a virtual simulation environment, and also
the design of a Flexible Manufacturing System (FMS), which can alternatively be characterized
as a Flexible Experiment Production System (FEPS), aiming at introducing new items with a
low overhead and increasing productivity of the cell. The system should be able to process
any mix of experiments or continuous batches of experiments at any time window.

The technology studied consists of a software interface connecting hardware and wetware in
a robotic biotechnology laboratory to automate simple workflows of experimentation. It
allows a researcher to build a protocol and then communicate it to their lab equipment.
Researchers can access it through a cloud platform in order to remotely execute experiments
without the need of physical access to the laboratory. The user selects the experiment to
execute from the designed platform and has the freedom to change a few parameters, with
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respect to the experiments that are to be conducted. The experiments can be categorized
into:

l. pre-optimized experiments and
Il.  custom-designed experiments

Researchers describe their experiment parameters in a user-friendly visual language and then
the plan is uploaded in the remote wet lab, offering execution transparency as researchers
have continuous remote supervision, while the user can download the results of the
experiments after their finalization.

Specifically, in the frameworks of this study, attempted is:

= Modeling of a custom SCARA type robotic arm and of the robotic arm Staubli TX2-
90XL, as well as the environment of the wet lab, using the Virtual Robot
Experimentation Platform (V-REP).

= Development of the kinematic chain between the links of the robots and of their
inverse kinematics.

=  Programming of the robot's trajectory for tending each of the instruments and for
linking them, too.

= Choice of mechanical interfaces between the robots and the instruments and their
entry into the simulation model.

= Simulating experiments and assessing the behavior of the robots in different
laboratory settings.

The goals of the above mentioned study are:

= Simplification of the robot's trajectory scheduling task, if the operator controls the
end-effector point and the values of the joint angles are derived from the inverse
kinematics.

= Reducing errors in physical production, as errors in a virtual environment do not have
physical consequences and can be corrected, saving time and preventing machine
damage or costly failures during production.

= Ability to monitor and modify the operation of the robotic arm without an individual
required in the robot space. The latter eliminates the possibility of injury to the human
factor by moving mechanical parts.

= Offering a low cost alternative to impedance control or visual servoing of the robot or
to expensive high-accuracy robots, especially since in this case all consumable items
are moved between known, predefined positions and orientations and the robotic
arm is responsible of transferring pre-defined in shape and size objects from one
workstation to another.
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V-REP AND MATLAB
INTERFACING

2.1  Virtual Robot Experimentation Platform (V-REP)

Used in the current study is the Virtual Robot Experimentation Platform (V-REP), a physical
simulator which provides an easy and intuitive environment to create your own virtual
platform and to include robots, objects, structures, actuators and sensors.

Virtual Robot Experimental Platform (V-REP) is the product of Coppelia Robotics that was
developed for general purpose robot simulation. A customized user interface and a modular
structure integrated development environment are the main characteristics of the simulator.
Modularity is in high level both for the simulation objects and control methods. The easy
development of a custom environment inside the simulator provides the user with the ability
to create various different simulation cases. This feature can be used in cases of fast
prototyping, algorithm design and implementation. During simulation, this area acts as real
3D world and gives real time feedback according to the behavior of models. The objects that
compose the scene, the control mechanism and the computing modules are the three main
functionalities of the simulator.

2.1.1 Scene Object Types and Properties

The function of V-REP is based on the philosophy of the existence of a "scene", in which there
are objects that are either independent of each other, or are linked to each other by parent-
child relationships, have specific behaviors and interact with each other in various ways. These
objects are called Scene Objects. The following object types compose the V-REP simulation
scene or model:

collision detections against other collidable objects and minimum distance
calculations with other measurable objects. Shapes can also be detected by
proximity.

least one Degree of Freedom (DOF). There are three types of joints: revolute,
prismatic and spherical.
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be modeled to simulate proximity sensors. They do an exact distance calculation
between their sensing point and any detectable entity that interferes with their
detection volume.

objects sizes, depth maps, etc.) and extract complex image information. Built-in filters
and image processing functions ease the use of vision sensors in simulation.

values between two or more objects. The force sensor working principle can be
modeled as in reality, so that they can even break in overshot force and torque values.

viewpoints. There is the ability to add multi view windows in one view window or
attach each view to separate windows.

point of orientation attached to the object. They are useful especially for path-
trajectory planning and following a specific path. Dummies are generally defined as a
multipurpose helper object in combination with other objects. It must be noticed that
alone they are not so useful.

The behavior of each Scene Object in the scene depends on its Properties, the simplest of
which are Object/Item Shift for translating the object to a different position and Object/Item
Rotate for rotating the object and changing its orientation. These changes in position and
orientation of the objects can take place with respect to the world, parent or own frame that
will be analyzed in following chapters.

Some of above objects can have special properties allowing other objects or calculation
modules to interact with them. Objects can be:
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= Viewable: viewable objects can be looked through, looked at, or their image content

can be visualized in views.

The combination of above described scene objects allow the creation of complex sensors and
complex models of manipulators and many different types of robots. There is a wide, fully
customizable sensor and robot model library in the V-REP environment that can be easily
dragged and added to the scene. Additionally, the library offers an amplitude of models that
can be used as surroundings for the simulation environment, such as furniture, obstacles,
rendered sceneries etc.

Previously there was a reference for parent-child relationships between Scene Objects. Firstly,
it is to notice that any object within the created scene appears on the left tab of the project
called Scene Hierarchy. The hierarchy is like a tree, representing the relationships between
the different objects of the Scene. Let's see how the hierarchy in V-REP works by looking at
the example of Image 1. The image shows part of the horizontal configuration of the lab that
will be assessed in the following chapters. It represents the frame on which the lab machines
will be located and in this particular image, there is only one machine, the centrifuge. As
shown in the Hierarchy, the Centrifuge and its components are children of the "FRAME"
parent. The Scene Object “FRAME” in this case is the metallic base on which the centrifuge is
located, meaning that changes in the position and orientation of the “FRAME” will influence
the children as well.

‘ Herarchy |
Scene hierarchy . Iffe\?me‘d;bjdem; a ;(YZC o
7 5 .
@ Hirarhy scone 1) &l s g L
S DefeultCarmera Lt selected ohjedt osition e+ D000y (0000 2 +0 7500
He- @ ResizableFloor 5_25 @ Last selected abject orientation 200000 b:+000.00 g:-000.00
B () FRAME
B () Centrifuge
B & C_joint!
5 {} C_arm_Linkl
B & C_joint?
(} C_arm_Link2
me- & Defaultlights

The user has of course the ability to modify each object individually, even if it is the child of
another object. However, in case that the user wants to modify the parent, for example to
resize or move him, his children will be enlarged or moved accordingly, without changing the
relative size or relative position of the parent-child. That is, there is the concept of inheritance
that dominates object-oriented programming.

2.1.2 Coordinate Systems

The coordinate systems used by V-REP are two, the World and the Parent frames, which are
clockwise, meaning that they follow the rule of the right hand that is depicted in Figure 2.
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The world frame [x, y, z] = [0, 0, 0] position is its origin in V-REP. Any movement of an object
along the three axes is measured with respect to this point. If we wish to move an object at
the origin of the world frame, all of the position values with respect to the “World” should be
set to zero. In order to better monitor movements and rotations, the axes of the global
coordinate system (world frame) always appear in the lower right corner of the screen. Color
coding is set accordingly to R (Red), G (Green), B (Blue) = X, Y, Z and is used to facilitate the
recognition of the axes.

The local coordinate system, referring to the parent, shows the position and rotation of an
object with respect to its parent's coordinate system respectively.

¥

z
Figure 2: Clockwise coordinate system

If the user wishes to translate or rotate an object in the simulation scene, an additional option
is given, specifically the option to move the object with respect to its own frame, meaning
that the object does not take into consideration the position or orientation of the world frame
or of the parent frame of the object, but rather it is handled as a solo standing entity in the
simulation scene. To better understand the way that the local reference frame works, Image
2 and Image 3 are attached.

Object/Item Rotation/Orientation

" | MouseRotation | Orientation | Rotaton |
/

Relative to: (®) world () Parent frame

Apply to
selection

Beta [deg] | +0.0000e+0 |

Alpha [deg] [+0.0000e+0 {‘
Gamma [deg] [+9.0000e+1 |

Image 2: Orientation of Parent_Frame with respect to the World Frame

In Image 2 the cylinder is child of the cube. Comparing the cube coordinate system
(Parent_Frame) with the global coordinate system of VREP, we observe a 90 ° rotation around
the Z axis, which is also written in the orientation window of the cube.
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Looking now at the cylinder coordinate system (Child_Frame) in Image 3, we observe a
rotation of 180 ° around the Z axis of the global frame, but the orientation window shows a
rotation of 90 °. This is because the cylinder has rotated 90 ° with respect to its parent, but
has also adopted the rotation of the cube to the global system. Therefore, in its sum, the
rotation of the Child_Frame with respect to the World coordinate system equals 180°.

‘ Object/Item Rotation/Orientation n s

Mouse Rotation Orientation Rotation -
A | | Relative to: World ® parent frame ‘
2 | Apha[deq] +0.0000e+0 ‘
Beta [deg] +0.0000e+0 Bl
Gamma [deg] +3,0000e+1
e | I

B B

-

—_—

Image 3: Orientation of the Child_Frame with respect to its Parent Frame

2.1.3 3D Model Import and Neutral File Formats

Computer Aided Design (CAD) technology for engineering, and manufacturing is now playing
an increasingly important role in production industry. The importance of this technology to
increase productivity in engineering design has been widely recognized. These technologies
make it possible to shorten the time and lower the cost of development. Additionally, the
reliability and the quality of the product can be improved. CAD systems have therefore been
used in various fields of industry including automobile and aircraft manufacture, architecture
and shipbuilding, and there are currently many commercial systems available. SolidWorks,
Catia and Inventor are examples of available systems using CAD technology. With the
existence of a great diversity of CAD tools emerge the demand to import/export files between
different CAD software. The emergence of neutral format files and neutral format file
interfaces in order to exchange product data between CAD systems solve this problem. The
most widely accepted formats have been the Initial Graphics Exchange Standard (IGES), the
Standard d’Echange et de Transfert (SET), the STandard for the Exchange of Product model
data (STEP) and the Standard Transform Language (STL).[9]

The simulator V-REP does offer some basic geometrical shapes, as mentioned previously, that
can be used to model basic objects and structures. Yet, to model more difficult geometries,
these basic 3D Objects the software offers are not sufficient and are rather time consuming if
used for this case. V-REP therefore provides the ability to import 3D models from other design
programs. V-REP uses triangular meshes to describe and display shapes and for this reason it
only imports formats that describe objects as triangular meshes. If however importing objects

10
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described as parametric surfaces for example (e.g. IGES, etc.) is desired, then first conversion
of the file to an appropriate triangular mesh format should be done.
V-REP supports following file-formats for shape import ([Menu bar --> File --> Import -->
Mesh...]):

=  0BJ: Wavefront Technologies file format. This is currently the only format that allows

2.2 Communication between MATLAB and the V-REP platform

Concerning the control of the behavior of the simulation objects, there is a wide range of
mechanisms used for this purpose, which characterize the V-REP framework that is
schematically presented in Figure 3. These controllers can be implemented not only inside of
the simulation environment, but also outside of it.

V-REP framework

Main client Embedded

application scripts
(C/LW A) (lu.i)

Add-ons Plugins
(Lua) (C/C++)

et Other
interfaces

Outside world

(client application, robots, etc.)

Figure 3: V-REP communication framework[10]

The main internal control mechanism is the use of child scripts, which can be associated with
any element in the scene. The child scripts handle a specific part of the simulation and they
are an integral part of their associated object. Due to that property they can be duplicated
and serialized, together with them. Therefore, they are a single package containing the model
parameters together with its control which makes them portable and scalable. Child scripts
have two execution modes. Non-threaded child scripts are pass-through scripts which means
every time they are called they execute some task and then return to control. Threaded child
scripts launch in thread and are handled by the main script code. The latter require more
advanced programming knowledge compared to non-threaded child scripts, while they take

11
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up more processing power and time, causing lagging in response to simulation commands.
The main script handles both threaded and non-threaded child scripts. These embedded
scripts open and handle communication lines, start remote API servers, launch executables,
load and unload plugins.

V-REP also offers a method to control the simulation from outside the simulator by externally
applied controller algorithms. The remote API interface in V-REP communicates with the
simulation scene using socket communication. It is composed by remote API server services
and remote API clients. The client side can be developed in C/C++, Python, Java, Matlab or
other languages, also embedded in any software running on remote control hardware or real
robots, and it allows remote function calling, as well as fast and bidirectional data streaming.
Functions support two calling methods to adapt to any configuration: blocking, waiting until
the server replies, or non-blocking, reading streamed commands from a buffer.

On the client side, which is the application the user is running, at least 2 threads will be
running: the main thread -the one from which remote API functions are called-, and the
communication thread -the one that is handling data transfers behind the scenes. There can
be as many communication threads as needed on the client side. The server side, which is
implemented with a V-REP plugin, operates in a similar way. Figure 4Figure 4 illustrates the
remote APl modus operandi.

Remote APl code Client side (your application)

Inbox for partial split cmd replies Outbox for split cmds

100X for non-partial cmd replies

I

|

I

1

: - : Your control
I Outbox for non-split cmds

1 mds are sent in or code
i :
I

i

I

|

ne piece

@ @ Remote API
@'> function call

'y
1
! Inbox for partial plit cmds
N : E
Ou ¢ for split cmd replies | fothe oo @
T 0 . s : ,vl;““)r |(3) @)
b ol Attty 1 Gt bl @ | Inbox for non-streaming cmds
® [ BN essed < e )
Outbox for non-split cmd replies : @
R |
F TS @ | Inbox for streaming cmds — ReTV
: L> m’,: t :“‘ ,,‘ ,(';"‘:., ,‘/r o
e ®

Server side (remote API plugin)

Figure 4: Remote API functionality overview[10]
2.3 Enabling the remote API

To enable the remote APl on the server side, in other words on V-REP's side, the remote API
plugin must be successfully loaded at V-REP start-up. The remote API plugin can start as many
server services as needed and each service will be listening/communicating on a different
port. A server service can be started in two different ways:

12
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1. At V-REP start-up (continuous remote API server service). The remote API plugin will
try reading a configuration file named remoteApiConnections.txt and according to its
content, start appropriate server services. With this method remote API functions will
always be executed on the server side, even if simulation is not running, which is not
always the case with next method.

2. From within a script (temporary remote API server service). This is most of the time
the preferred method of starting a remote API server service. The user is in control
when the service is started or stopped. When a temporary remote API server service
is started from a simulation script however, the service will automatically be stopped
at simulation end. A temporary remote API server service can be started with custom
Lua function: simRemoteApi.start.

2.3.1 Client side activation

For the needs of the current project, the interface used is this of the remote APl and the client
side is developed in Matlab. To use the remote API functionality in the Matlab program,
Matlab must use the same bit-architecture as the remoteApi library, as 64bit Matlab with
32bit remoteApi library will not work, and vice-versa, and also following 3 items, which are
located in V-REP's installation directory, under programming/remoteApiBindings/matlab, are
needed:

— remoteApiProto.m
— remApi.m
— remoteApi.dll, remoteApi.dylib or remoteApi.so (depending on the target platform)

In order to initiate the desired application, vrep=remApi (‘remoteApi’) is used to build the
object and load the library via Matlab. The V-REP remote APl is composed by approximately
one hundred functions supported by Matlab which can easily be recognized from their "simx"-
prefix and that can be used to control the objects and the scenes simulated in VREP. To enable
the remote APl on the client side, vrep.simxStart is called. Respectively, the vrep.simxFinish
function is used to terminate the connection with the server. Shortly, the description and the
syntax of the simx.Start and simxFinish commands are presented in

Table 1 and Table 2.

The chunk of code illustrated in Figure 5 must always be used if establishing a connection
between our application and VREP is wished, with the aim of withdrawing information from
the simulator scene and utilize them in the kinematic analysis and trajectory planning of the
robots.

13
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vrep.8imxFinish(-1); % ju I
clientID =vrep.simxStart('127.0.0.1",19989, true,true,5000,5);

if (clientID>-1)
disp('Connected ");
else
disp('Failed connecting Lo remote API server'):
end
% call the destructor!
vriep.8imxFinish(clientID);
vrep.delete():

Figure 5: MATLAB code for establishing and terminating communication with V-REP platform

simxStart

Description Starts a communication thread with the server (i.e. V-REP). A same client may

start several communication threads (but only one communication thread for a
given IP and port). This should be the very first remote API function called on the
client side. Make sure to start an appropriate remote API server service on the
server side that will wait for a connection. See also simxFinish. This is a remote
API helper function.

Matlab synopsis [number clientID]=simxStart(string connectionAddress,number

connectionPort,boolean waitUntilConnected,boolean
doNotReconnectOnceDisconnected,number timeOutinMs,number
commThreadCyclelnMs)

Matlab parameters connectionAddress: the ip address where the server is located (i.e. V-REP)

connectionPort: the port number where to connect. Specify a negative port
number in order to use shared memory, instead of socket communication.
waitUntilConnected: if true, then the function blocks until connected (or timed
out).

doNotReconnectOnceDisconnected: if true, then the communication thread will
not attempt a second connection if a connection was lost.

timeOutinMs:

if positive: the connection time-out in milliseconds for the first connection
attempt. In that case, the time-out for blocking function calls is 5000
milliseconds.

if negative: its positive value is the time-out for blocking function calls. In that
case, the connection time-out for the first connection attempt is 5000
milliseconds.

commThreadCyclelnMs: indicates how often data packets are sent back and
forth. Reducing this number improves responsiveness, and a default value of 5 is
recommended.

Matlab return clientID: the client ID, or -1 if the connection to the server was not possible (i.e.

values

a timeout was reached). A call to simxStart should always be followed at the end
with a call to simxFinish if simxStart didn't return -1

Table 1: Enabling the remote API-client side, Matlab documentation for simxStart function

14
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simxFinish
Description Ends the communication thread. This should be the very last remote API function
called on the client side. simxFinish should only be called after a successfull call
to simxStart. This is a remote APl helper function.
Matlab synopsis simxFinish(number clientID)

Matlab clientID: the client ID. refer to simxStart. Can be -1 to end all running
parameters communication threads.

Matlab return None

values

Table 2: Enabling the remote API-client side, Matlab documentation for simxFinish function

2.3.2 Server side activation

To enable the remote APl on the server side, utilized is the temporary remote API server
service, via the command simRemoteApi.start, which in our case is called from a non-threaded
child script attached to the Base Arm Link of the robotic arm, which is the parent of all links of
the robot. Shortly, the description and the syntax of the simRemoteApi.start command is
presented in Table 3 :

simRemoteApi.start
Description Starts a temporary remote API server service on the specified port. When
started from a simulation script, the service will automatically end when the
simulation finishes
Lua synopsis number result=simRemoteApi.start(number portNumber,number
maxPacketSize=1300,Boolean debug=false,Boolean preEnableTrigger=false)
Lua portNumber: port where to install the server service. Ports above 20000 are
parameters preferred. Negative port numbers can be specified in order to use shared
memory, instead of socket communication.
maxPacketSize: the maximum size of a socket send-packet. Make sure to
keep the value at 1300, unless the client side has a different setting.
Debug: if true, a window will display the data traffic on that port.
preEnableTrigger: if true, the server service will be pre-enabled for
synchronous trigger signals from the client.

Lua return -1 if operation was not successful. In a future release, a more differentiated

values return value might be available
Table 3: Enabling the remote API —server side, LUA documentation for simRemoteApi.start function

The server side activation has following structure as shown in Figure 6, which was extracted
from the VREP environment.

3 Mon-threaded child script (BaseArm_Link)

function syscall init ()
—— server side activation
—— port number 19999
simRemotelApi.start (19999

end

Figure 6: LUA code for server-side activation
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2.3.3 Basic Remote-API functions for MATLAB client

In order for the user to be able to effectively communicate with the V-REP platform via the
chosen client, which in our case is MATLAB, there is a list of remote API functions specifically
designed for each client and which facilitate the procedure. Some of the most basic function
that were also used throughout this project are mentioned and briefly explained below.

= simxGetObjectHandle
Retrieves an object handle based on its name. If the client application is launched
from a child script, then you could also let the child script figure out what handle
correspond to what objects, and send the handles as additional arguments to the

client application during its launch.

= simxGetObjectOrientation
Retrieves the orientation (Euler angles?) of an object.

= simxGetObjectPosition
Retrieves the position of an object.

= simxGetJointPosition
Retrieves the intrinsic position of a joint. This function cannot be used with spherical

joints (use simxGetJointMatrix instead).

= simxSet]ointPosition
Sets the intrinsic position of a joint. May have no effect depending on the joint mode.

This function cannot be used with spherical joints (use simxSetSphericalJointMatrix
instead). If you want to set several joints that should be applied at the exact same
time on the V-REP side, then use simxPauseCommunication.

= simxPauseCommunication
Allows to temporarily halt the communication thread from sending data. This can be

useful if you need to send several values to V-REP that should be received and
evaluated at the same time. This is a remote API helper function.

There are many more functions that can be used according to the needs of the user and the
desired tasks that are assigned to the objects in the V-REP scene, however for the needs of
the current project the above mentioned functions are sufficient. All of the functions can be
found in the official help files of Coppelia Robotics. [10]

In order for the functions to be correctly incorporated in the MATLAB code, they must always
be accompanied with the prefix ‘vrep.’, i.e. vrep.simxGetObjectHandle, and then followed
by their respective input parameters and have the correct synopsis.

1Q = Ry(a)- Ry(d) - R, ("’1) [Euler angles convention in V-REP)]
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THE ROBOTS

3.1 The custom SCARA robot of Experoment

3.1.1 Description

SCARA robots were first developed in the 1980’s in Japan and the name SCARA stands for
Selective Compliance Assembly Robot Arm. The main feature of the SCARA robot is that it has
a jointed two-link arm which in some ways imitates the human arm, hence the often used
term articulated. It operates on a single plane, allowing the arm to extend into confined areas
and then retract or “fold up” out of the way, which makes it suitable for reaching inside
enclosures or pick-and-place from one location to another. [11]

The custom arm used in this study has 5 degrees of freedom, which depict the joints of the
robot. Of them, three (3) are revolute and two (2) prismatic joints. The arm is mounted on a
horizontal rail above the machines of the lab, for the needs of this study. The structure of the
SCARA robot studied in the current thesis is shown in Image 4.

Rl Horizontal Base Joint
| (prismatic)

Arm Joint 1

Image 4: Structure of custom SCARA robot
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Each joint has its own stand-alone motor that allows it to move independently, within some
boundaries, which are shown in Table 4 and Table 5, and to move the second link between
every two that it connects. The robotic arm can be separated into two sections:

1. the translational joints (prismatic) = movements of the robot vertically and
horizontally on the rails
2. the rotary joints (revolute) = rotation of the robot to its vertical axis

Therefore, the limits of the two tables are expressed in different units, since in the 1% case we
are referring to translation, which equals meters, and in the 2" case to rotation, which equals
degrees.

Translational Joints 1 2
Range(m) 3.7 1.9
Limits(m) -1.9,1.8 0, 1.9

Table 4: Translational Joint Limits of the SCARA type robot

Rotary Joints 3 4 5
Range(°) 240 286 180
Limits(°) 120,120 | -143,143 -90,90

Table 5: Rotary Joint Limits of the SCARA type robot

The boundaries of the joints determine the working space of the arm that is defined as the
space that the end-effector can reach in any orientation. For the SCARA robot, the working
space is shown in Figure 7. In our case however, some restrictions apply as to the reach of
the workspace, since it has to be taken into consideration that the robot is hang from a rail,
which should not interfere with the movement of the arm. Therefore, the workspace for the
SCARA type robot used in the current thesis is smaller than the actual workspace, something
which is depicted in by the black line which represents the rail from which the arm is hung.

Figure 7: Workspace of SCARA type robot

18



3- THE ROBOTS

3.1.2 Advantages and limitations of SCARA robots

The SCARA robot is most commonly used for pick-and-place or assembly operations where
high speed and high accuracy is required. Generally a SCARA robot can operate at higher
speed and with optional cleanroom specification. In terms of repeatability, currently available
SCARA robots can achieve tolerances lower than 10 microns, compared to 20 microns for a
six-axis robot. By design, the SCARA robot suits applications with a smaller field of operation
and where floor space is limited, the compact layout also making them more easily re-
allocated in temporary or remote applications.

On the other side, due to their configuration, the SCARA robots are typically only capable of
carrying a relatively light payload, typically up to 2 kg nominal (10 kg maximum). The envelope
of a SCARA robot is typically circular, which does not suit all applications, and the robot has
limited dexterity and flexibility compared to the full 3D capability of other types of robot. For
example, following a 3D contour is something that will be more likely fall within the
capabilities of a six-axis robot. [12]

3.2 Stdubli TX2-90XL

3.2.1 Description

The second robot used to run simulations of the experiments is the Staubli TX2-90XL Robot.
The TX designation indicates a low payload, while the XL refers to the length of the arm. For
the purposes of the current study, the extra-long arm will be used. This arm is sufficiently
flexible and is able to perform a great variety of
applications, such as:

= Handling of loads

= Assembly, process, application of adhesive beads
= Control check

= Clean room applications

The arm consists of six links, which are connected in pairs of
two, by six rotary joints. The links of the robot are shown in
Figure 8 and are named accordingly and are each
represented with a capital letter. The links of the Staubli
TX2-90XL are named after human body parts, because of its
anthropomorphic form.

= A-Base

= B-Shoulder

= C-Arm

= D-Elbow

= E-Forearm

=  F—Wrist Figure 8: Staubli TX2-90XL Robot
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Movements on the arm joints are generated by servomotors coupled with position sensors.
Each of these motors is equipped with a parking break. The motors allow for each joint to
rotate independently, within some boundaries, which are shown in Table 6, and to move the
second link between every two that it connects. For example, joint 1 moves link B and joint 2
moves link C.

Joint Limits
Joint 1 2 3 4 5 6
Range(°) 360 277.5 280 540 255 540
Limits(°) +180 -130, +147.5 +145 +270 -115, 140 +270

Table 6: Joint Limits of the Staubli TX90XL

The boundaries of the joints determine the working space of the arm that is defined as the
space that the end-effector can reach in any orientation. For the Staubli TX2-90XL, the
working space is shown in Figure 9.

I 1

Figure 9: Working space of Staubli TX2-90XL [Source: Staubii]

The Staubli robot has multiple mounting configurations (floor/wall/ceiling) to make its
integration into the production line easier. Figure 10 shows four different ways that the
Staubli TX2-90XL Robot can be mounted, while more information on the technical
specifications of the model can be found in Appendix B.
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8777

Figure 10: Different mounting positions for Staubli TX2-90XL

3.2.2 Advantages and limitations of 6-axis robots

Articulated robots, or 6-axis robots, are easier to align to multiple planes, simple to operate
and maintain, and easily redeployed for automation applications and for a wide range of
upstream and downstream applications. They present high repeatability and accuracy, while
being able to reach orientations and positions, which are not possible by other robots. At the
same time however, they have greater demands as far as their working space and cost is
concerned.

3.3 Robot 3D Model Import

In the present work, the design of the Staubli robot was downloaded from the official CAD
Library of Staubli, whereas the design of the custom robotic arm was done in Autodesk's
AutoCAD and was received as ready file from the experoment team. The robot models were
exported in URDF, a file format mentioned in previous chapters, and then entered in the
simulation scene.
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3.3.1 Unified Robot Description Format (URDF)

The URDF format expresses the kinematic tree structure of the robot and the order of the
properties in the file does not affect the results.

A URDF consists of attributes and elements, some of which are required for the file to be a
valid representation of the robot and some of which are optional and are used to provide
extra information that can be useful for the simulation. A graphic representation of these
elements is offered in Figure 11, whereas a general template of a URDF file is presented in
Appendix A, followed by some explanatory comments for each section. For the purposes of
this research, only some basic optional elements are included.
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Figure 11: Link and joint representation

If we want the URDF model to be permanently attached to the world frame (the ground
plane), we must create a "world" link and a joint that fixes it to the base of the model. In both
our robot models, this is desired, since the “world” link will work as the reference frame with
respect to which the kinematics and all other components of the simulation scene will be
expressed. Therefore, we need a link attached to a specific position, which is the base of the
SCARA and the Staubli models respectively. It is worth noticing that even though the SCARA
robot has a mobile base and it is free to move vertically and horizontally on the attached rail,
as also seen in previous chapters, the world link remains fixed to its initial position. The same
happens with the Staubli model, if it is mounted on a rail. The chunk of code for this action
presented below is written according to the URDF template of Appendix A and is the same
for both robots used for the purposes of the current thesis.

<link name="world">
</link>
<joint
name="world joint"
type="fixed">

<origin
xyz="0 0 0"
rpy="0 0 0" />
<parent
link="world" />
<child
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link="First link of robot model" />
</joint>

Respectively, an additional link is fixed to the last link of the robot model, representing the
end-effector frame that will be the part following the trajectory, which will be calculated in
the kinematics chapter. The origin attributes xyz and rpy depend on the position and
orientation of the parent link and are added in a way so that the ee_link is located
approximately at the edge of the parent link, which is usually the tool flange of the robot or
the edge of the gripper.

<link name="ee link">
</link>
<joint
name="ee joint"
type="£fixed">
<origin
xyz="x y z"
rpy="r p y" />

<parent
link="Last link of robot model" />
<child
link="ee link" />
</joint>

It is worth noting that in the case that the ee_1ink is located on the tool flange, a suitable
offset to the actual gripping edge should be taken into consideration, since the position where
the gripper is attached differs from the part which actually follows the trajectory and which is
no other but the gripper fingers. Usually, a dummy is utilized in the simulation to represent
the finger edge which will be grabbing the product, with respect to which the offset to the
ee linkis set.

For every URDF file, its name is mentioned in the beginning with the name attribute:

<robot
name>

</robot>

and the file is saved with the same name as ‘name.urdf’.

3.3.2 Robot Coordinate Systems

For the expression of the position and the orientation of the links of a robotic arm, utilized are
usually the three (3) following coordinate systems. [13]

1. Global Coordinate System: A Cartesian coordinate system is located on the base of

the robot and all the positions of its distinct links are expressed with respect to this
frame.

2. Coordinates of End-Effector: The cartesian coordinate system is located on the edge

of the robotic arm, always taking it’s rotation into consideration.
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3. Joint Coordinate Frames: The position of each joint, for example the angle of a
rotational joint, is used for describing the position and configuration of the robot at

all times.

Itis crucial that these coordinate frames are the same, in orientation and position, both in the
URDF file as well as in the VREP simulator. Otherwise, the results may diverge from the actual
positions and orientations that the robotic manipulators should acquire.

3.3.3 Scaling Factor

Upon importing the URDF file in the simulation environment, of the many options available,
one that is of interest and on which the accuracy of the research result depends is the Scale
Factor, which the user has to adjust in order to get realistic results. The question is now: why
is it so important to have realistic results rather than something nearly accurate?

The purpose of the current project is to virtually move the robots in the 3 dimensions of space
and to read the position and rotation of the end-effector point (EE) on the 3 axes. From these
6 numbers, the inverse kinematics (see Chapter 6) will result in the values of the angles of the
joints, which can then be loaded onto the real robot and set up a physical simulation. Since
the mathematics of the robot's kinematic chain depend on its physical dimensions, if the
dimensions of the simulation model are not exactly the same as those of the real robot, the
results will not only be inaccurate, but they may not correspond to the actual movement of
the robot at all. In our case, both robots and all machinery have been designed according to
their real dimensions and the transformation of the units from millimeters [mm] of the
SolidWorks and Creo files to meters [m] in VREP takes place automatically upon import.
Therefore, the scale factor of all components of the simulation scenes is 1. By setting different
values to the scale factor, the respective size is multiplied by the respective scaling factor.

3.3.4 URDF and MATLAB Robotics Toolbox

The URDF format is however not only useful for importing 3D representations of the robotic
arms in V-REP, but also for expressing the kinematic tree structure of the robot inside of
MATLAB. Specifically, importing a URDF file using the importrobot () function of the
MATLAB Robotics Toolbox, MATLAB can read and analyze the kinematic structure of the
imported robotic arm, an asset which facilitates the forward and inverse kinematic analysis of
the robots that will take place in the next chapters. The Robotics Toolbox consists of functions
that prevent the user from consuming time in analytically extracting the kinematic analysis of
a robot and is ideal for the purposes of the current project that deals with simulations using
two different robotic arms.

Figure 12 shows the chunk of code used to import the URDF file in MATLAB and print in the
MATLAB Command Window the details of the kinematic chain which is to be studied.

Pimport URDF file of arm— define kinematic matrix and show detalls
robot= importrobot ('name.urdf'):;
showdetails (robot) ;

Figure 12: Matlab code for importing URDF file
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The details that are presented using the showdetails () function for each robot in the
Command Window are shown in Figure 13 and Figure 14.

Command Window

Robot: (11 bodies)
Tdx Body Name Joint Name Joint Type Parent Name(Idx) Children Name(s)

1 BaseArm Link0 fixed world(0) BaseArm_Linkl(2)
2 BassArm Linkl prismatic BassArm Link0(l) Basshrm Link2(3) Basehrm LinkRot (11)
3 BaseArm Link2 prismatic BaseArm Linkl(2)  Arm Link0(4)
4 Brm_Linko fixed Baselrm Link2(3) Arm Linkl (5}
5 Arm Linkl revolute Rrm Link0(4)  Arm Link2 (6)
& Arm Linkz revolute Arm Linkl(S) Arm Link3(7)
7 Arm Link3 revolute Arm Link2(6) Gripper LinkDx(8) Gripper LinkSx(9) ee_link(10)
8 Gripper_LinkDx fixed Arm_Link3(7)
s Gripper_LinkSx Gripper_JointSx fixed Arm Link3(7)

10 ee_link ee_joint fixed Arm Link3(7)

11 BaseArm LinkRot BaseArm JointRot fixed BaseArm Linkl (2)

Figure 13: Details for SCARA robot

Command Window

Robot: (8 bodies)
Id= Body Name Joint HName Joint Type Parent Name (Idx) Children Name (s)

1 base_link world joint fized world(0) shoulder (2)
2 shoulder jointl revolute base_link(l) arm(3)
3 arm joint2 revolute shoulder (2) elbow (4)
4 elbow joint3 revolute armi(3) forearm(s)
5 forearm joint4 revolute elbow (4) Wrist (6)
& wIrist joints revolute forearm(5s) flange (7)
T flange jointé revolute wrist (€) ee_link(8)
g8 ee link ee joint fixed flange (7)

Figure 14: Details for Staubli TX2-90XL

3.4 Gripper Choice

The gripper of a robot has to be adapted according to the tasks it is asked to fulfill. In the
current study, the goal is the handling of standardized plates and racks in microplate format.
In the frameworks of a biotechnology laboratory, sometimes also non-standardized
equipment such as syringes, filters and many more need to be handled, thus demanding a
different finger gripper form. [14] However, for the needs of the current study we will choose
grippers that are suitable for the former goal, namely carrying microplates.

The gripper that can be incorporated in a laboratory setting has to be specifically developed
for application in clean rooms. Needed is a precise, fine-tuned construction that can ensure a
nearly particle-free performance of all movements. Also, since the object that will be carried
along the laboratory setting is a microplate, one of the most important prerequisites is a stable
parallel gripping ability. Since the microplates have liquids in them, desired is that these liquids
remain in their respective wells of the plate and at the same do not spill out of it. Therefore,
attention should be focused on parallel grippers.
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Image 5: Example of parallel servo-gripper [Source: Applied Robotics)

3.4.1 Parallel Grippers

A parallel gripper for handling multiwell plates in an automated analysis system, moves

individual multiwell plates between workstations, for example from a plate storage array unit

to an imaging station. More particularly, the gripper has two parallel plate-gripping arms that

move in equal, but opposite linear directions, and are controlled using a stepper motor. Each

of the arms has a shelf that provides support for the corresponding side edge of a multiwell
plate. [16]

1.

SCARA

For the Scara type robot, the gripper choice is quite simple, since the robot itself
moves in a planar way, rotating only around the z axis. Therefore, a parallel gripper is
sure to maintain the desired orientation of the well plate — parallel to the lab floor-
and fulfill its task. Along with the 3D CAD models of the SCARA robot, incorporated is
a custom made parallel gripper, whose design drawing is provided in Appendix B. The
difference to common grippers is that it includes a rotating base for the fingers, an
addition that contributes to the change of orientation during loading or unloading the
well-plates, if necessary. For simplification purposes, the gripper in the simulation of
the SCARA remained as it is.

Alternatively, if the rotating base for the fingers is not deemed necessary, a good
alternative would be LGR Electric Servo Gripper “The Gripster”. More information on
the LGR Electric Servo Gripper can be found in Appendix B.

STAUBLI TX2-90XL
For the Staubli model which is an articulated robot, the gripper choice is vast and can

be done in many different ways, always according to the needs of the respective
laboratory and the tasks at hand. Due to its 6-dof nature, the tool-flange can acquire
multiple different positions and orientations along and around the x, y and z axis. The
need for the microplate to remain parallel to the ground is vital in this case.
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For this robot model, the LGR Electric Servo Gripper can be a suitable solution, since
it can be easily mounted on the Staubli and is fully compatible with the Staubli model
series, while at the same time providing a stable parallel grip for the desired tasks.
PTM Prazitionstechnik also offers good alternatives to the gripper choice.

ROBOTIQ provides an alternative gripper solution. Though it is suitable for industrial
purposes and factory work, it can also be used inside a biotechnology laboratory and
be either vertically or horizontally located. More information can be found under
Appendix B.

This gripper choice was also used for the simulation purposes, since it was of the few
gripper designs that were provided online as 3D CAD models. Unfortunately, the CAD
files are for visual purposes only and are not thus functional, in the sense that the
gripping for the case of the Staubli model will not be simulated.

Image 6: ROBOTIQ 2F-140 GripperlSource: ROBOTIQ]

The general idea, no matter the choice of company, remains the same. The objective is to
incorporate grippers that have a stroke of at least the greatest dimensions of the well-plates
that will be used. Smaller stroke grippers will not be able to grab the plate in both portrait and
landscape orientations, since they will not have an opening wide enough to clamp the
microplate.

The grippers that will be used for the simulations are thus:

v" The custom made gripper by experoment for the SCARA
v" The 2F-140 gripper by ROBOTIQ for the Staubili.
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LABORATORY EQUIPMENT

4.1 Machines

The machines that may be included in a Biotechnology Lab vary according to the experiments
that are to be conducted. Some demand few steps in order to be completed, however others
are extremely complicated and demand specific conditions and treatment, something that
equals the need for more specialized equipment in the lab. Therefore, there is no standard
when it comes to how many and which machines will be added in one lab, but it all depends
on the experimentation demands of the people running the laboratory and of course, the cost
margin that each company wants to abide by.

For the needs of the current project, included in the lab simulation, are following machines,
accompanied by their basic specifications. They are all compatible with automation solutions
so that they can be used in a robotic biotech lab. More on their dimensions and form can be
found in Appendix B.

4.1.1 Liquid Handler

Multipurpose liquid handling automated workstations are tools designed to do much of the
sampling, mixing, and combining of liquid samples automatically. Liquid handlers can measure
out samples, add reagents, and make sure liquids are added to bioassays in a uniform fashion.
The volume of sample the liquid handling automated workstation can handle is one feature
to consider when making a purchase. Other features to consider include how large a footprint
the workstation makes and the ease of use of its software interface. For our simulation, used
is the robotic Liquid Handler of Opentrons.

Rendered Visualization Specification Specification

[Source:Opentrons | (Biochem) (Mechanical / Automation)
Handles 96 & 384 Includes internal robotic arm to

standard well plates move plates between decks
Dispense range [0.5- Has a hand-off position which is

250pL] unobstructable and easily
accessible by external robotic
arms

Cooling deck Has the ability to be fed (by
external robotic arm) pipette tips
Orbital shake deck Has the ability to remove waste

(by handing it off to the external
robotic arm)
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4.1.2 Centrifuge

A centrifuge is a laboratory device that is used for the separation of fluids, gas or liquid, based
on density. Separation is achieved by spinning a vessel containing material at high speed; the
centrifugal force pushes heavier materials to the outside of the vessel. This apparatus is found
in most laboratories from academic to clinical to research and used to purify cells, subcellular
organelles, viruses, proteins, and nucleic acids. There are multiple types of centrifuge, which
can be classified by intended use or by rotor design. In addition to its basic form presented
below, a robotic gripper can be mounted externally above the insertion opening for the plate,
so that the plate can be grabbed directly from the centrifuge. The latter will be the case for
the needs of the current project. For our simulation, used is ROTANTA 460 Robotic, a
centrifuge by Hettich.

Rendered Visualization Specification Specification
[Source: Hettich] (Biochem) (Mechanical / Automation)

1000g max centrifugal  Has the ability to be fed a well
force plate from the external
robotic arm

4.1.3 Freezer

Laboratory refrigerators are used to cool samples or specimens for preservation. They include
refrigeration units for storing blood plasma and other blood products, as well as vaccines and
other medical or pharmaceutical supplies. They differ from standard refrigerators used in
homes or restaurant because they need to be totally hygienic and completely reliable.
Laboratory refrigerators need to maintain a consistent temperature in order to minimize the
risk of bacterial contamination and explosions of volatile materials. For our simulation, used
is STR44, a freezer of Liconic.

Rendered Visualization Specification Specification
[Source: Liconic] (Biochem) (Mechanical / Automation)

Has the ability to be fed a
well plate from the external
robotic arm
-20°C

~50 well plate capacity
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4.1.4 Incubator

Incubator is a device used to grow and maintain microbiological cultures or cell cultures. The
incubator maintains optimal temperature, humidity and other conditions such as the CO (CO,)
and oxygen content of the atmosphere inside. Incubators are essential for a lot of
experimental work in cell biology, microbiology and molecular biology and are used to culture
both bacterial as well as eukaryotic cells. For our simulation, used is STR240, an incubator of
Liconic.

Rendered Visualization Specification Specification
[Source: Liconic] (Biochem) (Mechanical / Automation)

Has a hand-off position which is

37°C unobstructable and easily
accessible by external robotic
arms
95% CO, ~50 well plate capacity

4.1.5 Plate Reader

Plate readers, also known as microplate readers or microplate photometers, are instruments
which are used to detect biological, chemical or physical events of samples in microtiter
plates. They are widely used in research, drug discovery, bioassay validation, quality control
and manufacturing processes in the pharmaceutical and biotechnological industry and
academic organizations. Common detection modes for microplate assays are absorbance,
fluorescence intensity, luminescence, time-resolved fluorescence, and fluorescence
polarization. Microplate readers come in two main forms: Those that detect a single type of
signal (single-mode readers) and those that can detect multiple types (multimode readers).
For our simulation, used is EnVision by Perkin EImer.

Rendered Visualization Specification Specification
[Source: Perkin Elmer] (Biochem) (Mechanical / Automation)
= 3 Has the ability to be fed a well
8 Multimode reader late from the external robotic
| Y
% ‘ ) arm

The models of the simulation environment, incorporating all machines, were done in Catia
and Autodesk's AutoCAD and were received as ready files from the experoment team.
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4.2 Consumables

Sample reactions can be assayed in 1 - to -1536 well format microtiter plates. The most
common microplate format used in academic research laboratories or clinical diagnostic
laboratories is 96-well , which is an 8 x 12 matrix, with a typical reaction volume between 100
and 200 pL per well. Higher density microplates, with 384 (16 x 24 matrix) or 1536 wells, are
typically used for screening applications, when the number of samples processed per day, in
other words the throughput, and assay cost per sample become critical parameters, with a
typical assay volume between 5 and 50 pL per well. A 96- and 384- wellplate are presented in
Figure 14.

Figure 15: Cell-carrier 96 on the left and Cell-carrier 384 on the right

Irrespective of the number of wells, the dimensions of the microplates usually remain the
same, a fact that facilitates their handling by the robotic arm. The dimensions and drawings
of the microplates can be found in Appendix B, where basic elements of the well plates are
mentioned. In general, the well plates follow a specific standardization, therefore dimensions
remain the same among different production companies.
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LABORATORY STRUCTURE
AND LAYOUTS

5.1 Flexible Manufacturing Systems (FMS)

A flexible manufacturing system is a manufacturing system that contains enough flexibility to
allow the system to rapidly react to production changes. This flexibility is generally considered
to fall into two categories. The first is machine flexibility. This allows the system to be changed
to produce new product types and to change the order of operations executed on a part. The
second is routing flexibility. This consists of the ability to use multiple machines to perform
the same operation on a part as well as the system's ability to absorb large-scale changes,
such as in volume, capacity, or capability.[17]

Most FMS systems consist of three main systems: a material handling system to optimize the
flow of parts, a central control computer that controls material movement, and the working
machines, which are often automated machines or robots.

Control optimization, material flow efficiency, setup efficiency, and data flow efficiency can
be achieved by using Flexible Manufacturing Systems. Economical machining is achieved by:

= Exploiting the flexibility and productivity of numerically controlled machine tools for
the production of smaller and medium sized lots

= Utilizing costly production equipment more effectively through the reduction or
elimination of setups

=  Changing parts, tools, and machining programs automatically.[18]

5.2 Production line layouts for FMS

The analogies of FEPS to FMS are obvious and therefore layouts used for Flexible
Manufacturing can also be applied in the current project.

There are alternatives to setting up a robotic production cell for a biotechnology laboratory,
which vary according to the needs and the restrictions that apply each time. Some of these
needs and restrictions can be:

= Limited working space, narrow aisles and floor obstructions
=  Number and position of machines in the cell
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= Desired production rates and times
=  Flexibility in production for implementing low cost alternatives inside the cell
=  Aesthetics

Depending on these parameters, there is a range of different set-up alternatives to choose
from. Modelled and analyzed for the purposes of the thesis will be 3 of the most popular
layouts, namely:

1. Linear layout
2. Island (or Circular) layout
3. Ladder layout

5.2.1 Linear layout

The linear layout constitutes a very common production layout, which offers flexibility and
possibilities for extension. Specifically, scaling-up production is easier with this kind of format,
since increasing the number of machines in a cell, would mean elongation of the production
line to the wished extend, without any problem. The only restriction for its implementation
are the dimensions of the space available. This layout is ideal for narrow, but long spaces,
where a robot can be mounted on a rail and easily move along the lab space and to the
machines. For the needs of this layout, a SCARA type robot is sufficient, since the movements
of the robot are specific and restricted to planar movements in space. SCARA robots offer an
ergonomic alternative to more complex types of robots, in an economic as well asiin a controls
respect.

However, as flexible as this layout can be, its implementation may result in unnecessary
motion between the workstations.[19] For example, if an experiment, in our case, consists of
a two-step procedure between two workstations that are each located on opposite sides, then
the translation times of the robot between the machines increases with the length of the
production line and results in unnecessary motion, since the whole production line has to be
run through, in order for only two machines to communicate.

A representation of this layout is presented in Figure 16.

Legend

[:] Machine
D W= Flow Path

——)

Figure 16: Linear layout for production

5.2.2 Island (or Circular) Layout

The island layout, which could also be described as circular, involves the concept of a robot
centered cell, meaning that the machines are organized in a circular manner around the robot.
This format constitutes an effective layout when considering product movement as all the
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necessary operations to produce a component or subassembly are performed in close
proximity, resulting in near zero operation-to-operation transfer times.[19] At the same time,
this layout is suitable for limited space availability. In contrast to the linear layout, it also
facilitates access in the lab, since human interference might be deemed necessary at some
point.

On the other side of things, the islands are isolated with respect to each other, since the
formation is circular and does not allow communication between the robots, which are
located in the middle of each cell. This layout also offers finite possibilities of extension, a
factor that constricts flexibility since the number of additional machines that can be
incorporated in the cell is restricted. More specifically, the possible reaching area for the
robotic arm reaches a maximum, which cannot be overcome, no matter how much the
diameter of the cyclic layout is increased in order for more machines to be added. As for the
robot that can be used for this type of layout, recommended is a 6-DOF (Degrees Of Freedom)
robot to ensure maximum flexibility, since in this case wished is achieving any position and
orientation in the lab space. This equals increased cost and more complex robot control
strategies.

A representation of this layout is presented in
Figure 17.
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]

Flow Path
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Figure 17: Island (or circular) layout for production

5.2.3 Vertical Ladder Layout

The vertical ladder layout is a differentiation to the ladder layout implemented for horizontal
production cells. The machines in the vertical ladder layout are located in levels above each
other, creating a ladder formation, which resembles the design of library shelfs, each of which
is basically a different machine. This layout can be used in combination with either the linear
orisland layouts in order to increase their extension possibilities, having the same advantages
and disadvantages as mentioned before in each case respectively.

The linear production can be thus extended in length and height, if the machines are organized
according to the ladder layout, by using a longer vertical rail that can help the robot reach
both the lowest and highest positions of the machines in the lab, always with respect to the
dimension restrictions of the lab space. Accordingly, the same is valid for the circular layout,
where no modifications are needed, since a 6-DOF can reach all the positions and orientations
in space that fall within its capabilities and working space.

A representation of this layout is presented in Figure 18.
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Figure 18: Vertical Ladder layout for production

5.3 Laboratory Structure

Following the above mentioned guidelines, as far as production organization and layouts are

concerned, we can now create possible structures for the robotic biotechnology cloud lab

analyzed in this thesis, taking into consideration specific restrictions and facts concerning our

case and modelling demands. Some of these factors are analyzed below.

Available robotic arms

As already mentioned in previous chapters, we have two alternatives as to what kind
of robots will be used to simulate the experiment production flow. The one is the
custom SCARA robot provided by experoment and the second one the 6-DOF robotic
arm Staubi TX2-90XL.

cost and easier control, when compared to a 6-DOF robot, for implementing a linear
layout in the production line. Therefore, mounting it on a vertical rail, which is then
connected to a horizontal rail hung on the lab wall, covering in that way translations
of the robot along the height and the length of the lab respectively, while organizing
the machines in a linear fashion.

covering a bigger work space than the SCARA, which in the case of the linear layout
does not actually offer any more benefits to the structure, since the movements are
very simple. Therefore, the Staubli in the linear layout increases the cost and
complexity of the system, without essentially increasing production flexibility. In the
contrary, the Staubli would be ideal for the island layout, reaching positions in space
that the SCARA cannot.

Available working space

The available lab space for the experoment team for now has following dimensions:
Length: 4,96 m | Width:1,84m | Height:2,24 m

This equals a very narrow but long laboratory that restricts the possible layouts of the

lab to linear, since this is the only way for the machines and the robot to fit in this

space.
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However, when considering scaling up a start-up, space should not be restrictive of
testing new configurations for future implementation and development. Therefore,
supposing that we want the lab to at least take up no more area in square meters [m?]
than the already available space, which equals 9,13 m?, and keep its height to 2,24 m,
we could utilize a space with following dimensions:
Length:3,02m | Width:3,02m | Height:2,24 m

to set up an island layout, where the robot will be located in the middle of the lab and
the rest of the machines around it in a circular fashion.

1. Number and position of machines in the cell

For the needs of the current project the number of machines that will be used to
simulate the experiments is five (5) and includes all of the machines that were
thoroughly mentioned in Chapter 4. This number does not constitute a restrictive
parameter for any of the available layouts. However, an increase in the number of
machines should be dealt with thoroughly.

In the same manner, the position of the machines does not play a decisive role in
structuring the lab, because all of the machines are used in the different experiments
without a specific order, thus there is no optimal position for each of the machines.

V. Desired production rates and times

The experiments conducted in the platform are very time-consuming in the sense that
each step of an experiment might have a duration between 2 and even 24 hours.
Therefore the translation times of the robot from workstation to workstation is not a
decisive factor in setting up the laboratory. In spite of that, in case of very long linear
production lines, this should be taken into consideration, since it could add up to
disproportionate translation times to average experiment completion times.

Taking all of these factors into consideration, we can now visualize the two most beneficial
possible layouts for our laboratory, which are no other than the:

v Linear layout with the SCARA robot (Image 7, Image 8)

v Island layout with the Staubli TX2-90XL (Image 9,Image 10,Image 11)

It is worth mentioning that in the frameworks of this project, the ladder layout will not be
analyzed, since the number of machines does not demand such formation and for the
purposes of this study the two other layouts are sufficient. In case of an increase in the number
of machines or due to other factors which may demand the ladder layout, it can be formed
through simple modifications, such as lengthening the vertical rail in the linear lineout and
adjusting the heights of the machines in the circular layout.
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Image 7: Front view of linear layout for biotechnology lab
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Image 9: Front view of island layout for biotechnology laboratory
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Image 11: Diagonal view of the island layout for biotechnology laboratory

2The gray cube represents the frame of the lab, in other words its limits. We could think of it as a metallic
structure, similar to the case with the linear layout.
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KINEMATIC ANALYSIS
OF MANIPULATORS

6.1 Introduction

In this chapter, the most basic details about the kinematics of manipulators will be mentioned
and thorough calculations and relationship derivations will be omitted, since for the needs of
the current project and for modelling two different robotic structures, the Robotics System
Toolbox [17] of MATLAB was utilized to facilitate the procedure and prevent unnecessary long
and complex mathematical calculations. This toolbox provides many features that are useful
for the study and simulation of classic type robotic arm, for example things like kinematics,
dynamics and trajectory generation. The toolbox also provides functions for handling and
converting data types, such as vectors, as well as homogeneous and unit-quaternions, axis-
angle transformations that are necessary to represent the position and orientation
respectively in the 3 dimensions.

It is crucial however that there is a solid background and knowledge of the kinematic analysis
of a robotic manipulator, so that the functions offered by the Robotics System Toolbox can be
used correctly.

6.2 Kinematics

Kinematics is the science of motion that treats the subject without regard to the forces that
cause it. Within the science of kinematics, one studies the position, the velocity, the
acceleration, and all higher order derivatives of the position variables -with respect to time or
any other variable(s). Hence, the study of the kinematics of manipulators refers to all the
geometrical and time-based properties of the motion. The relationships between these
motions and the forces and torques that cause them constitute the problem of dynamics. [20]
In order to deal with the complex geometry of a manipulator, we affix frames to the links of
the mechanism, and then describe the relationships between these frames. The study of
manipulator kinematics involves, among other things, how the locations of these frames
change as the mechanism articulates.

The central topic of this chapter is a method to compute the position and orientation of the
manipulator's end-effector relative to the base of the manipulator as a function of the joint
variables. In order to fulfill this goal, there are two problems that need to be solved: the direct
or forward kinematics problem and the inverse kinematics problem.
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6.2.1 Forward Kinematics

A manipulator consists of a series of rigid bodies (links) connected by means of kinematic pairs
or joints. Joints can be essentially of two types: revolute and prismatic. Conventional
representations of the two types of joints are sketched in Figure 19. The whole structure forms
a kinematic chain. One end of the chain is constrained to a base. An end-effector (gripper,
tool) is connected to the other end allowing manipulation of objects in space. From a
topological viewpoint, the kinematic chain is termed open, when there is only one sequence
of links connecting the two ends of the chain. Alternatively, a manipulator contains a closed
kinematic chain, when a sequence of links forms a loop. The mechanical structure of a
manipulator is characterized by a number of degrees of freedom (DOFs) which uniquely
determine its posture. Each DOF is typically associated with a joint articulation and constitutes
a joint variable .The aim of forward, or else direct, kinematics is to compute the pose of the
end-effector as a function of the joint variables.

REVOLUTE PRISMATIC

|1 —{

Figure 19: Conventional representations of joints[21]

Figure 20: Description of the position and orientation of the end-effector frame[21]

The pose of a body with respect to a reference frame is described by the position vector of
the origin and the unit vectors of a frame attached to the body. The transformation describing
the position of the end-effector relative to the base is obtained by simply concatenating
transformations between frames fixed in adjacent links of the chain. This leads to finding an
equivalent 4x4 homogeneous transformation matrix that relates the spatial displacement of
the end-effector coordinate frame to the base frame. Hence, with respect to a reference
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frame Oup—xvybzp, the direct kinematics function is expressed by the homogeneous 4x4
transformation matrix:

Tb(q) = |Pe@ se(@) ag(@) pe(a)
0 0 0 1

, Where qgis the (nx1) vector of joint variables, n, Se, ac are the unit vectors of a frame
attached to the end-effector, and pe is the position vector of the origin of such a frame with
respect to the origin of the base frame O,—Xvyvzy (Figure 20). ne, se, a. and pe are a function
of . The frame Oy—XvyuZs is termed base frame. The frame attached to the end-effector is
termed end-effector frame and is conveniently chosen according to the particular task
geometry. If the end-effector is a gripper, the origin of the end-effector frame is located at the
centre of the gripper, the unit vector a. is chosen in the approach direction to the object, the
unit vector s is chosen normal to a. in the sliding plane of the jaws, and the unit vector n. is
chosen normal to the other two so that the frame (n,, Se, a.) is right-handed. [21]

6.2.2 Joint Space and Operational Space

As described in the previous sections, the direct kinematics equation of a manipulator allows
the position and orientation of the end-effector frame to be expressed as a function of the
joint variables with respect to the base frame. If a task is to be specified for the end-effector,
it is necessary to assign the end-effector position and orientation, eventually as a function of
time (trajectory). This is quite easy for the position. On the other hand, specifying the
orientation through the unit vector triplet (ne, Se, a.) is quite difficult, since their nine
components must be guaranteed to satisfy the orthonormality constraints imposed before at
each time instant. This problem will be resumed in the Differential Kinematics section.

The problem of describing end-effector orientation admits a natural solution if one of the
above minimal representations is adopted. In this case, indeed, a motion trajectory can be
assigned to the set of angles chosen to represent orientation. Therefore, the position can be
given by a minimal number of coordinates with regard to the geometry of the structure, and
the orientation can be specified in terms of a minimal representation (Euler angles) describing
the rotation of the end-effector frame with respect to the base frame. In this way, it is possible
to describe the end-effector pose by means of the (mXx1) vector, with m < n,

% =[]

, where p, describes the end-effector position and ¢, its orientation.

This representation of position and orientation allows the description of an end-effector task
in terms of a number of inherently independent parameters. The vector x. is defined in the
space in which the manipulator task is specified. Hence, this space is typically
called operational space. On the other hand, the joint space (configuration space) denotes the
space in which the (nx1) vector of joint variables

q1
q:[:
an
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, is defined. It is qi=9ifor a revolute joint and qi = difor a prismatic joint. Accounting
for  dependence of position and orientation from the joint variables, the direct kinematics
equation can be written in following form:

Xe = k(q)

The (mX1) vector function k(-)— nonlinear in general — allows computation of the
operational space variables from the knowledge of the joint space variables. It is worth
noticing that the dependence of the orientation components of the function k(q) on the joint
variables is not easy to express except for simple cases. In fact, in the most general case of a
six-dimensional operational space (m = 6), the computation of the three components of the
function @.(q) cannot be performed in closed form but goes through the computation of the
elements of the rotation matrix, i.e., n. (q), se (q), a. (q). The equations that allow the
determination of the Euler angles from the triplet of unit vectors ne, Se, 2. were given before.
(21]

6.2.3 Inverse Kinematics

The direct kinematics establish the functional relationship between the joint variables and the
end-effector position and orientation. The inverse kinematics problem consists of the
determination of the joint variables corresponding to a given end-effector position and
orientation. The solution to this problem is of fundamental importance in order to transform
the motion specifications, assigned to the end-effector in the operational space, into the
corresponding joint space motions that allow execution of the desired motion.

As regards the direct kinematics equation with the transformation matrixes, the end-effector
position and rotation matrix are computed in a unique manner, once the joint variables are
known. On the other hand, the inverse kinematics problem is much more complex for the
following reasons:

= The equations to solve are in general nonlinear, and thus it is not always possible to
find a closed-form solution

=  Multiple solutions may exist.

= [nfinite solutions may exist, e.g., in the case of a kinematically redundant manipulator.

=  There might be n admissible solutions, in view of the manipulator kinematic
structure. The existence of solutions is guaranteed only if the given end-effector
position and orientation belong to the manipulator dexterous workspace.

The existence of mechanical joint limits may eventually reduce the number of admissible

multiple solutions for the real structure. In cases where solutions do exist, they often cannot
be presented in closed form, so numerical methods are required. [21]

6.3 Differential Kinematics

In the previous section, direct and inverse kinematics equations establishing the relationship
between the joint variables and the end-effector pose were derived. In this section,
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differential kinematics is presented which gives the relationship between the joint velocities
and the corresponding end-effector linear and angular velocity. This mapping is described by
a matrix, termed geometric Jacobian, which depends on the manipulator configuration.
Alternatively, it is possible to compute the Jacobian matrix via differentiation of the direct
kinematics function with respect to the joint variables, if the end-
effector pose is expressed with reference to a minimal representation in the operational
space. The resulting Jacobian, termed analytical Jacobian, in general differs from the
geometric one. The Jacobian matrix depends on the —current- configuration of the robot.
The Jacobian constitutes one of the most important tools for manipulator characterization. In
fact, it is useful for finding singularities, analyzing redundancy, determining inverse kinematics
algorithms, describing the mapping between forces applied to the end-effector and resulting
torques at the joints (statics) and deriving dynamics equations of motion and designing
operational space control schemes. [21]

6.3.1 Geometric Jacobian
Consider an n-DOF manipulator. The direct kinematics equation can be written in the form

T, (q) = [Re(@ Pe (@)
o7 1

Where q = [q; ...qn]" is the vector of joint variables. Both end-effector position and
orientation vary as q varies.

The goal of the differential kinematics is to find the relationship between the joint velocities
and the end-effector linear and angular velocities. In other words, it is desired to express the
end-effector linear velocity p, and angular velocity we as a function of the joint velocities g.
As will be seen afterwards, the sought relations are both linear in the joint velocities, i.e.,

De =]p (Q)q
we = J, (@)

Jpis the (3xn) matrix relating the contribution of the joint velocities g to the end-effector
linear velocity p,whilein J, is the (3xn) matrix relating the contribution of the joint velocities
g to the end-effector angular velocity we. In compact form, the two above relationships can
be written as:

% =ve = || = 1@

, Which represents the manipulator differential kinematics equation. The (6 Xn) matrix ] is the

=[]

, which in general is a function of the joint variables. [21]

manipulator geometric Jacobian:
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6.3.2 Inverse Differential Kinematics

Previously, it was shown how the inverse kinematics problem admits closed-form solutions
only for manipulators having a simple kinematic structure. Problems arise whenever the end-
effector attains a particular position and/or orientation in the operational space, or the
structure is complex and it is not possible to relate the end-effector pose to different sets of
joint variables, or else the manipulator is redundant. These limitations are caused by the
highly non-linear relationship between joint space variables and operational space variables.
On the other hand, the differential kinematics equation represents a linear mapping between
the joint velocity space and the operational velocity space, although it varies with the current
configuration. This fact suggests the possibility to utilize the differential kinematics equations
to tackle the inverse kinematics problem. Suppose that a motion trajectory is assigned to the
end-effector in terms of v. and the initial conditions on position and orientation. The aim is
to determine a feasible joint trajectory (q(t), g(t)) that reproduces the given trajectory. By
considering the relationship found above:

ve = J(q)q

, the joint velocities can be obtained via simple inversion of the Jacobian matrix

q =] (.

If the initial manipulator posture q(0) is known, joint positions can be computed by
integrating velocities over time, i.e.

t .
a(®) = f a(ds +q(0).
0

The integration can be performed in discrete time by resorting to numerical techniques. The
simplest technique is based on the Euler integration method, which is that given an
integration interval At, if the joint positions and velocities at time tx are known, the joint
positions at time txs1= tk+ At can be computed as

q(t, +1) = q(t) + q(t)At

This technique for inverting kinematics is independent of the solvability of the kinematic
structure. Nonetheless, it is necessary that the Jacobian be square and of full rank .[21]

6.3.3 Kinematic Singularities

Kinematic singularities have long been recognized as causing one of the most serious
problems in programming and control of robotic manipulators. It is well-known that when a
manipulator is at-or is in the neighborhood of-a singular configuration, severe restrictions may
occur on its motion. Avoiding or reducing the effects of singularities has been an attractive
topic which has captured the attention of many researchers in robotics during the last decade.
A remarkable number of methods and/or algorithms aimed at computing well-behaved or
robust inverse kinematics solutions have been proposed in the literature, and many papers in
the past have presented simulation results. Close to a kinematic singularity, the usual inverse
differential kinematics solutions based on Jacobian (pseudo-) inverse become ill-conditioned,
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and this is experienced in the form of very high joint velocities and large control deviations.
Nonetheless, when a pre-programmed reference end-effector trajectory is to be tracked, it is
possible either to interpolate in joint coordinates close to singular configurations or to plan
motions so that singularities are avoided. On the other hand, in real-time and sensory control
of robotic manipulators, the reference trajectory is not known a priori and some remedies
must be taken in order to counteract the unexpected occurrence of singularities. The same
kind of problem is encountered in joy-stick control of a robot if the operator attempts to lead
the robot through-or nearby-a singularity using end-effector motion increments.[22]

6.4 Inverse Kinematics Algorithms

Computation of joint velocities is obtained by using the inverse of the Jacobian evaluated with
the joint variables at the previous instant of time

q(tx + 1) = q(t) + 771 (q(tr))ve (ti) At

It follows that the computed joint velocities ¢ do not coincide with those satisfying

q =] (.

in the continuous time. Therefore, reconstruction of joint variables qis entrusted to a
numerical integration. Asa consequence, the end-effector pose corresponding to the
computed joint variables differs from the desired one. This inconvenience can be overcome
by resorting to a solution scheme that accounts for the error between the desired and the
actual end-effector position and orientation. Let

e= X5 — X,
be the expression of such error.

Considering its derivative, we get:

é= Xg— X, =xqg— J(q)q
For this equation to lead to an inverse kinematics algorithm, it is worth relating the computed
joint velocity vector g to the error e so that a differential equation describing error evolution

over time can be given. Nonetheless, it is necessary to choose a relationship between ¢ and e
that ensures convergence of the error to zero.

6.4.1 Inverse Jacobian

The inversion of the Jacobian, which was mentioned before, can represent a serious
inconvenience not only at a singularity but also in the neighborhood of a singularity. For
instance, for the Jacobian inverse it is well known that its computation requires the
computation of the determinant. In the neighborhood of a singularity, the determinant takes
on a relatively small value which can cause large joint velocities. [21]
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6.4.2 Pseudo-Inverse Jacobian

For kinematically redundant robots, the Jacobian matrix is non-square and its inverse can be
obtained using a pseudo-inverse J*. Specifically, if the Jacobian matrix J has a size of m rows
and n columns (m # n), i.e., J is a non-square matrix, its inverse matrix cannot be computed.
In order to solve inverse kinematics task for this case, pseudoinverse of Jacobian matrix is
used, which is expressed as:

Jr=0ntr

Pseudoinverse J+, also called Moore-Penrose inverse of Jacobian matrix, gives the best
possible solution in the sense of least squares.

However, by using the pseudoinverse, the problems of singularities in the Jacobian still
remain. These singularities might occur for instance, when multiple links become aligned in
the same direction and subsequently, identical derivatives for several joints of the robot arm
are obtained. Inversion of nearly singular matrices results in excessively large velocities and
causes unrealistic behavior with oscillations around a singular configuration. In addition to
that, the limits of the robots are not taken into consideration and may lead to false and
inaccurate results.[23]

6.4.3 Damped Least Squares (DLS)

An effective strategy that allows motion control of manipulators in the neighborhood of
kinematic singularities is the damped least-squares technique, which is also the method that
was used within this study. The method corresponds to solving the equation:

J" (@) % = (" (@ J(@) +2°D) ¢

A > 0 is the damping factor and I is the (n x n) identity matrix, which depends on the
dimensions of the Jacobian and thus on the DOF of the respective robot. Also,

%, =Xy + Ke

is the reference value vector with x; that is the time derivative of the desired task function,
K is a positive definite(usually diagonal) matrix and e is the task-space error, to which the
orientation error can also be incorporated .[24]

It can be easily shown that the equation above can be formally written as

q=0"@J(@+ 2D (@)%,

It is worth noting that when A= 0, the damped least-squares solution reduces to a regular
matrix inversion which is ill-conditioned close to a singularity. So, it is essential to select
suitable values for the damping factor. Small values of A give accurate solutions, but low
robustness to the occurrence of singular and near-singular configurations. Large values of A
result in low tracking accuracy even when a feasible and accurate solution would be possible.

The damping factor A determines the degree of approximation introduced with respect to the
pure least-squares solution. In the same manner, using a constant value for A may turn out to
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be inadequate for obtaining good performance over the entire manipulator workspace. An
effective choice is to adjust A as a function of some measure of closeness to the singularity at
the current configuration of the manipulator. To this purpose manipulability measures or
estimates of the smallest singular value can be adopted. A singular region can be defined on
the basis of the estimate of the smallest singular value of J. Outside the region the exact
solution is used, while inside the region a configuration varying damping factor is introduced
to obtain the desired approximate solution. The factor must be chosen so that continuity of
joint velocity q is ensured in the transition at the border of the singular region. We have
selected the damping factor according to the following law:

0
22 = O 505 ,0 2 & .
a- (g) Amax ,otherwise

, Where o : the estimate of the smallest singular value of J
€ : a threshold that defines the size of the singular region

The value of Amax is at the user's disposal to suitably shape the solution in the neighborhood
of a singularity. Utilizing the singular value decomposition method, we can find an estimate
of the smallest singular value of J. [22]

6.5 Trajectory Planning

The goal of trajectory planning is to generate the reference inputs to the motion control
system which ensures that the manipulator executes the planned trajectories. The user
typically specifies a number of parameters to describe the desired trajectory. Planning consists
of generating a time sequence of the values attained by an interpolating function, typically a
polynomial, of the desired trajectory.

The minimal requirement for a manipulator is the capability to move from an initial posture
to a final assigned posture. The transition should be characterized by motion laws requiring
the actuators to exert joint generalized forces which do not violate the saturation limits and
do not excite the typically modelled resonant modes of the structure. It is then necessary to
devise planning algorithms that generate suitably smooth trajectories. In order to avoid
confusion between terms often used as synonyms, the difference between a path and a
trajectory is to be explained. A path denotes the locus of points in the joint space, or in the
operational space, which the manipulator has to follow in the execution of the assigned
motion; a path is then a pure geometric description of motion. On the other hand, a trajectory
is a path on which a timing law is specified, for instance in terms of velocities and/or
accelerations at each point.

In principle, it can be conceived that the inputs to a trajectory planning algorithm are the path
description, the path constraints, and the constraints imposed by manipulator dynamics,
whereas the outputs are the end-effector trajectories in terms of a time sequence of the
values attained by position, velocity and acceleration. [21]

Whenever it is desired that the end-effector motion follows a geometrically specified path in
the operational space, it is necessary to plan trajectory execution directly in the same space.
Planning can be done either by interpolating a sequence of prescribed path points or by
generating the analytical motion primitive and the relative trajectory in a punctual way. In
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both cases, the time sequence of the values attained by the operational space variables is
utilized in real time to obtain the corresponding sequence of values of the joint space
variables, via an inverse kinematics algorithm.

To that respect, it is convenient to refer to the parametric description of paths in space. Then
let p be a (3x1) vector and f (o) a continuous vector function defined in the interval [0}, o5 ].
Consider the equation

r = f(o)

With reference to its geometric description, the sequence of values of p with o varying in
[0i, 05 ] is termed path in space. The equation above defines the parametric representation
of the path I' and the scalar o is called parameter. As ¢ increases, the point p moves on the
path in a given direction. This direction is said to be the direction induced on I by the
parametric representationp = f (o). A path is closed when p(af ) = p(0; ), otherwise it is
open.

Let p; be a point on the open path I on which a direction has been fixed. The arc length s of
the generic point p is the length of the arc of I with extremes p and pi if p follows pi, the
opposite of this length if p precedes pi. The point pi is said to be the origin of the arc length (s
= 0). From the above presentation it follows that to each value of s a well-determined path
point corresponds, and then the arc length can be used as a parameter in a different
parametric representation of the path I

p = f(s),s €[01]

, Where s = %, o € [0, L], with L representing the current length of the path.

The range of variation of the parameter s will be the sequence of arc lengths associated with
the points of I'. Consider a path I' represented by the relationshipp = f(s). Let p be a point
corresponding to the arc length s. Except for special cases, p allows the definition of three unit
vectors characterizing the path. The orientation of such vectors depends exclusively on the
path geometry, while their direction depends also on the direction induced on the path. [21]

Considering the simplest case, which is connection of the initial and final points of a path with
line segments, the parametric representation of the path is expressed as following:

p(s) = pi +sr — pi)

The velocity of point p is given by the time derivative of p:

, dp . )
p(s) = 5 = (pf — pi)S

Then, $ represents the magnitude of the velocity vector relative to point p, taken with the
positive or negative sign depending on the direction of p along t. The magnitude of p starts
from zero at t = 0, then it varies with a parabolic profile as the above choice of linear segments
for s(t), and finally it returns to zeroat t = tr .

Let x, be the vector of operational space variables expressing the pose of the manipulator’s
end-effector. Generating a trajectory in the operational space means to determine a function
X (t) taking the end-effector frame from the initial to the final pose in a time t; along a given
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path with a specific motion timing law. First, consider end-effector position. Let p, = f(s) be
the (3x1) vector of the parametric representation of the path I as a function of the arc length
s. The origin of the end-effector frame moves from p; to py in a time t;. For simplicity,
suppose that the origin of the arc length is at p; and the direction induced on T is that going
from p; to ps. The arc length then goes from the values=0at t=0 to the value s = s¢(path
length) at t = t . The timing law along the path is described by the function s(t). In order to
find an analytic expression for s(t), either a cubic polynomial or a sequence of linear segments
with parabolic blends can be chosen. [21]

The choice of a third-order polynomial function to generate a timing law represents a valid
solution for the problem at issue. Therefore, the cubic polynomial and its derivative presented
below can be chosen.

s(t) = astd + at? + a tt + qq
S"(t) = 3a3t2 + Zazt + aq

Usually, t; = 0 and ¢ty = T, which is the total time assigned by the user to traverse the path.
Since four coefficients are available, it is possible to impose, besides the initial and final
position values s(0) and s(T), the initial and final magnitudes of the velocity vector relative
to point p, 5(0) and s(T), which are $(0) =0, $(T) =0 as it was already mentioned.
Determination of a specific trajectory is given by the solution to the following system of
equations:

Ay = 0
a, = 0
a3tf3 + aztfz =1
3aste® + 2axty = 0

However, in the case where the trajectory is more stringent and the constraint condition is
increased, the cubic polynomial interpolation cannot satisfy the requirement, and a high order
polynomial is used for interpolation. For example, when the starting point and the ending
point of a certain path are specified for the position, velocity and acceleration of their joints,
a quintic polynomial can be used for interpolation. The functional equation of the joint angle,
velocity and acceleration is as follows:

s(t) = ast® + aut* + aztd + at? + a tt + a
$(t) = 5ast? + 4a,t3 + 3a3t? + 2a,t + a4
§(t) = 20ast> + 12a,4t? + 6ast! + 2a,

Usually, t; = 0 and ¢ty = T, which is the total time assigned by the user to traverse the path.
Since six coefficients are available, it is possible to impose, similar to before the values s(0) =
0,s(T)=1,s5(0) =0, s(T) =0,5(0) =0, §(T) = 0. Determination of a specific trajectory
is given by the solution to the following system of equations:

a0=0
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a, =0
a, =0
ast® + ast* + aztd =1
Sast* + 4a,t3 + 3a3t? =0

20ast3 + 12a,t? + 6ast! =0

The same approach is also valid for the creation of joint trajectories, but instead of points in

space, specified are the joint values g. In the case of joint trajectories, there is no need for

solving the inverse kinematics. [25]

6.6 Implementation on Robotic Manipulators

For the purposes of the current study, two robotic manipulators are modeled and analyzed as

to their kinematics, in order to be incorporated into the environment of the biotechnology

laboratory that is set up. The methodology followed in both cases is similar and only few things

change throughout. In general, the steps that follow are according to the respective theory

analyzed above.

Forward Kinematics (FK)

The theory used for the trajectory planning in the cartesian space can also be

extrapolated in the joint space, where the timing law can basically remain the same,

and the only things that change in the trajectory is that instead of the initial and final

desired position p and the velocity of point p, we use the initial and final desired joint

angles q and their respective velocities g. In the current thesis, there are two ways of

expressing the forward kinematics.

a.

When the desired task is to retrieve the current position of the end-effector,
which is used for the trajectory planning in the cartesian space, then the
position is expressed as the homogenous transformation from the basis of the
robot to its tip (end-effector). Used for this task is the built-in function of
Matlab getTransform.

17 $o0ffset between wisual EE and actual EE

18 - T dummy e=[1 0 O 0.071004;0 1 0 0.025%014 ; 0 0 1 0 ;0 0 O 1]
19

20 fthomogenous transformation for robot chain

21 = Trans= getTransform(robot,double (), 'ee_link');:

22

23 ¥fTransformation from visual EE to actual EE

24 - T _fi= Trans* T dummy e;

25 — P o=T fi(l:3,4);

Figure 21: Calculation of Homogenous Transform T with Matlab Robotics Toolbox

If there is an offset between the end-effector as it is expressed in the URDF,
and the end-effector as it is expressed in the visual environment, it should
always be taken into consideration when expressing the final position of the
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end-effector. For example, this offset could be presented when a new
gripper part is tested on a robot.

When the desired task is to bring the robot arm to a specific configuration and
when the position of the end-effector is of no importance, then the forward
kinematics are expressed with the help of the trajectory planning in the joint
space. For example, if we want the robot to always return to a fixed “Home”
configuration, then by setting the final configuration as q_f to specific values
for each joint, and by retrieving the current configuration g_i of the robot, the
trajectory can be planned. In this case there is no need for inverse kinematics
to be solved, since the final position of the end-effector does not play a
significant role. g_f and q_f are vectors of length (5x1) for the SCARA and
(6x1) for the STAUBLI. It is also possible to create separate programs that each
controls only a specific number of joints each time, if that is desired.

Trajectory Planning

For the trajectory planning, the simplest approaches possible have been adopted for

each separate case. Namely:

a.

Taking into account the structure of the SCARA type robot, which allows
movements along the x,y and z axis, however rotation only around one axis-
in our case the z axis-, the form of the trajectory does not need to be more
complicated than movements along linear segments. To that respect, the
cubic polynomial is used for the time law. The SCARA robot therefore
translates from one position to the next, following a straight line. The
intermediate points must thus be carefully selected, so as to abide by this
convention and receive better simulation results.

STAUBLI

As for the Staubli, which is a 6-axis robot, the trajectory is more stringent and
the constraints are increased. In that case the cubic polynomial interpolation
cannot satisfy the requirements, and a fifth order polynomial is used for
interpolation. The quantic polynomial ensures smoother transition between
the different positions when compared to the cubic polynomial and is

preferred for articulated robots, like the STAUBLI.

Jacobian

The Jacobian depends on the current configuration of the robot, it therefore changes

every time, since the orientation and position of the end-effector change accordingly.

In order to facilitate its calculation at every time step, the built-in function of Matlab

geometricJacobian is used. However, the Jacobian calculated by Matlab has

its rows reversed. Therefore, it is necessary to reverse their order before proceeding

further. The Jacobian retrieves the position and orientation of the end-effector to the

base frame of the robot.
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- Jac_rev = geometricJacoblan(robot,doukle (q), '=e_link');
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Figure 22: Calculation of Geometric Jacobian with Matlab Robotics Toolbox

Jacobian for the SCARA type robot. This is due to the fact that SCARA robots
can only rotate around one axis, which in our case is the z-axis. Therefore, we
do not need the whole Jacobian matrix.

as rotate around all of the axis. Therefore, the whole Jacobian matrix is
maintained.

Damping factor A

The damping factor that is used for the DLS algorithm is calculated according to the
respective theory. SVD is utilized to retrieve the singular configuration matrix of the
Jacobian and to find in that way an estimate of the smallest singular value. 1,,,x  was
chosen to equal 0.04 in our case. This value depends on the user and the robot at
hand. This number in our case was retrieved based on the robot models and the
bibliography recommendations. The threshold & was calculated for the singular case
where the robot arms had all of their links aligned, which is a singular position for both
of the robots.

a7 $damping factor k wia 5VD
88 — [~,5,~] = svd(J);

e sigma=min (5 (5>0))

100 — lamdamax=0.04;

101 = eps= l0e-4;

lo2

103 — if sigma >= eps

104 — lamda = 0;

105 — else

108 — lamda= sgrt((l- (({sigma/eps)"2)* (lamdamax"2))):
107 - end

Figure 23: Calculation of damping factor A with SVD

DLS

As mentioned before, the inverse kinematics algorithm that is used is expressed in the
equation below, which calculates the joint velocities of the robot.

q=0U"@J@+ 2D JT(@)(va + Ke) ()

Incorporating the joint limits that apply in reality for a robotic manipulator can be
tricky. In order to include the limits that may already be specified for the robot, we
must reformulate the problem using quadratic programming.
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VI.

Matlab has the built in function quadprog thatis a solver for quadratic objective
functions with linear constraints. quadprog finds a minimum for a problem
specified by

A-x<b,
min %A‘TIHI + fTx such that § Aegq - x = beg,
! b < x < ub. (1N
, where H,A, andAeqare matrices, andf, b, beq, |b, ub, andxare vectors.
x = quadprog(H, f,A,b,Aeq,beq, 1b, ub) solves the preceding problem
subject to the additional restrictions Ib < x < ub. The inputs |b and ub are vectors of
doubles, and the restrictions hold for each x component. If no equalities exist,
set Aeq =[] and beq =[] and similarly if no A*x < b restrictions exist, the respective
arguments are set to []. Taking into account that the robots have a joint range and
limits that have been mentioned previously and that the manipulators need to abide
by, in the case studied the existing restrictions take the form Ib < x < ub, where Ib the
minimum and ub the maximum limits for each joint.
Combining the relationships (I) and (I1), it is apparent that

x=q
H=]"(@) (@) + 2*I
f= —(wat+Ke)'J(@)

We can now find the values for ¢, which will be used to compute the new
configuration of the robot joints at each time instant dt, which will be then fed to the
VREP platform for every time step dt, updating thus the position of the joints and
making the robot move according to the planned trajectory, until the final time T is

reached.
110
111 %3
112 - g min=[-1.9;0;-2.1:;-2.5;0]:
113 — q max= [1.75:1.9;2.1:2.5;0]:
114 — 1b=(q_min-vq) /dt;
115 — ub=(q_max-q)/dt;
11&
117
118 T ic programming
119 - H=(J'*J +((lamda)"2)*eye(5,5)):
120 — b=([v:wd (3} 1+ e):
121 — f=—(b')*J
122 — gd = guadprog (double (H) ,double (£), [1,[1,[1,[],doukle (1b),double (uk))
123
124 — o= g+gd*dt; %joint position at t+dt

Figure 24: Quadrating programming and solving of Inverse Kinematics with Matlab Robotics Toolbox

Update configuration of manipulators and end-effector pose

After calculating the desired trajectory and solving the inverse kinematics at hand, the
visualization of each iteration step is needed so that the robotic arm can smoothly
move to the desired end-point and acquire a new pose in space. For this purpose, the
VREP remote API functions for MATLAB client are used. These functions are fed with
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the new values of g that are calculated at each time step dt and are translated into
commands in the VREP environment, where the robot moves accordingly. The smaller
the time step dt is, the smoother and more accurate the final motion of the
manipulators is. This procedure from the beginning of the kinematic analysis to the
final visualization is shown in Figure 25.

Matlab program

. . rdinate of
r— numerical calculation —» Cog c}ff:‘f*’ o
structure parameters— kinematic mode]—‘ end-eftector

—— graphic simulation —pose of end-effector
Figure 25: Validation flowchart of kinematic model[26]
The robotic manager architecture, incorporating sensors and cameras for the live localization

of the machinery, the robotic arms and the well-plates is presented in Figure 26 schematically
for comprehension.

INPUT

. 4

Robotic Manager
A
Live Localization

0 Trajectory Planner Localization

2 Static DB
L

Trajectory
| Plan
Motion Planner
Robotic arm Motion Base arm Motion V-REP API
Controller Controller
Robotic arm Custom Hardware V-REP
Physical Lab Simulated Lab

Figure 26: Robotic manager architecture

It is thus easily understood that the above mentioned approach, which is applied on two
different robotic manipulators, can also be applied on other various robotic arms with small
adjustments that mainly concern the robot itself, such as the number of DOF’s, the range and
limits of its joints as well as the lab settings that the robot is found in. However, it should be
noted that this methodology is followed for the case where the machinery has predefined
positions in space and also the consumables have predefined shapes and sizes. The behavior
of the system under different circumstances is unknown and will not be analyzed within the
frameworks of the current thesis.
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SIMULATION

7.1 Visual Simulation Models

According to the information provided in the previous chapters, the simulation models that
will be tested can be finalized. The most important factor of the simulation that has been
stressed throughout the current project is to provide flexibility to the researcher and to be
parameterized in a way that any experiment protocol can be brought through, regardless of
the number or type of machines, the order of their use during an experiment or even
regardless of the background of the user.

7.1.1 Robots

After expressing the kinematic chain of each robot as URDF file the models are inserted in the
simulation scene. Each robot consists of its own links and joints, while in the URDF files two
more entities were added, namely the ee 1link and the world, which were mentioned
in the respective chapter, as well.

The role of the wor1d entity, which will be referred to as the robot’s world frame and is by
no means to be confused with the global frame of VREP, is to provide a reference frame for
everything that happens in the simulation scene. Since the robotic arms constitute the central
theme for the function of the robotic systems at hand, it is logical that not only the position
and orientation of the robotic links, but also the position and orientation of all the
components of a scene are expressed with reference to this frame. The wor1d entity is fixed
in the laboratory space, which is mandatory to have uniformity in the expression of different
objects in the lab.

Respectively, the ee 1ink represents the actual final end-effector position, which is always
approximately the middle of the gripper and the point where the microplate is attached.
However, it is possible that the ee_link of the URDF file does not represent the actual gripping
point, but rather the base of the gripper or the final joint of a robot. In that case, a visual
ee_link_dummy is added in the VREP scene. The visual gripping point ee_link_dummy is then
expressed with respect to the ee_link of the URDF, via the respective offset and this is later
expressed with respect to the wor1d. Maintaining a homogenous expression of position and
orientation is the key to a successful and accurate simulation.

55



7- SIMULATION

,.

a-ee_link_dummy

Image 12: ee_link_dummy for SCARA (left) and STAUBLI (right) robots

7.1.2 Lab Equipment

The lab equipment, including the machines, the input and output positions from which the
microplates are received and returned to at the beginning and the end of each experiment
respectively, as well as the consumables, are inserted in the scene according to the desired
layout. The goal is to create an environment, where the robot will be able to spot the loading
and unloading points of each machine with respect to the its world frame. In order for the
robot to understand, which machines it should visit during an experiment, dummy objects are
set in the loading-unloading positions of each machine and are named after their machines.
It is important that the orientation of these dummy points is the same as the orientation of
the ee_link_dummy so that the robotic arm may be able to approach the right position with
the correct orientation. The positions where the robotic arms should unload and load a
microplate in the machines and the surroundings of the lab are presented in Image 13.

.baT“ L i \
,,u\

e
= Dal gl \\

)-0-9

Image 13: Loading- unloading points of laboratory machines
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7.1.3 Safe Positions

These dummies are not only used to express the position and orientation of an object with
respect to the world frame of the robot, but are also used as references to describe some
other positions in space, which are necessary for the robot in order to plan its trajectory
smoothly.

For example it is highly recommended that intermediate points are used between the robot
Home position and any Machine Position. Defining a Machine Safe Position helps eliminate
collisions of the robot with the lab equipment. Such a machine position can be defined as the
(Machine Position +/- an offset). The offset can represent a distance from the actual loading-
unloading position which is deemed safe for the robot to approach, before completing its task.

Safe Positions in the experiments to follow are defined for following cases:

— Before the SCARA robotic arm approaches the rotary base on which the microplates
change orientation to avoid collision with the machines during folding/ unfolding of
the arm and with itself

— Before the SCARA robotic arm approaches the Input/ Output positions to avoid
collisions with the frame of the laboratory

— Before the SCARA and the STAUBLI robotic arms approach the Loading/ Unloading
positions of each machine to avoid irregular arm movements and collisions with the
machines

In real-life experiments, this procedure is accomplished with the use of a live localization
system, which gives feedback to the robot as to its end-effector position with the use of
cameras and vision sensors.

7.1.4 Parameterization of the simulation

In our case, once the simulation environment is set and the dummies are defined, VREP stores
this information and communicates it to Matlab. So, for example, by giving a command to
Matlab for the robot to reach the Centrifuge, VREP having the machine’s position and
orientation stored, may parse this information to Matlab, where the code is responsible for
the rest. Therefore, parameterizing the problem at hand is easy.

The existence of multiple intermediate points makes it necessary for the trajectory to be
recalculated every time between two different points. More specifically, the trajectory is
computed every time that the robot needs to move between two points A and B. Matlab
requests from VREP the position and orientation of point A, which is the initial current position
P_o of the end-effector, as well as the position and orientation of point B, which is the final
desired position P_f the end-effector has to reach. After the robots moves from A to B, then
the new position A’ is basically the position B of the previous trajectory. In order for the robot
to start a new movement between A’ and C, a new trajectory with the updated positions has
to be recalculated. The trajectory is then followed by the robotic manipulator according to its
inverse kinematics programming and the position of the end-effector is updated in VREP at
every time step dt .
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Among other parameters that can be controlled by the user is the resolution of the results
and the smoothness of the robot’s movements. It is apparent that the smaller the time step
dt is, the more accurate and smooth the movement of the robot will be, since the
interpolation number is higher and more points of the trajectory are calculated.

7.2 Experiment Protocols

An experiment protocol describes the necessary actions for an experiment to be conducted,
from its beginning to its end. Examples of experimental protocols are provided below for two
experiments, which are dependent on each other, since Experiment 02 needs material from
Experiment 01.

N

2 ~ ~
.‘/ Experiment 01 begins in the cell \-. /Expen'ment 02 begins in the oell\
'\Cell culture and antibody activation /’ '-\\ Cell viability (CellTiter-Glo) /,f‘

& i R >

Plate A moves to
Plate A moves to

................. Liquid Handler next
Liquid Handler Bl 2 to Plate C.
' !
50 ul Cd33 Ab removed Media is added and liquid is transfered o Plate C moves fo Freezer
Wahs X3 with PBS (100-200 ul) from C to A (50 ul) k] (kept as stock)

! |

Plate B moves to Liquid Handler
------------- > necxt to plate A. :
Transfer cells (100 ul) romB to A a7 dg:]c(t:ma:ozr v

| )

Plate A moves to

v

Plate B is discarded

J Plate C moves to liquid handler Plate A moves to Liquid
------------ nextto Plate A Handler.
‘ Transfer from C to A.

!

Plate D enters the cell and is moved to

Liquid Handler next to Plate A. Let for 30 Plate D moves to Freezer
min. in room temperature. Liquid is L (for further usage)

transferred from D to A.

A

Plate A movestoincubator |  -mmmmemeed] >
(37 degC for 2-4 days)

v

Plate A moves to centrifige. Mix contents for
2 min. Stop and let equilibrate at room

KEY temperature for 10 min.
Movement required to be 3
executed by the robotic Plate A moves to Plate > Plate A i
arm (inside the cell) Reader. 1 discarded.
Placement of
prepared trays
inside the lab by
______ technician

Figure 27: Experiment protocol examples
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7.3 User Interface (Ul )

The facilitation of the communication between the user (researcher) and the simulation
environment is of major importance, since the platform must be accessible enough to people,
who do not have deep robotics knowledge. The goal is to simply communicate an experiment
protocol as presented above, with the least effort possible, thus building a Ul friendly to its
user is the first step towards a successful simulation.

Upon starting the programs main SCARA.m and main STAUBLI.m, which are the two
Matlab programs responsible for everything that happens inside each lab, the user is asked to

Input working station:

At this point, the user can input the name of the workstations — laboratory machines — which
are included in the experiment and in the order that the user wishes each machine to be used,
along with the time that the user wishes for the test specimen to remain in each machine. The
available machine options that the user can type for the laboratories at hand are:

— Opentrons
— Centrifuge
— EnVision

— STR44

— STR240

Each machine can be used more than once, if the experiment demands that a specific
workstation is visited multiple times. After including all the machines and respective times in
the correct order the user can type stop to indicate that the experiment protocol is complete
and that all the necessary equipment have already been referred to.

For the needs of the current study, the times have not been taken into consideration, since
they can even reach two days of waiting in a specific machine. Thus, this procedure is
represented by pausing the arm movements for a few seconds.

After the protocol is input in the platform, the program checks if the robot is located in its
Home position , which is a safe position for the robot to start any experiment. If it is, the user
is prompted with the notification:

Robot is in Home Position-Ready to start experiment

Otherwise, the robot moves to its Home position and then the user is asked for one last if
he/she wishes to proceed with the experiment. The default answer is set to YES.

Do you wish to continue to experiment? Y/N [Y]:

If the user types N, then the experiment is interrupted. If the user types Y, the experiment
starts according to its protocol.

After completion of the experiment, the user is notified accordingly:

Experiment successfully completed!
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Below, a flowchart is provided, representing the interaction of the user with the platform.

xperiment protocol from
user

no

Does user still want to
proceed with experiment?,

A 4

[

Wait for technician to
put well-plate in input
position

[

Return to Home

no Start experiment

Is well-plate in input protocol

position?

Is experiment
completed?

User receives report on the
experiment results
J

< J
<

no
s robotic arm in Home
position?

End of experiment

Figure 28: User interface flowchart

7.4 Simulation of Experiment with SCARA and STAUBLI

After the start of the experiment, the robot acquires different positions and configurations in
space, which depend on its final destination and the constraints that are imposed. Below, a
series of images is presented, showing a series of changes in the position and orientation of
the robotic arm for both the SCARA and the STAUBLI.

7.4.1 SCARA

Image 14: Home position of SCARA robot (input position)  Image 15: SCARA grabbing plate from technician
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Image 16: SCARA above well-plate on rotating base Image 17: Safe distance from machines for SCARA
(used to change plate orientation if needed)

Image 18: Gripper is open ready to leave/grab plate Image 19: SCARA returning plate to technician (output
for SCARA position)

Image 20: Return of SCARA to Home
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7.4.2 STAUBLI TX2-90XL

Image 24: STAUBLI ready to leave/grab plate from machine
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A

Image 26: Return of STAUBLI to Home
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7.5 Collision Detection

Collisions of the robotic arm with the surrounding area can cause significant damage both to
the robot itself and to the work being done. In the virtual environment, unlike the real one,
conflicts have no consequence and their purpose is to warn the user. In this way, the operator
can program the arm's trajectory, preventing collisions before they can occur.

V-REP can detect collisions between two collidable entities in a very flexible way. The
calculation is an exact interference calculation. The collision detection module will only detect
collisions, it does however not directly react to them, something which depends on the
dynamic modeling of the scene that exceeds the purposes of this thesis.

More specifically, a colliding property, also mentioned before, was added to both the robots
and all objects in the surrounding environment. This option helps recognize the collision
between two objects, while allowing for overlap. The collision detection module allows
registering collision objects which are collidable entity-pairs consisting of a collider entity and
collidee entity. During simulation, the collision state of each registered collision object can
then be visualized with a different coloring.

In order to define the collidable entity-pairs that we want to be detected during simulation,
utilized is the “collection” function of provided by VREP, which is a user-defined collection
of scene objects. V-REP supports calculations based not only on objects, but also on
collections. For instance the collision detection module allows registering following collision
pair: (collection A; object B). The collision checking algorithm will then check whether the
collection A (any object composing it) collides with object B. In our case we set three different
collections which refer respectively to:

The goal is to check for collisions between the robots and the surrounding objects of the scene
(COLLECTION A; All other entities-machines, frame, objects in scene) and to check for
collisions between the robotic arms and their “bodies”, since it is possible that a robot may
collide with itself as well. (COLLECTION B; COLLECTION C). When the two objects, between
which the collision is checked, stop contacting each other, the color of the entities is reset to
its initial state. The following pictures show some cases of robot collisions with other objects.
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/

Image 27: Collision of SCARA with rotating base Image 28: Collision of SCARA robot with Centrifuge
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RESULTS

8.1 General Remarks

Following diagrams are the results of the simulations during different experiments. Only the
most basic movements of each robot are included in these diagrams for the sake of brevity,
however the behaviors of the robots do not change dramatically between movements. It is
important to note and pay attention to the scale of the axis of each diagram. Specifically, in
some cases the graphs may seem to diverge or present important errors, but this is usually
due to the scale of the axis whose magnitude might represent changes to the 1073.

For the SCARA it is worth noting that the 5™ joint, namely the joint of the gripper, which
rotates it, is set to O for all the simulations at hand. This is due to the fact that since the
machines are all in a row there is no need for the gripper to rotate. If that is needed, then the
respective joint can be “activated” by setting its upper and lower limits in the
SCARAplatetraj.m program.

The same approach can also be utilized for the STAUBLI robot. In the simulations below the
joints of the robot are all activated and work according to their limits, as they are set by the
company and which were mentioned in previous chapters. If however the robot behaves
unexpectedly, in the sense that it does not keep the well-plate parallel to the ground, the 4"
and 6™ joints can be set to 0. The fourth controls the rotation of the forearm, meanwhile the
sixth controls the rotation of the tool flange. Keeping these two still, then the problem can be
addressed accordingly.

Overall, the resulting graphs are very satisfying, showing that the methods and algorithms
used achieved the expected, which was the control of the robotic arms, according to their
own and their environment’s specifications. More specifically:

v" The movements of the robots are always within their predefined limits and never
exceed them, as the Joint Angles diagrams represent.

v' The velocities have the expected curve form in both cases of the simulation.

v" The position error is eliminated in most cases with the exception of the Home-Plate
movement of the SCARA. This most probably happens because the translational joint
(1% joint of SCARA) is inactive, because we want the move to be stationary, while at
the same time the points that are fed to the robotic arm are not fully linear, which
makes it a little more difficult for the arm to follow. This is also why errors are
observed, but still not big enough to disrupt the experiment and influence its accuracy

The results of the SCARA and the STAUBLI will be presented separately. The diagrams refer to
simulations with T=1 and dt= 0.01.
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8.2 SCARA

A. From Home position to safe position before Input position via FK
Actual End-Effector Displacement (FK)
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Diagram 1: EE position of SCARA with FK- Home to Safe Position
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Diagram 3: Joint velocities of SCARA with FK- Home to Safe Position

67



8- RESULTS

B. From safe position before |

nput position to Input via IK
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Diagram 4: Desired vs Actual EE position of SCARA during IK- Safe to Input Position
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Diagram 5: Joint angles of SCARA during IK- Safe to Input Position
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C. From Home position to safe position above Plate on rotating base via IK
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Diagram 7: Desired vs Actual EE position of SCARA during IK- Home to Safe Position
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Diagram 8: Joint angles of SCARA during IK- Home to Safe Position
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D. From safe position above Plate to Plate on rotating base via IK
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Diagram 11: Joint angles of SCARA during IK- Safe position to Plate
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Diagram 12: Desired vs Actual EE velocity of SCARA during IK- Safe position to Plate
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E. From Machine 1 to Machine 2 via IK
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F. From Home position to safe position before Output position via FK
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Diagram 17: Joint angles of SCARA with FK- Home to Safe Position

Diagram 18: Joint velocities of SCARA with FK- Home to Safe Position
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Diagram 16: EE position of SCARA with FK- Home to Safe Position
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G. From safe position before Qutput position to Output via IK
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Diagram 19: Desired vs Actual EE position of SCARA during IK - Safe to Output Position
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Diagram 20: Joint angles of SCARA during IK- Safe to Output Position
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Diagram 21: Desired vs Actual EE velocity of SCARA during IK- Safe to Output Position
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8.3 STAUBLI RX-90

A. From Home position to Input position via IK
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Diagram 22: Desired vs Actual EE position of STAUBLI during IK- Home to Input Position
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Diagram 23: Joint angles of STAUBLI during IK - Home to Input Position
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Diagram 24: Desired vs Actual EE velocity of STAUBLI during IK- Home to Input Position
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B. From Home to Machine via IK
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Diagram 25: Desired vs Actual EE position of STAUBLI during IK- Home to Machine
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Diagram 26: Joint angles of STAUBLI during IK- Home to Machine
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Diagram 27: Desired vs Actual EE velocity of STAUBLI during IK- Home to Machine
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C. Machine to Home via FK
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Diagram 28: EE position of STAUBLI with FK- Machine to Home
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Diagram 29: Joint angles of STAUBLI with FK- Machine to Home
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Diagram 30: Joint velocities of STAUBLI with FK- Machine to Home
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D. From Home to Qutput Position via IK
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Diagram 31: Desired vs Actual EE position of STAUBLI during IK- Home to Output Position
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Diagram 32: Joint angles of STAUBLI during IK- Home to Output Position
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Diagram 33: Desired vs Actual EE velocity for STAUBLI- Home to Output Position
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9- CONCLUSIONS AND WORK

CONCLUSIONS
AND FUTURE WORK

9.1 Contribution

This diploma thesis describes a methodology for developing a robotic biotechnology lab model
in a virtual environment. The process involved both the introduction of 3D models for the
representation of the physical space and their programming so that the moving parts —the
robots —would gain "life" and interact with the rest.

The main contribution of this work is the development of a methodology towards the
kinematical control of two different robots and two different system layouts, which can be
used as a low cost alternative to impedance control or visual servoing of the robot or to
expensive high-accuracy robots. The thesis can provide a background for expanding or even
developing other related methodologies.

Specifically covered were:

1. Model of custom made SCARA type robotic arm with fully developed kinematic
chain linkage.

Model of Staubli TX2-90XL robotic arm with fully developed kinematic chain linkage.
Actual model of the biotechnology laboratory space with dimensions and layouts.
Direct and inverse kinematic analysis of the robotic arms at hand.

vk wnN

Simulation of complete experimental protocols in the virtual environment VREP.

9.2 Advantages of virtual environments

The conventional task scheduling of an industrial robot has always been based on the
experience of the operator, who was planning his orbit while in operation. This way, besides
being time consuming, it ran the risk of error, endangering the integrity of the operator, the
industrial equipment as well as the work. Nowadays, young engineers and craftsmen are
called upon to do the programming work. Due to their familiarity with virtual reality
technologies, the use of the latter in this work gives fast, reliable and secure results.

There is an obvious economic benefit, as well. Money is saved because of reduced labor hours,
failed efforts, and the damage caused by collisions. Also, such a system can be used to properly
study the installation of additional mechanical equipment in an already existing environment.
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9.3 Suggestions for future development

The development of the laboratory set up and the trajectory planning been successful, but
there is still room for improvement.

As far as the laboratory set up is concerned:

= The experiment scenarios tested for the purposes of this thesis included only 5
machines — workstations, as part of the laboratory. These machines are the most
common found in a biotechnology laboratory and most often used to conduct
experiments. A possible extension could be to include more specialized machines in
the same laboratory set ups for the conduction experiments. For example, a Flow
Cytometer, a High-Content Screening and a Microplate Dispenser could be such
additions.

= |n the current project the experiments were also simulated one- by —one, meaning
that a new experiment was planned to begin right after the previous experiment was
completed. Implementing algorithms on the planning of Flexible Manufacturing could
allow for multiple experiments to take place in the laboratory at the same time.
Incorporating markers and vision systems to recognize the different microplates
foundin the lab at each instant, the robot could receive multiple experiment protocols
and complete them simultaneously, increasing thus the productivity of the cell.

As far as the control of the robotic arms is concerned:

= The research focused on the kinematic analysis of the robotic arms, completely
ignoring their dynamics. A dynamic simulation could be attempted to analyze the
oscillations while the robots are in operation, as well as their effect on the accuracy
of the trajectory.

= Alive localization system with the addition of cameras can be implemented to ensure
accuracy. An arm camera could be used to align the arm with the machine entry points
and also one camera that can spot the position of the machines and the well-plate.
These cameras can be utilized to correct position errors and give live feedback.

= Experimental results from the control of the Staubli TX2-90XL robotic arm could be
modeled on a physical level with the information provided from the virtual
environment via the language V+. To that respect, Matlab-VREP output files
concerning the position of the end-effector or the values of the joint angles at each
configuration could be passed via a V+ controller to the actual model of the Staubli to
assess the actual behavior of the robot and if it coincides with the simulated one.
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URDF Template[27]

e Root element

<robot
name>

e Link element

<link
name> (required)

o The name of the link itself.
<inertial> (optional)
o The inertial properties of the link.

<origin> (optional: defaults to identity if not specified)

o Thisis the pose of the inertial reference frame, relative to the link reference
frame. The origin of the inertial reference frame needs to be at the center
of gravity. The axes of the inertial reference frame do not need to be aligned

with the principal axes of the inertia.
xyz (optional: defaults to zero vector)
o Represents the x,y,z offset.

rpy (optional: defaults to identity if not specified)

o Represents the fixed axis roll, pitch and yaw angles in radians.

</origin>

<mass>

o The mass of the link is represented by the value attribute of this element

</mass>
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<inertia>
o The 3x3 rotational inertia matrix, represented in the inertia frame. Because
the rotational inertia matrix is symmetric, only 6 above-diagonal elements of
this matrix are specified here, using the attributes ixx, ixy, ixz, iyy, iyz, izz.
</inertia>
</inertial>
<visual

name> (optional)

o Thevisual properties of the link. This element specifies the shape of the object
(box, cylinder, etc.) for visualization purposes. Note: multiple instances of
<visual> tags can exist for the same link. The union of the geometry they
define forms the visual representation of the link.

o Specifies a name for a part of a link's geometry. This is useful to be able to
refer to specific bits of the geometry of a link.

<origin> (optional: defaults to identity if not specified)

The reference frame of the visual element with respect to the
reference frame of the link.

Xyz (optional: defaults to zero vector)
o Represents the x,y,z offset.
rpy (optional: defaults to identity if not specified)
o Represents the fixed axis roll, pitch and yaw angles in radians.
</origin>
<geometry> (required)
o  The shape of the visual object. This can be one of the following:

— <box size / > attribute contains the three side lengths of the box.
The origin of the box is in its center.

— <cylinder radius length/> The origin of the cylinder is its center.
— <sphere radius/> The origin of the sphere is in its center.
<mesh>

o A trimesh element specified by afilename, and an
optional scale that scales the mesh's axis-aligned-bounding-box.

-2-
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The recommended format for best texture and color support is
Collada .dae files, though .stl files are also supported. The mesh file
is not transferred between machines referencing the same model. It
must be a local file.

</mesh>

<material
name> (optional)
o The material of the visual element. It is allowed to specify a material
element outside of the 'link' object, in the top level 'robot' element.
From within a link element you can then reference the material by
name.
</material>
<color> (optional)
o rgbaThe color of a material specified by set of four numbers
representing red/green/blue/alpha, each in the range of [0,1].
</color>
<texture> (optional)
o The texture of a material is specified by a filename
</texture>
</geometry>
</visual>
<collision

name> (optional)

o The collision properties of a link. Note that this can be different from the
visual properties of a link, for example, simpler collision models are often
used to reduce computation time. Note: multiple instances of <collision> tags
can exist for the same link. The union of the geometry they define forms the
collision representation of the link.

o Specifies a name for a part of a link's geometry. This is useful to be able to
refer to specific bits of the geometry of a link.

<origin> (optional: defaults to identity if not specified)

o The reference frame of the collision element, relative to the reference frame
of the link.

Xyz (optional: defaults to zero vector)
o Represents the x,y,z offset.

rpy (optional: defaults to identity if not specified)
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o Represents the fixed axis roll, pitch and yaw angles in radians.
</origin>
<geometry>

o See the geometry description in the above visual element.
</geometry>

</collision>

</link>

e Joint element

<joint
name (required)

o Specifies a unique name of the joint
type >(required)
o Specifies the type of joint, where type can be one of the following:

— revolute - a hinge joint that rotates along the axis and has a limited
range specified by the upper and lower limits.

— continuous - a continuous hinge joint that rotates around the axis
and has no upper and lower limits.

— prismatic - a sliding joint that slides along the axis, and has a limited
range specified by the upper and lower limits.

— fixed - This is not really a joint because it cannot move. All degrees
of freedom are locked. This type of joint does not require the axis,
calibration, dynamics, limits or safety_controller.

— floating - This joint allows motion for all 6 degrees of freedom.
— planar - This joint allows motion in a plane perpendicular to the axis.
<origin> (optional: defaults to identity if not specified)

o Thisis the transform from the parent link to the child link. The joint is
located at the origin of the child link, as shown in Figure 11.

Xyz (optional: defaults to zero vector)
o Represents the x,y,z offset. All positions are specified in meters.
rpy (optional: defaults 'to zero vector 'if not specified)

o Represents the rotation around fixed axis: first roll around x, then
pitch around y and finally yaw around z. All angles are specified in
radians.
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</origin>

<parent
link> (required)

o Parent link name with mandatory attribute link.

o The name of the link that is the parent of this link in the robot tree
structure.

</parent link>

<child
link> (required)

o Child link name with mandatory attribute link.
o The name of the link that is the child link.
</child link>
<axis> (optional: defaults to (1,0,0))

o The joint axis specified in the joint frame. This is the axis of rotation for
revolute joints, the axis of translation for prismatic joints, and the surface
normal for planar joints. The axis is specified in the joint frame of reference.
Fixed and floating joints do not use the axis field.

Xyz (required)

o Represents the x,y,z components of a vector. The vector should be
normalized.

</axis>
<limit> (required only for revolute and prismatic joint)
o Anelement can contain the following attributes:

o lower (optional, defaults to 0) : An attribute specifying the lower
joint limit (radians for revolute joints, meters for prismatic joints).
Omit if joint is continuous.

o upper (optional, defaults to 0): An attribute specifying the upper
joint limit (radians for revolute joints, meters for prismatic joints).
Omit if joint is continuous.

</limit>
</joint>

</robot>
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TECHNICAL SPECIFICATIONS OF
EQUIPMENT AND CONSUMABLES

Bl) Staubli TX2-90XL [Source: Staubli]
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B2)

Mominal speed (°/s) 190 160 230 400 345 600
THX90 XL
Maximum speed (°/s) @ 400 400 400 500 450 720
Angular resolution 0.057 | 0.057 0.057 | 0.057 | 0122 | 0.183
(=107
Arm XL
Work envelope
F.M max. reach between axis 1 and 5 1350 mm
F.M max. reach between axis 2 and 5 1300 mm
F.m1 min. reach between axis 1 and 5 327 mm
F.m2 min. reach between axis 2 and 5 391 mm
R.b reach between axis 3 and 5 650 mm
Maximum speed at load center of gravity 11.09 m/s
Repeatability at constant temperature + 0.040 mm
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B3) LGR Electric Servo Gripper [Source: Let's Go Robotics.]

L, sem |
*All dimensions in Millimeters (mm)
B4) ROBOTIQ 2F-140 Gripper [Source: ROBOTIQ]

Specifications

Stroke 140 mm 5.5in
Grip Force 10 to 125N 2 to 25 Ibf
-
Form-fit Grip Payload 2.5 kg 5.5 1Ibs
Friction Grip Payload* 2.5 kg 5.5 1lbs H
L]

Grioper We 1k 2 Ibs FFE_JA(
Gripper Weight g 2 _'I_'I_j

30 to 250 1.2t09.8
Closing speed .

mm/s in/s
Ingress protection (IP) 1PaQ

rating


http://www.letsgorobotics.com/lgr-electric-servo-gripper
http://www.robotiq.com/
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B5) LlQU|d Handler — Opentrons [Source: Opentrons]

Dimensions [mm]
Height 630
Depth 570
Width 660

B6) Centrifuge - ROTANTA 460 Robotic [Source: Hettich]

e e



http://www.opentrons.com/
http://www.hettichlab.com/
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B7) Freezer -STR44 [Source: Liconic]

BT

20-35
456

B8) Incubator- STR24(Q [Source: Liconicl

IE
il

B9)  Plate Reader- EnVision 2105 [Source: Perkin Eimer]

Dimensions [mm]
Height 580
Depth 550
Width 420
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B].O) Cell-carrier 96 [Source: Perkin Elmer]
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B].].) Cell-carrier 384 [Source: Perkin Elmer]
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MATLAB CODE

SCARA FILES

MAIN_SCARA .M ettt sttt st st sttt e e e s se st sbesae st et et assesbestessessae s sbestessesusensassnnans 14
USER _INPUT .M ittt sttt sttt sttt st ettt ses s sesese st s eseses st e b esesesensesesssesens senssssessesass sersens 15
BN 113 1= 1.4 18 o FOR O OO OSSO E RO PPOTOPORPRUPRRPTPRRPIN 15
CartESIAN_TTa]M ittt e ettt e st st st st e e et e s esseabes e sa et sbesuesaesueensesaessens 16
JONE T )Mttt ettt ettt e st st ettt eb s e e e e shesbeshesat et ee e bt et benben e e she e s 16
SCENE _ELEMENTS. Mttt sttt ettt sttt ettt et st s ses e s et b e et st et b e b et st st et s st s 16
EXECUTE_EXPERIMENT .M ...ttt sttt st ettt eae sttt et eae e sttt e s et b e ses e seenene saes 19
CHECK _HOME. M ...ttt ettt sttt sttt et b sttt eae s e ettt be st ses et ebe st ettt seaeae et msens 20
JOINT_TTaJallimMic ettt st st ettt e s saeete st sbe st nssbesbentesaerseeene 22
] O AN A (] o - | 1. TSRS 26
SCARAPIGEEIIA]. M.ttt ettt et e te ste st st e e et b et et e s sasate et sbeste s sensentesseansanas 31
OPEN_GRIPPER.M ...ttt sttt et ettt ebe st be b s et et b e sttt esenen et ebenbeneneas 36
CLOSE...GRIPPER. M.ttt sttt cteer e sttt st s e ese s et s e s e s e s e s e et eesreeneasseas 37
PLATE Mttt ettt ettt sttt e et b e e s e e e ae s e s h e s e s b st et e b s st een 38
TURN P LATE .M ittt sttt ettt et s et s s e s et e b s e st e b e b ere s e ebeesea semene 39
IMACHINES M.ttt ses st et es e st eb b st e s s st bbb st s s ebe s e e b sen e semens 40
OUTPUT .Mttt sttt es e s et et e s e es et e b s s e e b b e st et ses e ee e e sen s e erenene 41

-13 -
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main_SCARA.m

function main SCARA ()

$import URDF file of robot

robot= importrobot ('Rob.urdf');

showdetails (robot); %$show details about robot chain
robot.DataFormat="'column';

$start simulation
%connect to VREP
disp('Program started');
% vrep=remApi ('remoteApi', 'extApi.h'); % using the header (requires a
compiler)
vrep=remApi ('remoteApi'); % using the prototype file (remoteApiProto.m)
vrep.simxFinish(-1); % Jjust in case, close all opened connections
clientID =vrep.simxStart('127.0.0.1',19999, true, true,5000,5);

if (clientID>-1)
disp ('Connected ');

else
disp('Failed connecting to remote API server');
% Now close the connection to V-REP:
vrep.simxFinish (clientID) ;
end

%User defines experiment protocol
USER INPUT;

$retrieve info from VREP for machines after user input
SCENE ELEMENTS;

%$define parameters for trajectory execution
T=1; %set time T

dt=0.01; %set time step dt, usually 10ms-1lms

%Execution of experiment according to protocol
EXECUTE EXPERIMENT;

$Notify user that experiment was completed successfully

fprintf ('Experiment successfully completed \n')

)

% call the destructor!
vrep.simxFinish (clientID) ;
vrep.delete () ;

end

Published with MATLAB® R2018a

-14 -
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USER_INPUT.m

607000000

USER INPUT %%
%ask user for machine input- experiment protocol
machine={};

i=1;
(1)
prompt=input ('Input working station \n',

while
's');
if strcmp (prompt, 'stop')
break

end

machine{i,1l}=prompt;
i=i+1;

end

Published with MATLAB® R2018a

TrajParam.m

function [x] TrajParam(T)

% find time-law (3rd order polynomial), [a b c d]
computation
s= a*t"3+ b*t"2+ c*t+d

sd= 3*a*t"2+ 2*b*t+c

o°  o°

%$define constraints
% s(0)=0 ; s(T)= 1;
% sd(0)= 0 ; sd(T)=0;
X [a b ¢ d]
$Ax=b
A= [0 0 O 1;
™3 T"2 T 1;
001 0;
3*T~2 2*T 1 0];
B = [0; 1; 0; O0];

end

Published with MATLAB® R2018a

-15-
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Cartesian_Traj.m

function [P, v, theta, thetad]=Cartesian Traj(P_o,P f,theta i, theta f,t,x)

%calculate cartesian trajectory

s= x(1)*t"3 + x(2)*t"2+ x(3)*t+ x(4);
sd= 3*x(1)*t"2 + 2*x(2)*t+x(3);

P= (P_f-P o) *s+P o ;
v=(P_f-P o) *sd ;

theta= (theta f-theta i)*s+theta i ;

thetad=(theta f-theta i)*sd ;
end

Published with MATLAB® R2018a

Joint_Traj.m

function [g_d,qdot]=Joint Traj(g_i,q f,t,x)
$calculate joint trajectory

s= x(1)*t"3 + x(2)*t"2+ x(3)*t+ x(4);
sd= 3*x (1) *t"2 + 2*x(2)*t+x(3);

g d= (q f-qg i)*s+q i ;
gdot=(q f-gq i)*sd ;

end

Published with MATLAB® R2018a

SCENE_ELEMENTS.m

%% HANDLES %%%%%%%%%%%%%%%

$get handle for world frame-all machines are relative to this frame

[~,Base frame]=vrep.simxGetObjectHandle (clientID, 'world visual',vrep.simx op

mode blocking) ;

$get handles for other necessary components of simulation

[~,Plate frame]=vrep.simxGetObjectHandle (clientID, 'Plate frame',vrep.simx op

mode blocking) ;

[~,EE]=vrep.simxGetObjectHandle (clientID, 'ee link dummy',vrep.simx opmode bl

ocking) ;

-16 -
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[~,ee]=vrep.simxGetObjectHandle (clientID, 'ee link visual',vrep.simx opmode b
locking);

[~,Input Tech]=vrep.simxGetObjectHandle (clientID, 'Input Tech',6vrep.simx opmo
de blocking);

[~,Output Tech]=vrep.simxGetObjectHandle (clientID, 'Output Tech',6vrep.simx op
mode blocking) ;
[~,Turn]=vrep.simxGetObjectHandle (clientID, 'BaseArm JointRot',6vrep.simx opmo
de blocking);

[~,ProxS]=vrep.simxGetObjectHandle (clientID, 'ProxS',vrep.simx opmode blockin

g);

%get handles joints
[~,Jointl]=vrep.simxGetObjectHandle (clientID, 'Arm Jointl',6 vrep.simx opmode b

locking) ;
[~,Joint2]=vrep.simxGetObjectHandle (clientID, 'Arm Joint2',vrep.simx opmode b
locking);
[~,BaseJl]=vrep.simxGetObjectHandle (clientID, 'BaseArm Jointl',6vrep.simx opmo
de blocking);
[~,BaseJ2]=vrep.simxGetObjectHandle (clientID, 'BaseArm Joint2',6vrep.simx opmo
de blocking);
[~,Joint3]=vrep.simxGetObjectHandle (clientID, 'Arm Joint3',vrep.simx opmode b
locking) ;
[~,Gripl]=vrep.simxGetObjectHandle (clientID, 'Gripper JointDx',6vrep.simx opmo
de blocking);
[~,Grip2]=vrep.simxGetObjectHandle (clientID, 'Gripper JointSx',vrep.simx opmo
de blocking);
[~,Turn]=vrep.simxGetObjectHandle (clientID, 'BaseArm JointRot',6vrep.simx opmo

de blocking);

$get joint values from VREP

[~,J1l]=vrep.simxGetJointPosition (clientID,BaseJl,vrep.simx opmode blocking);
[~,J2]=vrep.simxGetJointPosition (clientID,BaseJ2,vrep.simx opmode blocking);
[~,J3]=vrep.simxGetJointPosition(clientID, Jointl,vrep.simx opmode blocking) ;
[~,J4]=vrep.simxGetJointPosition(clientID, Joint2,vrep.simx opmode blocking) ;
[~,J5]=vrep.simxGetJointPosition(clientID, Joint3,vrep.simx opmode blocking) ;

[~,GripR]=vrep.simxGetJointPosition (clientID,Gripl,vrep.simx opmode blocking

)

[~,GripL]=vrep.simxGetJointPosition (clientID,Grip2,vrep.simx opmode blocking
) ;

$INITIAL JOINT CONFIGURATION
g= [J1; J2;J33;J4;J5]1;

%$set home configuration of robot-it always returns here

-17 -
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Home=[0;1;-1.0472; 2.5;0];

$%%%%%%%% POSITION %%%%%%%%%%%%%
%position of components
[~,Plate Pose]l=vrep.simxGetObjectPosition(clientID,Plate frame,Base frame,vr

ep.simx opmode blocking);

[~,BaseFrame Pose]=vrep.simxGetObjectPosition(clientID,Base frame,Base frame
,vrep.simx opmode blocking);

[~,Input Posel=vrep.simxGetObjectPosition(clientID, Input Tech,Base frame,vre
p.simx opmode blocking);

[~,Output Pose]=vrep.simxGetObjectPosition(clientID,Output Tech,Base frame,v
rep.simx opmode blocking);

[~,Home eepose]=vrep.simxGetObjectPosition(clientID,EE,Base frame,vrep.simx
opmode blocking) ;
$%%%%%% ORIENTATION %%%%%%%%%%

$orientation of components

[~,Plate Orient]=vrep.simxGetObjectOrientation(clientID,Plate frame,Base fra
me, vrep.simx opmode blocking);

[~,BaseFrame Orient]=vrep.simxGetObjectOrientation(clientID,Base frame,Base
frame, vrep.simx opmode blocking) ;

[~,Input Orient]=vrep.simxGetObjectOrientation(clientID,Input Tech,Base fram
e,vrep.simx opmode blocking);

[~,Output Orient]=vrep.simxGetObjectOrientation(clientID,Output Tech,Base fr

ame,vrep.simx opmode blocking);

$rotation matrices of components
Rot Input= eulZ2rotm(Input Orient, 'XYZ');
Rot Output= eulZ2rotm(Output Orient, 'XYZ');

oe

%%%%%%5%%%%% HANDLES | POSITION | ORIENTATION OF MACHINES$%$%%%%%%%%%%
%only the machines used in the experiment each time

for i=1:length (machine)

[~,Handles{1i,1}] =
vrep.simxGetObjectHandle (clientID,machine{i, 1}, vrep.simx opmode blocking);

[~,0bjPos{i,1l}]=vrep.simxGetObjectPosition(clientID,Handles{i,1},Base frame,
vrep.simx opmode blocking);

[~,0bj0Or{i,1l}]=vrep.simxGetObjectOrientation(clientID, Handles{i,1},Base fram
e,vrep.simx opmode blocking) ;

Rot machine{i,1} = eul2rotm(ObjOr{i, 1}, 'XYz");

Pose=cell2mat (ObjPos) ;

%$set positions where robot will go

Machine Position{i,1}= ObjPos{i,1}' ;

$set safe distance from each machine before arm approaches final goal
MachSafe Pose{i,1l} = [Pose(i,1l); (Pose(2)-0.5); Pose(i,3)];

end

Published with MATLAB® R2018a
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EXECUTE_EXPERIMENT.m

oe

%% EXECUTION OF EXPERIMENT %%%%%%%

% make sure robot is not at a non-desirable position
CHECK_HOME (robot, q,T,dt,Home, Rot Input,BaseJl,BaseJ2, Jointl,
Joint2,EE,Gripl,Grip2, Input Pose );

$%%%% EXECUTION OF EXPERIMENT %%%%%%

for i=1:length (machine)
rot m= Rot machine{i,1};
if strcmp (machine{i,1}, 'Opentrons')

PLATE (robot, q,T,dt,Plate frame,Base frame,Home, BaseJl, BaseJ2, Jointl,
Joint2,EE, Gripl, Grip2, Turn);

MACHINES (robot, g, T,dt,i, Machine Position, MachSafe Pose, rot m,
BaseJl,BaseJ2, Jointl, Joint2,EE, Gripl, Grip2, Home);

PLATE (robot, q,T,dt,Plate frame,Base frame,Home, BaseJl, BaseJ2, Jointl,
Joint2,EE, Gripl, Grip2, Turn);

else

MACHINES (robot, g, T,dt,i, Machine Position, MachSafe Pose, rot m,
BaseJl,BaseJ2, Jointl, Joint2,EE, Gripl, Grip2, Home);

end

5
i=1+1;

end

$Plate returns to technician-output
OUTPUT (robot, g,T,dt, Rot Output,Output Pose,BaseJl,BaseJ2, Jointl,
Joint2,EE, Gripl, Grip2, Home);

Published with MATLAB® R2018a
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CHECK_HOME.m

function CHECK HOME (robot, q,T,dt,Home, Rot Input,BaseJl,BaseJ2, Jo
Joint2,EE,Gripl,Grip2, Input Pose )
$%%%%%$CHECK HOME%%%%%%

$checks if robot is in home position

$if yes user is notified

intl,

%$if not it is commanded to go to home position before the start of the

experiment

%$connect to VREP

compiler)

o

% vrep=remApi ('remoteApi', 'extApi.h'); % using the header (requires a

vrep=remApi ('remoteApi'); % using the prototype file (remoteApiProto.m)

vrep.simxFinish(-1); % just in case, close all opened connections

clientID =vrep.simxStart('127.0.0.1',19999, true, true,5000,5);

if (clientID>-1)
disp('")
else

[

% close the connection to V-REP and notify user
vrep.simxFinish (clientID) ;
end

if g(l)==0 && q(2)== 1 && q(3)==-1.0472 && q(4)==2.5 && q(5)==0

printf ('Robot is in Home Position-Ready to start experiment')
else

$return robot to home joint configuration

q_f= Home;

g= Joint Trajall (robot,q,T,dt,q f,BaseJl,BaseJ2, Jointl, Joint2,
end

prompt='Do you wish to continue to experiment? Y/N [Y]:';
str = input (prompt, 's');
if isempty(str) || str=='Y'
str = 'Y'";

$start with experiment and notify user
fprintf ('Experiment started \n')
pause (1) ;

$first step is to take plate from technician-input

$set joint configuration above input window
q f= [1.6;1;0.4; 1.3;0];

EE) ;

g= Joint Trajall (robot,q,T,dt,q f,BaseJl,BaseJ2, Jointl, Joint2, EE);

)

% move to grab plate
OPEN GRIPPER (Gripl, Grip2);

rot m= Rot TInput;
P f= (Input Pose)';
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g= SCARAexetraj (robot,q,T,dt,P f,rot m,BaseJl,BaseJ2, Jointl, Joint2,EE);
CLOSE_GRIPPER (Gripl, Grip2);

% move again to safe configuration above input window

$return to home configuration before proceeding

g f= [1.6;1;0.4; 1.3;0];

g= Joint Trajall (robot,q,T,dt,q f,BaseJl,BaseJ2, Jointl, Joint2,
EE) ;

q_f= Home;

g= Joint Trajall (robot,q,T,dt,qg f,BaseJl,BaseJ2, Jointl, Joint2,
EE) ;;

else
error ('Experiment interrupted by user')
end
% call the destructor!
vrep.simxFinish (clientID) ;

vrep.delete () ;

end

Published with MATLAB® R2018a
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Joint_Trajall.m

function g= Joint Trajall (robot,q,T,dt,q f,BaseJl,BaseJ2, Jointl, Joint2,
EE)
%connect to VREP
% vrep=remApi ('remoteApi', 'extApi.h'); % using the header (requires a
compiler)
vrep=remApi ('remoteApi'); % using the prototype file (remoteApiProto.m)
vrep.simxFinish(-1); % just in case, close all opened connections

clientID =vrep.simxStart('127.0.0.1',19999, true, true,5000,5);

if (clientID>-1)

disp ('Connected ');

else

disp('Failed connecting to remote API server');
end

$Retrieve current joint configuration
q i= [ a(l); g(2); g(3); a4); a(5)]1;

%offset between visual EE and actual EE
T dummy e=[1 0 0 0.071004;0 1 0 0.029014 ; 0 0 1 0 ;0 0 O 1];

$parameters for trajectory
% T=1; %set time T
= TrajParam(T);

X

% dt= 0.01; %set time step, usually 10ms-1ms
=0;

o

c=1;
while t<= T

%$homogenous transformation for robot chain

T e= getTransform(robot,double(qg), 'ee link');

$transformation from visual EE to actual EE
T final= T e* T dummy e;
P i= T final(1:3,4);

%get path between initial and desired configuration

[g_d,gdot]=Joint Traj(g_i,q f,t,x);

%joint position at t+dt
g= gt+gdot*dt;

for j=3:5

g(j)=atan2(sin(g(j)),cos(q(3)));
end

%save the values for position and velocity for later plotting

timeV(c)= t;

X act(c,:)= P_1i(1);
Y act(c,:)=P_1(2);
Z act(c,:)= P i(3);
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ql(c,:)= qg(l);

g2 (c,:)= g(2);
a3(c,:)= q(3);

gl (c,:)= a(4d);

e (@y8)= (S) s

qgdl (c, :)= qgdot(1l);
qd2 (c, :)= qdot (2);
qd3(c, :)= gdot (3);
qd4 (c, :)= gdot (4);
qd5 (c, :)= gdot (5);
c=c+1l ;

t=t+dt;

% update visual robot configuration
[~]=vrep.simxPauseCommunication (clientID, 1) ;

[Jl]=vrep.simxSetJointPosition (clientID,BaseJl,q(l),vrep.simx opmode oneshot
)i

[J2]=vrep.simxSetJointPosition (clientID,BaseJ2,q(2),vrep.simx opmode oneshot
)i
[J3]=vrep.simxSetJointPosition (clientID, Jointl, q(3),vrep.simx opmode oneshot
)i
[J4]=vrep.simxSetJointPosition (clientID, Joint2,q(4),vrep.simx opmode oneshot
)i

[J5]=vrep.simxSetJointPosition(clientID,EE,q(5),vrep.simx opmode oneshot);

[~]=vrep.simxPauseCommunication(clientID, 0) ;
pause (dt) ;
end

$%%% POSITION PLOTS %%%%

figure ()

$plot x,vy,z of trajectory

subplot (3,1,1);

hold on

plot (timeV,X act)

title('Actual End-Effector Displacement (FK)' , 'FontSize',6 14)
ylabel ('x-coordinate [m]','FontWeight', 'Bold'")

xlabel ('time [s]', 'FontWeight', 'Bold"')

subplot (3,1,2);

hold on

plot (timeV,Y act)

ylabel ('y-coordinate [m]','FontWeight', 'Bold'")
xlabel ('time [s]', 'FontWeight', '"Bold"')

subplot (3,1,3);

hold on

plot (timeV,Z act)

hold off

ylabel ('z-coordinate [m]','FontWeight', 'Bold'")
xlabel ('time [s]', 'FontWeight', 'Bold')
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%%%% JOINT PLOTS

figure ()
subplot(5,1,1);
hold on
plot (timeV,qgl)

title('Joint angles (FK)' , 'FontSize',614)

ylabel ('Joint 1

[rad]', 'FontWeight', 'Bold"')

xlabel ('time [s]', 'FontWeight', 'Bold'")

subplot(5,1,2);
hold on

plot (timeV,qg2)
ylabel ('Joint 2

[rad] ', 'FontWeight', 'Bold"')

xlabel ('time [s]', 'FontWeight', 'Bold')

subplot (5,1,3);
hold on

plot (timeV, g3)
ylabel ('Joint 3

[rad] ', 'FontWeight', 'Bold"')

xlabel ('time [s]', 'FontWeight', 'Bold')

subplot(5,1,4);
hold on

plot (timeV, g4)
ylabel ('Joint 4

[rad] ', 'FontWeight', 'Bold"')

xlabel ('time [s]', 'FontWeight', 'Bold'")

subplot (5,1,5);
hold on

plot (timeV, g5)
ylabel ('Joint 5

[rad] ', 'FontWeight', 'Bold"')

xlabel ('time [s]', 'FontWeight', 'Bold'")

hold off

%%%% VELOCITY PLOTS %%%%%

figure ()
subplot (5,1,1);
hold on
plot (timeV,gdl)

title('Joint velocities (FK)' , 'FontSize',b14)

ylabel ('Joint 1

[rad/s]', 'FontWeight', 'Bold')

xlabel ('time [s]', 'FontWeight', 'Bold"')

subplot(5,1,2);
hold on

plot (timeV,qgd2)
ylabel ('Joint 2

[rad/s]', 'FontWeight', 'Bold')

xlabel ('time [s]', 'FontWeight', 'Bold"')

subplot (5,1,3);
hold on

plot (timeV,gd3)
ylabel ('Joint 3

[rad/s]', 'FontWeight', 'Bold')
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xlabel ('time [s]', 'FontWeight', 'Bold'")

subplot (5,1,4);

hold on

plot (timeV,gd4)

ylabel ('Joint 4 [rad/s]', 'FontWeight', 'Bold")
xlabel ('time [s]', 'FontWeight', 'Bold')

subplot (5,1,5);

hold on

plot (timeV,gd5)

ylabel ('Joint 5 [rad/s]', 'FontWeight', 'Bold")

xlabel ('time [s]', 'FontWeight', 'Bold')

hold off
% call the destructor!

vrep.simxFinish (clientID) ;

vrep.delete () ;

end
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SCARAexetraj.m

function g= SCARAexetraj (robot,q,T,dt,P f,rot m,BaseJl,BaseJ2, Jointl,
Joint2,EE)
$start simulation
%connect to VREP
% vrep=remApi ('remoteApi', 'extApi.h'); % using the header (requires a
compiler)
vrep=remApi ('remoteApi'); % using the prototype file (remoteApiProto.m)
vrep.simxFinish(-1); % Jjust in case, close all opened connections
clientID =vrep.simxStart('127.0.0.1',19999, true, true,5000,5);

if (clientID>-1)
disp('")
else
% close the connection to V-REP and notify user
vrep.simxFinish (clientID) ;
end

%offset between visual EE and actual EE
T dummy e=[1 0 0 0.071004;0 1 0 0.029014 ; 0 0 1 0 ;0 0 O 1];

$homogenous transformation for robot chain
Trans= getTransform(robot,double(q), 'ee link'");

$Transformation from visual EE to actual EE
T fi= Trans* T_dummy e;
P o= T fi(1:3,4);

%parameters for trajectory

$ T=1; %set time T

x= TrajParam(T) ;

% dt= 0.01; %$set time step, usually 10ms-1lms
t=0;

$%%%%% Follow Trajectory %$%%%%%%
while t<= T

%$homogenous transformation for robot chain

T e= getTransform(robot,double(qg), 'ee link');
$transformation from visual EE to actual EE
T final= T e* T dummy e;

P i= T final(1:3,4);

$rotation matrix of EE wrt to base frame
Rot EE= T final(1:3,1:3);

$%%%% ORIENTATION ERROR $%$%%%%
$angle-axis representation (Sicilliano et.al)
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R err =transpose(Rot EE)* (rot m);

r theta =rotm2axang(R err);

r= r theta(l, 1:3); %r wrt Rot init

theta f= r theta(l, 4);

r= (Rot EE)* transpose(r); %r wrt base frame

theta i=0;

selements (vectors) for Re(Rot EE)computed from joint variables
ne= Rot EE(:,1);

se= Rot EE(:,2);

ae= Rot EE(:,3);

%elements (vectors) for Rd(rot m)
nd= rot m(:,1);
sd= rot m(:,2);
ad= rot m(:,3);

$after differentiating eo wrt time

L= (-

0.5)* ((nd/dt) * (nd") * (ne/dt) * (ne') + (sd/dt) * (sd') * (se/dt) * (se') + (ad/dt) * (ad") *
(ae/dt) * (ae'));

%get trajectory between initial and desired ending point

[P, v, theta, thetad]=Cartesian Traj(P _o,P f,theta i, theta f,t,x);
w= thetad*r;

wd=(L\ ((L') *w) ) ;

eoo= r*sin (theta);

%positive values Ko, Kp
Ko=(1/dt-10);
Kp=(1/dt-10) ;

%$%%% ERRORS %%%%
eo= L\ (Ko*eo0o0)
ep= Kp* (P-P_1i)
e= [ep ; eo(3)

; %orientation error (only around z)

%position error

$%%%% JACOBIAN $%%%%
%calculate geometric jacobian
Jac_rev = geometricJacobian (robot,double(q),'ee link');

%¥reverse rows
$Matlab default (first rotation, second transaltion)
Jac= [Jac_rev(4:6,:);Jac rev(1l:3,:)] ;

%$linear velocity, keep x,y,z
%orientation in z axis
J= [Jac(l:3,:) ; Jac(6,:)]1;

$damping factor A via SVD
[~,8,~] = svd(J):;
diagS=diag(S) ;

sigma=min (diags) ;
lamdamax=0.04;

eps= 10e-4;
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if sigma >= eps

lamda = 0;
else
lamda= sqgrt((1- ((sigma/eps)"2)* (lamdamax”"2)));
end
%$%%%% QUADRATIC PROGRAMMING %%%%%

%set lower-upper bounds for quadprog
¢ milm=[[=1,9508=2,15=2:520] §

g max= [1.8;1.9;2.1;2.5;0];

1lb= (g min-q) /dt;

ub= (g max-q) /dt;

%Solving IK

$quadratic programming

H=(J'*J +((lamda)"2) *eye(5,5));
b=([v;wd(3) ]+ e);

f=-(b")*J

options = optimset ('Display’', 'off');

gd = quadprog (double (H),double(£f),[]1,[1,[],[],double(1lb),double(ub),[],

options);

ve= J*qd;
g= g+gd*dt; %joint position at t+dt

for j=3:5
q(j)=atan2(sin(q(j)),cos(q(3)));
end
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s vl act(c,:)= ve(l);
% v2_act(c,:)= ve(2);

v3_act(c,:)= ve(3);

ql(c,:)= a(l);
az(c,:)= a(2);
a3 (c,:)= g(3);
qd(c,:)= g(4);
g5(c,:)= q(5);
c=c+l ;
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% update visual robot configuration
[~]=vrep.simxPauseCommunication (clientID, 1) ;

[Jl]=vrep.simxSetJointPosition (clientID,BaseJl,g(l),vrep.simx opmode oneshot
) ;

[J2]=vrep.simxSetJointPosition (clientID,BaseJ2,q(2),vrep.simx opmode oneshot
) ;
[J3]=vrep.simxSetJointPosition (clientID, Jointl, g(3),vrep.simx opmode oneshot
) ;
[J4]=vrep.simxSetJointPosition (clientID, Joint2,g(4),vrep.simx opmode oneshot
) ;
[J5]=vrep.simxSetJointPosition(clientID,EE,g(5),vrep.simx opmode oneshot);
[~]=vrep.simxPauseCommunication (clientID,0) ;

pause (dt) ;

end

%$%%% JOINT PLOTS

figure ()

subplot (5,1,1);

hold on

plot (timeV,qgl)

title('Joint angles ' , 'FontSize',614)

ylabel ('Joint 1 [rad]', 'FontWeight', 'Bold"')
xlabel ('time [s]', 'FontWeight', 'Bold'")

subplot (5,1,2);

hold on

plot (timeV, g2)

ylabel ('Joint 2 [rad]', 'FontWeight', 'Bold')
xlabel ('time [s]', 'FontWeight', 'Bold'")

subplot (5,1,3);

hold on

plot (timeV, g3)

ylabel ('Joint 3 [rad]', 'FontWeight', 'Bold’)
xlabel ('time [s]', 'FontWeight', 'Bold'")

subplot (5,1,4);

hold on

plot (timeV,qg4)

ylabel ('Joint 4 [rad]', 'FontWeight', 'Bold')
xlabel ('time [s]', 'FontWeight', 'Bold'")

subplot (5,1,5);

hold on

plot (timeV, g5)

ylabel ('Joint 5 [rad]', 'FontWeight', 'Bold')
xlabel ('time [s]', 'FontWeight', 'Bold'")

hold off
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%$%%% VELOCITY PLOTS

figure ()

hold on

plot (timeV,v3 des, '.r
plot (timeV,v3 act, '.b')
% ylim(ax3,[-1 1 1)
title('End-effector Velocity' , 'FontSize',614)
xlabel ('time [s]', 'FontWeight', 'Bold')

ylabel ('velocity [m/s]', 'FontWeight', 'Bold")
hold off

%$%%% POSITION PLOTS

figure ()

%plot x,vy,z of trajectory
axl=subplot(3,1,1);

hold on

plot (timeV,X des, '.r'")

plot (timeV,X act, '.b'")

$ ylim(axl, [-2 2 1)
title('Displacement' , 'FontSize',14)
ylabel ('x-coordinate [m]','FontWeight', 'Bold'")
xlabel ('time [s]', 'FontWeight', 'Bold"')

ax2=subplot(3,1,2);
hold on

plot (timeV,Y des, '.r'")

plot (timeV,Y act, '.b'")

% ylim(ax2,[-1 1 1)

ylabel ('y-coordinate [m]','FontWeight', 'Bold'")
xlabel ('time [s]', 'FontWeight', 'Bold"')

ax3=subplot(3,1,3);
hold on

plot (timeV,Z des, '.r'")
plot (timeV,Z act, '.b'")
% ylim(ax3,[-1 1 1)
ylabel ('z-coordinate [m]','FontWeight', 'Bold'")
xlabel ('time [s]', 'FontWeight', 'Bold'")

hold off

o)

% call the destructor!
vrep.simxFinish (clientID) ;
vrep.delete () ;

end
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SCARAplatetraj.m

function g= SCARAplatetraj (robot,q,T,dt,P f,Base frame, BaseJ2, Jointl,
Joint2,EE)

$start simulation
%connect to VREP
% vrep=remApi ('remoteApi', 'extApi.h'); % using the header (requires a
compiler)
vrep=remApi ('remoteApi'); % using the prototype file (remoteApiProto.m)
vrep.simxFinish(-1); % Jjust in case, close all opened connections
clientID =vrep.simxStart('127.0.0.1',19999, true, true,5000,5);

if (clientID>-1)
disp('")
else
% close the connection to V-REP and notify user
vrep.simxFinish (clientID) ;

end

$offset between visual EE and actual EE
T dummy e=[1 0 0 0.071004;0 1 0 0.029014 ; 0 01 0 ;0 0 0 1];

%$homogenous transformation for robot chain

Trans= getTransform(robot,double(q), 'ee link'");

$Transformation from visual EE to actual EE
T fi= Trans* T dummy e;
P o= T_fi(1:3,4);

[~,Plate frame]=vrep.simxGetObjectHandle (clientID, 'Plate frame',vrep.simx op
mode blocking);

%parameters for trajectory
x= TrajParam(T) ;

while t<= T
$homogenous transformation for robot chain

T e= getTransform(robot,double(q), 'ee link');
$transformation from visual EE to actual EE
T final= T e* T dummy e;

P i= T final(1:3,4);

$rotation matrix of EE wrt to base frame
Rot EE= T final(1:3,1:3);

%calculation of orientation of plate
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%it moves around so position & orientation are not fixed

[~,Plate Orient]=vrep.simxGetObjectOrientation(clientID,Plate frame,Base fra
me, vrep.simx opmode blocking) ;

Rot Plate = eul2rotm(Plate Orient, 'XYZ');

$%%%% ORIENTATION ERROR %%%%%

$angle-axis representation (Sicilliano et.al)
R err =transpose (Rot EE)* (Rot_Plate);

r theta =rotm2axang(R err);

r= r theta(l, 1:3); %r wrt Rot init

theta f= r theta(l, 4);

r= (Rot EE)* transpose(r); $r wrt base frame
theta i=0;

selements
ne= Rot EE
se= Rot EE
ae= Rot EE

(vectors) for Re(Rot EE)computed from joint variables
(:,1)7

(:,2);

(:,3)5

%$elements (vectors) for Rd (rot m)

nd= Rot Plate(:,1);

sd= Rot Plate(:,2);

ad= Rot Plate(:,3);

%safter differentiating eo wrt time

L= (-

0.5)* ((nd/dt) * (nd') * (ne/dt) * (ne') + (sd/dt) * (sd') * (se/dt) * (se') + (ad/dt) * (ad") *
(ae/dt) * (ae'));

%get trajectory between initial and desired ending point
[P, v, theta, thetad]=Cartesian Traj(P_o,P_f,theta i, theta f,t,x);
w= thetad*r;
=(L\ (L") *w) ) ;
eoo= r*sin(theta);

$positive values Ko, Kp
=(1/dt-10);
=(1/dt-10);

%%%% ERRORS %%%%

eo= L\ (Ko* eoo), %$orientation error (only around z)
ep= Kp* (P-P_1i); %position error

e= [ep ; (3)1;

%$%%%% JACOBIAN %%%%%

%calculate geometric jacobian

Jac_rev = geometricJacobian (robot,double(q), 'ee link');

$reverse rows
$Matlab default (first rotation, second transaltion)

Jac= [Jac _rev(4:6,:);Jac rev(1l:3,:)] ;
$linear velocity, keep x,y,z

%$orientation in z axis
J= [Jac(l:3,:) ; Jac(6,:)]:
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$damping factor A via SVD
[~/S,~] = svd(J);
diagS=diag(S) ;

sigma=min (diags) ;
lamdamax=0.04;

eps= 10e-4;

if sigma >= eps

lamda = 0;
else

lamda= sqrt((l- ((sigma/eps)”"2)* (lamdamax”"2)));
end
%$%$%%% QUADRATIC PROGRAMMING %%%%%

%set lower-upper bounds for quadprog
g min=[0;0;-2.1;-2.5;0];

g max= [0;1.9;2.1;2.5;0];

1lb= (g min-q) /dt;

ub= (g max-q) /dt;

%Solving IK

$quadratic programming

H=(J'*J +(lamda”2) *eye(5,5));
b=([v;wd(3) ]+ e);

f=-(b')*J

options = optimset ('Display', 'off');

gd = quadprog (double (H),double(f), []1,[]1,[],[],double(1lb),double(ub), I[],

options);

ve= J*qd;
g= gt+gd*dt; %$joint position at t+dt

for j=3:5
g (j)=atan2(sin(qg(j)),cos(q(3)));

v3 des(c,:)= vV
v3 act(c,:)=v

az(c, :)
a3 (c,:)
a4 (c, :)
a5 (c, )
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% update visual robot configuration
[~]=vrep.simxPauseCommunication (clientID, 1) ;

[J2]=vrep.simxSetJointPosition (clientID,BaseJ2,q(2),vrep.simx opmode oneshot
) ;
[J3]=vrep.simxSetJointPosition (clientID, Jointl, g(3),vrep.simx opmode oneshot
) ;
[J4]=vrep.simxSetJointPosition (clientID, Joint2,q(4),vrep.simx opmode oneshot
) ;
[J5]=vrep.simxSetJointPosition(clientID,EE,g(5),vrep.simx opmode oneshot);
[~]=vrep.simxPauseCommunication (clientID,0) ;

pause (dt) ;

end
%$%%% JOINT PLOTS

subplot (4,1,1);

hold on

plot (timeV,qg2)

title('Joint angles ' , 'FontSize',6 14)
ylabel ('Joint 2 [rad]', 'FontWeight', 'Bold"')
xlabel ('time [s]', 'FontWeight', 'Bold')

subplot(4,1,2);

hold on

plot (timeV, g3)

ylabel ('Joint 3 [rad]', 'FontWeight', 'Bold'")
xlabel ('time [s]', 'FontWeight', 'Bold"')

subplot(4,1,3);

hold on

plot (timeV,qg4)

ylabel ('Joint 4 [rad]', 'FontWeight', 'Bold')
xlabel ('time [s]', 'FontWeight', 'Bold"')

subplot(4,1,4);

hold on

plot (timeV,g5)

ylabel ('Joint 5 [rad]', 'FontWeight', 'Bold'")
xlabel ('time [s]', 'FontWeight', 'Bold"')

hold off

%$%%% VELOCITY PLOTS
figure ()

hold on

plot (timeV,v3 des, '.r
plot (timeV,v3 act, '.b')
% ylim(ax3,[-1 1 1)
title('End-effector Velocity' , 'FontSize',14)
xlabel ('time [s]', 'FontWeight', 'Bold')

ylabel ('velocity [m/s]', 'FontWeight', 'Bold')
hold off
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%$%%% POSITION PLOTS
figure ()

$plot x,y,z of trajectory
axl=subplot(3,1,1);
hold on

plot (timeV,X des, '.r'")
plot (timeV,X act, '.b'")
% ylim(axl, [-2 2 1)
title('Displacement' , 'FontSize',14)

ylabel ('x-coordinate [m]','FontWeight', 'Bold'")
xlabel ('time [s]', 'FontWeight', 'Bold')

ax2=subplot(3,1,2);
hold on

plot (timeV,Y des, '.r'")

plot (timeV,Y act, '.b'")

% ylim(ax2,[-1 1 ])

ylabel ('y-coordinate [m]','FontWeight', 'Bold'")
xlabel ('time [s]', 'FontWeight', 'Bold"')

ax3=subplot(3,1,3);

hold on

plot (timeV,Z des, '.r'")

plot (timeV,Z act, '.b'")

% ylim(ax3,[-1 1 1)

ylabel ('z-coordinate [m]', 'FontWeight', 'Bold'")
xlabel ('time [s]', 'FontWeight', 'Bold'")

hold off
% call the destructor!
vrep.simxFinish (clientID) ;

vrep.delete () ;

end

Published with MATLAB® R2018a
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OPEN_GRIPPER.m

function OPEN GRIPPER ( Gripl,Grip2)

$%%%%%%% GRIPPER ACTIVITY %$%%%%%%%%%%

$start simulation
vrep=remApi ('remoteApi'); % using the prototype file (remoteApiProto.m)
vrep.simxFinish(-1); % just in case, close all opened connections
clientID =vrep.simxStart('127.0.0.1',19999, true, true,5000,5);

if (clientID>-1)
disp('")
else
% close the connection to V-REP and notify user
vrep.simxFinish (clientID) ;
end

%gripper opens

k=0;
while k <= 0.05

[~,GripR]=vrep.simxGetJointPosition (clientID,Gripl,vrep.simx opmode blocking

)

[~,GripL]=vrep.simxGetJointPosition (clientID,Grip2, vrep.simx opmode blocking

);

GripL n= GripL+ k;
GripR n= GripR- k;

[~]=vrep.simxPauseCommunication(clientID, 1) ;

[~]=vrep.simxSetJointPosition(clientID,Gripl,GripR n,vrep.simx opmode onesho
t);

[~]=vrep.simxSetJointPosition(clientID,Grip2,GripL n,vrep.simx opmode onesho
t)s
[~]=vrep.simxPauseCommunication (clientID,0) ;

k=k+0.001;
end

% call the destructor!
vrep.simxFinish (clientID) ;

vrep.delete();

end

Published with MATLAB® R2018a
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CLOSE_GRIPPER.m

function CLOSE GRIPPER ( Gripl,Grip2)
$%%%%%%% GRIPPER ACTIVITY $%$%%%%%%%%%%

%$start simulation
vrep=remApi ('remoteApi'); % using the prototype file (remoteApiProto.m)
vrep.simxFinish(-1); % just in case, close all opened connections

clientID =vrep.simxStart('127.0.0.1',19999, true, true,5000,5);

if (clientID>-1)
disp('")
else
% close the connection to V-REP and notify user
vrep.simxFinish (clientID) ;

end
$gripper closes

k=0;
while k < 0.009

[~,GripR]=vrep.simxGetJointPosition (clientID,Gripl,vrep.simx opmode blocking

);

[~,GripL]=vrep.simxGetJointPosition (clientID,Grip2,vrep.simx opmode blocking
);

GripL n= GripL-k;
GripR n= GripR+ k;

[~]=vrep.simxPauseCommunication (clientID, 1) ;

[~]=vrep.simxSetJointPosition(clientID,Gripl,GripR n,vrep.simx opmode onesho
t):

[~]=vrep.simxSetJointPosition(clientID,Grip2,GripL n,vrep.simx opmode onesho
t);
[~]=vrep.simxPauseCommunication(clientID, 0) ;

k=k+0.001;

end

o)

% call the destructor!
vrep.simxFinish (clientID) ;
vrep.delete();

end

Published with MATLAB® R2018a
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PLATE.m

function PLATE (robot, q,T,dt,Plate frame,Base frame,Home, BaseJl, BaseJ2,
Jointl, Joint2,EE, Gripl, Grip2, Turn)

$%%%%Rotation of the Plate for grabbing$%%%%%
$ONLY NECESSARY WHEN WE WANT DEFFERENT ORIENTATION OF PLATE

vrep=remApi ('remoteApi'); % using the prototype file (remoteApiProto.m)
vrep.simxFinish(-1); % Jjust in case, close all opened connections
clientID =vrep.simxStart('127.0.0.1',19999, true, true,5000,5);

if (clientID>-1)
disp('")
else
% close the connection to V-REP and notify user
vrep.simxFinish (clientID) ;
end

%$Plate can move in the scene, calculation of position every time
[~,Plate Posel=vrep.simxGetObjectPosition(clientID,Plate frame,Base frame,vr
ep.simx opmode blocking);

$make sure robot is at home configuartion before proceeding
q f= Home;
g= Joint Trajall (robot,qg,T,dt,q f,BaseJl,BaseJ2, Jointl, Joint2, EE);

$%%Create intermediate points for grabbing the plate
$%%

If done directly there is danger for collision

Go_to Plate (:,1)= [Plate Pose(l); Plate Pose(2) ; (Plate Pose(3)+0.8)];
Go to Plate(:,2) = [Plate Pose(l);Plate Pose(2);Plate Pose(3)];
Safe Plate(:,1) = [Plate Pose(l); Plate Pose(2) ; (Plate Pose(3)+0.1)];
Return from Plate(:,1)= [Plate Pose(l); Plate Pose(2) ; (Plate Pose(3))];
Return from Plate(:,2) = Go to Plate(:,1);

for x=1: 2

P f= Go to Plate(:,x);

g= SCARAplatetraj (robot,q,T,dt,P f,Base frame, BaseJ2, Jointl,
Joint2,EE) ;
end

OPEN_GRIPPER (Gripl, Grip2);
%$rise above plate to leave plate change orientation
P f = Safe Plate(:,1);

g= SCARAplatetraj (robot,q,T,dt,P f,Base frame, BaseJ2, Jointl, Joint2,EE);

%$change plate orientation
TURN PLATE (Turn);

$Go back in to grab plate

P f = Return from Plate(:,1);
g= SCARAplatetraj (robot,q,T,dt,P_ f,Base frame, BaseJ2, Jointl, Joint2,EE);
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CLOSE_GRIPPER( Gripl,Grip2);
P f = Return from Plate(:,2);
g= SCARAplatetraj (robot,q,T,dt,P_ f,Base frame, BaseJ2, Jointl, Joint2,EE);

$Return to home configuration

q_f= Home;

g= Joint Trajall (robot,q,T,dt,q f,BaseJl,BaseJ2, Jointl, Joint2, EE);
% call the destructor!

vrep.simxFinish (clientID) ;

vrep.delete () ;

end

Published with MATLAB® R2018a

TURN_PLATE.m

function TURN_ PLATE ( Turn)

$%%%%%%% GRIPPER ACTIVITY $%%%%%%%%%%

%start simulation
vrep=remApi ('remoteApi'); % using the prototype file (remoteApiProto.m)
vrep.simxFinish(-1); % Jjust in case, close all opened connections
clientID =vrep.simxStart('127.0.0.1',19999, true, true,5000,5);

if (clientID>-1)
disp('")
else
% close the connection to V-REP and notify user
vrep.simxFinish (clientID) ;

end

%gripper opens
33=0;
while jj <= 3.14

[~,RotPlate]=vrep.simxGetJointPosition(clientID, Turn,vrep.simx opmode blocki
ng) ;
RotPlate n= RotPlate+jj;

[~]=vrep.simxSetJointPosition (clientID, Turn,RotPlate n,vrep.simx opmode bloc
king) ;

J3=33+0.2;
end
% call the destructor!

vrep.simxFinish (clientID) ;
vrep.delete() ;

end

Published with MATLAB® R2018a
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MACHINES.m

function MACHINES (robot, g, T,dt,i, Machine Position, MachSafe Pose, rot m,

BaseJl,BaseJ2, Jointl, Joint2,EE, Gripl, Grip2, Home)

$%%%% MACHINES$%%%%%

$%%intermediate points are set for robot to follow

$%%safer way to avoid collisions
vrep=remApi ('remoteApi'); % using the prototype file (remoteApiProto.m)
vrep.simxFinish (-1); % Jjust in case, close all opened connections
clientID =vrep.simxStart('127.0.0.1',19999, true, true,5000,5);

if (clientID>-1)

disp('');
else
% Now close the connection to V-REP:
vrep.simxFinish (clientID) ;
end

$move to machine position to leave plate
Move Machine(:,1)= MachSafe Pose{i,1};
Move Machine (:,2)=Machine Position{i,1};

Safe Machine(:,1)=MachSafe Pose{i,1};
Safe Machine(:,2)=Machine Position{i,1};

for x=1: 2
P f= Move Machine(:,x);
g= SCARAexetraj (robot,q,T,dt,P f,rot m,BaseJl,BaseJ2, Jointl, Joint2,EE);
end

OPEN_ GRIPPER (Gripl,Grip2);

for x=1: 2

P f= Safe Machine(:,x);

g= SCARAexetraj (robot,q,T,dt,P f,rot m,BaseJl,BaseJ2, Jointl, Joint2,EE);
end

CLOSE _GRIPPER (Gripl,Grip2);

P f= Safe Machine(:,1);
g= SCARAexetraj (robot,q,T,dt,P f,rot m,BaseJl,BaseJ2, Jointl, Joint2,EE);

$Return to home joint configuration
q_f= Home;
g= Joint Trajall (robot,q,T,dt,q f,BaseJl,BaseJ2, Jointl, Joint2, EE);

o)

% call the destructor!
vrep.simxFinish (clientID) ;
vrep.delete () ;

end

Published with MATLAB® R2018a
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OUTPUT.m

function OUTPUT (robot, g,T,dt, Rot Output,Output Pose,BaseJl,Basel2,
Jointl, Joint2,EE, Gripl, Grip2, Home)

% last thing after any experiment is to give well-plate back to

o©

technician
vrep=remApi ('remoteApi'); % using the prototype file (remoteApiProto.m)
vrep.simxFinish(-1); % just in case, close all opened connections

clientID =vrep.simxStart('127.0.0.1',19999, true, true,5000,5);

if (clientID>-1)

disp('");
else
% Now close the connection to V-REP:
vrep.simxFinish (clientID) ;
end

$set joint configuration above input window
g = [=l.68ls=0,45 =1.320]3
g= Joint Trajall (robot,q,T,dt,q f,BaseJl,BaseJ2, Jointl, Joint2, EE);

rot m= Rot Output;
P f= (Output Pose)';
g= SCARAexetraj (robot,q,T,dt,P f,rot m,BaseJl,BaseJ2, Jointl, Joint2,EE);

OPEN_GRIPPER (Gripl, Grip2);

% move again to safe configuration above input window

$return to home configuration before proceeding

q f= [-1.6;1;-0.4; -1.3;0];

g= Joint Trajall (robot,q,T,dt,q f,BaseJl,BaseJ2, Jointl, Joint2, EE);

CLOSE_GRIPPER (Gripl, Grip2);

gq_f= Home;
g= Joint Trajall (robot,q,T,dt,q f,BaseJl,BaseJ2, Jointl, Joint2, EE);

)

% call the destructor!
vrep.simxFinish (clientID) ;
vrep.delete () ;

end

Published with MATLAB® R2018a
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STAUBLI FILES

MNAIN_STAUBLIM ettt ettt sttt et sre st et e e b e e st e satesstesaeassseeseesrnesssaensesesssannnes 43
USER _INPUT .M oottt sttt sttt et sttt s st ettt st s b o ses e et es e st sen s ene senseensane 44
TF A @ CPAIAMIM ittt ettt ettt st e e e sre et e s e sbeesete st e steass e eesueaessasstesnsesssennsesnseensnsesresans 44
Cartesian_Traj_STAUBLIM . ...ttt et sre et seese e e e sbe s sba e e e sae s e esseesaesnnees 45
JOINE T _STAUBLL M ..ottt ettt et et st e bbb st e st st s e s enes 45
SCENE_ELEMENTS_STAUBLILIM ...cutit ittt sttt ettt ettt ses st es s ses e st bes et eb e st eaesenens 45
EXECUTE_EXPERIMENT _STAUBLLM....ottiteietiietere ettt sttt st seatseene st estss e ses s s e ses e sesene s 48
CHECK _HOME _STAUBLELM....cu ittt sttt ettt vttt ses s st ebe st aestst s st st ene st sabesanesens 48
JOINT_Trajall _TXO0.M ..ottt st sttt et st beste st e s se st asbeb e et e s eseseanestesteseeseensnnnes 50
STAUBLIEXEIIA]M ittt e ettt ettt et st sbesaesbe et et esseessesses e saeeseent stessssessuesnnens 54
MACHINES _STAUBLLM...cotitt ittt sttt sttt ittt et et st ettt sesbebesesseses s s ebe stssessstenestsnnasnsens 60
OUTPUT _STAUBLIIM ...ttt sttt sttt ettt st s st st ea st b st ea st e st es b e sbe e bebeneenesaseseae s 61
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main_STAUBLI.m

function main STAUBLI ()

Simport URDF file of arm- define kinematic matrix and show details
robot= importrobot ('STAB.urdf');

showdetails (robot) ;

robot.DataFormat="'column';

$start simulation
%connect to VREP
disp('Program started');
% vrep=remApi ('remoteApi', 'extApi.h'); % using the header (requires a
compiler)
vrep=remApi ('remoteApi'); % using the prototype file (remoteApiProto.m)
vrep.simxFinish(-1); % just in case, close all opened connections

clientID =vrep.simxStart('127.0.0.1',19999, true, true,5000,5);

if (clientID>-1)

disp ('Connected ');

else

disp('Failed connecting to remote API server');
end

%User defines experiment protocol
USER INPUT;

$retrieve important info from VREP
SCENE_ ELEMENTS STAUBLI;

T=1; %set time T

dt= 0.01; %set time step, usually 10ms-1lms

%Execution of experiment according to protocol
EXECUTE EXPERIMENT STAUBLI;

$Notify user that experiment was completed successfully

fprintf ('Experiment successfully completed \n')

[

% call the destructor!
vrep.simxFinish (clientID) ;
vrep.delete();

end

Published with MATLAB® R2018a

-43-


https://www.mathworks.com/products/matlab/

APPENDIX C

USER_INPUT.m

$%%%%%%% USER INPUT $%%%%%%%%%%
%ask user for machine input- experiment protocol
machine={};
i=1;
while (1)

prompt=input ('Input working station \n', 's'):;

if strcmp (prompt, 'stop')
break
end

machine{i,1l}=prompt;
i=i+1;

end

Published with MATLAB® R2018a

TrajecParam.m

function [x] = TrajecParam(T)
% find time-law (5th order polynomial), [a b ¢ d e f]
computation

s= a*t”"5+ b*t"4+ c*t 3+d*t"2+e*t+f

sd= S5*a*t"4+ 4*b* Lt 3+3*c* Lt 2+ 2*d*t+e

sdd= 20*a*t"3+12*b*t"2+6*c*t+2*d

o® o° oo

define constraints
s(0)=0 ; s(T)= 1;
sd(0)= 0 ; sd(T)=0;

sdd (0)=0; sdd(T)=0;

o® o0 o° oo

$x= [a b c d e f]

A= [0 0 O 0 O 1;
T"5 T"4 T3 T*"2 T 1;
000O0T1O0;
5*T~4 4*T~3 3*T*2 2*T 1 0;
00010 O0;
20*T~3 12*T*2 6*T 2 0 0];

x= pinv (A)* B ;

end

Published with MATLAB® R2018a
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Cartesian_Traj_STAUBLI.m

function [P,v, theta, thetad]=Cartesian Traj STAUBLI(P o,P f,theta f,
theta i,t,x)

$calculate cartesian trajectory
s= x(1)*t"5+ x(2)*t"4+ x(3)*t"3+x(4) *t"2+x(5) *t+x(6) ;
sd= 5*x (1) *t"4+ 4*x(2) *t"343*x(3)*t"2+ 2*x(4) *t+x(5);

sdd= 20*x (1) *t"3+12*x(2) *t"2+6*x (3) *t+2*x (4) ;

P= (P_f-P o) *s+P o ;
v=(P_f-P o) *sd ;

theta= (theta f-theta i)*s+theta i ;

thetad=(theta f-theta i)*sd ;
end

Published with MATLAB® R2018a

Joint_Traj_STAUBLI.m

function [gq_d,qdot]=Joint Traj STAUBLI(q i,qgq f,t,x)
$calculate joint trajectory
s= X (1)*t"5+ x(2)*t™M+ x(3) *t"3+x(4) *t"2+x (5) *t+x (6) ;

sd= 5*x (1) *t"4+ 4*x(2)*t"3+3*x(3)*t"2+ 2*x(4)*t+x(5);
sdd= 20*x (1) *t"3+12*x (2) *£"2+6*x (3) *t+2*x (4) ;

g d= (g f-q i)*s+q i ;
gdot=(q f-gq i)*sd ;

end
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SCENE_ELEMENTS_STAUBLI.m

%% HANDLES
get handle for world frame-all machines are relative to this frame

[~,Base frame]=vrep.simxGetObjectHandle (clientID, 'world visual',vrep.simx op
mode blocking) ;

%get handles for other necessary components of simulation
[~,Plate frame]=vrep.simxGetObjectHandle (clientID, 'Plate frame',vrep.simx op

mode blocking) ;
[~,EE]=vrep.simxGetObjectHandle (clientID, 'ee link dummy',vrep.simx opmode bl

ocking) ;
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[~,ee]=vrep.simxGetObjectHandle (clientID, 'ee link visual',vrep.simx opmode b
locking);

[~,Input Tech]=vrep.simxGetObjectHandle (clientID, 'Input Tech',6vrep.simx opmo
de blocking);

[~,Output Tech]=vrep.simxGetObjectHandle (clientID, 'Output Tech',6vrep.simx op

mode blocking) ;

%get handles joints
[~,Jointl]=vrep.simxGetObjectHandle (clientID, 'jointl',vrep.simx opmode block

ing);

[~,Joint2]=vrep.simxGetObjectHandle (clientID, 'joint2',vrep.simx opmode block

ing);

[~,Joint3]=vrep.simxGetObjectHandle (clientID, 'joint3',vrep.simx opmode block

ing);

[~,Jointd4]=vrep.simxGetObjectHandle (clientID, 'joint4',vrep.simx opmode block

ing);

[~,Joint5]=vrep.simxGetObjectHandle (clientID, 'joint5', vrep.simx opmode block

ing);

[~,Joint6]=vrep.simxGetObjectHandle (clientID, 'joint6',vrep.simx opmode block

ing);

$get joint values from VREP, update position every time

[~,J1l]=vrep.simxGetJointPosition (clientID,Jointl,vrep.simx opmode blocking);

[~,J2]=vrep.simxGetJointPosition (clientID,Joint2,vrep.simx opmode blocking);

[~,J3]=vrep.simxGetJointPosition (clientID,Joint3,vrep.simx opmode blocking) ;

[~,J4]=vrep.simxGetJointPosition (clientID,Joint4,vrep.simx opmode blocking);

[~,J5]=vrep.simxGetJointPosition (clientID,Joint5,vrep.simx opmode blocking) ;

[~,J6]=vrep.simxGetJointPosition (clientID,Joint6,vrep.simx opmode blocking);
g= [Jl; J2;J3;J4;J5;J6];

$set home configuration
Home=[ 0;-0.5000;1.3000;0;-0.7854;0];

%% POSITION $%%%%%%%%%%%%

tion of components
ate Pose]=vrep.simxGetObjectPosition(clientID,Plate frame,Base frame,vr

H
g oo
=

ep.simx opmode blocking);

[~,BaseFrame Pose]=vrep.simxGetObjectPosition(clientID,Base frame,Base frame
,vrep.simx opmode blocking);

[~,Input Pose]=vrep.simxGetObjectPosition(clientID, Input Tech,Base frame,vre

p.simx opmode blocking) ;
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[~,Output Pose]=vrep.simxGetObjectPosition (clientID,Output Tech,Base frame,v

rep.simx opmode blocking);

$%%%%%%% ORIENTATION %$%%%%%%%%%%%%%
$orientation of components
[~,Plate Orient]=vrep.simxGetObjectOrientation (clientID,Plate frame,Base fra

me,vrep.simx opmode blocking);

[~,BaseFrame Orient]=vrep.simxGetObjectOrientation(clientID,Base frame,Base
frame, vrep.simx opmode blocking) ;

[~,Input Orient]=vrep.simxGetObjectOrientation (clientID, Input Tech,Base fram
e,vrep.simx opmode blocking) ;

[~,Output Orient]=vrep.simxGetObjectOrientation(clientID,Output Tech,Base fr

ame,vrep.simx opmode blocking);

$rotation matrices of components
Rot Input= eul2rotm(Input Orient, 'XYZ');
Rot Output= eul2rotm(Output Orient, 'XYZ'");

$%%%%%%% MACHINES USED IN EXPERIMENT ONLY %%%%%%%%%
for i=1:length (machine)

[~,Handles{1i,1}] =
vrep.simxGetObjectHandle (clientID,machine{i, 1}, vrep.simx opmode blocking);

[~,0bjPos{i,1l}]=vrep.simxGetObjectPosition(clientID, Handles{i,1},Base frame,

vrep.simx opmode blocking);

[~,0bjOr{i,l}]=vrep.simxGetObjectOrientation(clientID, Handles{i,1},Base fram
e,vrep.simx_ opmode blocking) ;
Rot machine{i,1} = eul2rotm(ObjOr{i,1}, " 'XYZ");

%set positions where robot will go

Machine Position{i,1l}= ObjPos{i,1}' ;

MachSafe Pose{i,1l}= [(ObjPos{i,1}(1,1));
(ObjPos{i,1}(1,2)+0.4);0bjPos{i,1}(1,3)]1;

end
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EXECUTE_EXPERIMENT_STAUBLI.m

CHECK_HOME STAUBLI (robot, q,T, dt, Home, Rot Input,Jointl, Joint2, Joint3,
Joint4, Joint5, Joint6é ,Input Pose );

$executing trajectory

for i=1:length (machine)

rot m= Rot machine{i,1}; % rotation matrix of machine-remains same always-
does not move

MACHINES STAUBLI (robot, q, T,dt, i, Machine Position,MachSafe Pose, rot m,
Jointl, Joint2,Joint3, Joint4,Joint5,Joint6 , Home) ;

i=1i+1;

end

OUTPUT_STAUBLI (robot, g, T, dt,Rot Output,Output Pose,Jointl,
Joint2,Joint3, Joint4,Joint5,Joint6, Home) ;

Published with MATLAB® R2018a

CHECK_HOME_STAUBLI.m

function CHECK HOME STAUBLI (robot, q,T, dt,Home, Rot Input,Jointl, Joint2,

Joint3, Jointd4, Joint5, Jointé , Input Pose )

$%%%%%SCHECK HOME%%%%%%

%checks if robot is in home position

%$1f yes user is notified

%$if not it is commanded to go to home position before the start of the

experiment
vrep=remApi ('remoteApi'); % using the prototype file (remoteApiProto.m)
vrep.simxFinish(-1); % just in case, close all opened connections
clientID =vrep.simxStart('127.0.0.1',19999, true, true,5000,5);

if (clientID>-1)
disp('")
else
% close the connection to V-REP and notify user
vrep.simxFinish (clientID) ;
end

if g(l)==0 && g(2)== -0.5000 && g(3)==1.3000 && g(4)==0 && g(5)==0 &&
q(6)==

printf ('Robot is in Home Position-Ready to start experiment')
else

Sreturn robot to home joint configuration

q_f= Home;
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g= Joint Trajall TX90 (robot,q,T, dt,q f,Jointl, Joint2, Joint3, Joint4,
Joint5, Joint6);

end
prompt='Do you wish to continue to experiment? Y/N [Y]:';
str = input (prompt, 's');
if isempty(str) || str=='Y'
str = 'Y';

$start with experiment and notify user
fprintf ('Experiment started \n')

pause (1) ;

$first step is to take plate from technician-input

rot m= Rot Input;
P f=(Input Pose)';

g= STAUBLIexetraj(q,robot,T, dt, P_f,rot m, Jointl, Joint2,Joint3,

Joint4, Joint5,Joint6 );

g f= Home;

g= Joint Trajall STAUBLI (robot,q,T, dt,q f,Jointl, Joint2, Joint3,

Joint4, Joint5, Jointo6);
else
error ('Experiment interrupted by user')
end
% call the destructor!
vrep.simxFinish (clientID) ;

vrep.delete();

end

Published with MATLAB® R2018a
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Joint_Trajall_TX90.m

function g= Joint Trajall TX90(robot,q,T, dt,g f,Jointl, Joint2, Joint3,
Joint4, Jointb5, Jointo6)
$start simulation
%connect to VREP
% vrep=remApi ('remoteApi', 'extApi.h'); % using the header (requires a
compiler)
vrep=remApi ('remoteApi'); % using the prototype file (remoteApiProto.m)
vrep.simxFinish(-1); % Jjust in case, close all opened connections
clientID =vrep.simxStart('127.0.0.1',19999, true, true,5000,5);

if (clientID>-1)
disp('');
else
% close the connection to V-REP and notify user
vrep.simxFinish (clientID) ;
end

$Retrieve current joint configuration
q i= [ a(l); q(2); g(3); qa(4); a(d); q(6)];

%offset between visual EE and actual EE
T dummy e=[1 0 0 0;0 1 0 -0.162 ; 0 0 1 0 ;0 O O 1];

$parameters for trajectory
x= TrajecParam(T) ;
t=0;

c=1;

while t<= T

$homogenous transformation for robot chain

T e= getTransform(robot,double(q), 'ee link');

$transformation from visual EE to actual EE
T final= T e* T dummy e;

P i= T final(1:3,4);

%get path between initial and desired configuration
[g d,gdot]=Joint Traj STAUBLI(q i,q f,t,x);

%$joint position at t+dt
g= g+gdot*dt;

for j=1:6
g (j)=atan2(sin(g(j)),cos(g(3)));

end
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timeV(c)= t;
X act(c,:)= P_1i(1);
Y act(c,:)=P i(2);
Z act(c,:)= P _1i(3);
ql(c,:)= a(l);
az(c,:)= al(2);
a3 (c,:)= q(3);
qd(c,:)= q(4);
gsd(c,:)= a(d);
g6 (c,:)= q(6);
qdl (¢, :)= qgdot (1);
qd2 (c, :)= qdot (2);
gd3(c, :)= qgdot(3);
qd4 (¢, :)= qgdot (4);
gdb(c, :)= qgdot(5);
qd6 (c, :)= gdot (6);
g dl(c,:)= g d(1);
q d2(c,:)= q d(2);
g d3(c,:)= g d(3);
g dd(c,:)= g d(4);
g_d5(c,:)= g_d(5);
g dé(c,:)= g d(6);
c=c+l ;

t=t+dt;

% update visual robot configuration
[~]=vrep.simxPauseCommunication (clientID, 1) ;
[Jl]=vrep.simxSetJointPosition (clientID,Jointl,g(l),vrep.

);

[J2]=vrep.simxSetJointPosition (clientID,Joint2,qg(2),vrep.

);

[J3]=vrep.simxSetJointPosition (clientID, Joint3,q(3),vrep.

);

[J4]=vrep.simxSetJointPosition (clientID, Joint4,qg(4),vrep.

);

[J5]=vrep.simxSetJointPosition(clientID, Joint5,g(5),vrep.

)

[J6]=vrep.simxSetJointPosition(clientID, Joint6,g(6),vrep.

);

[~]=vrep.simxPauseCommunication (clientID,0) ;

pause (dt) ;

end

$plot x,y,z of trajectory
subplot (3,1,1);

hold on

plot (timeV,X act)
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title('Actual End-Effector Displacement (FK)' , 'FontSize',6 14)

ylabel ('x-coordinate [m]','FontWeight', 'Bold'")
xlabel ('time [s]', 'FontWeight', 'Bold')

subplot(3,1,2);

hold on

plot (timeV,Y act)

ylabel ('y-coordinate [m]','FontWeight', 'Bold'")
xlabel ('time [s]', 'FontWeight', 'Bold')

subplot (3,1,3);

hold on

plot (timeV,Z act)

hold off

ylabel ('z-coordinate [m]', 'FontWeight', 'Bold")
xlabel ('time [s]', 'FontWeight', 'Bold')

%$%%% JOINT PLOTS

figure ()

subplot (6,1,1);

hold on

plot (timeV,gl, '.b')

% plot(timev, g dl, '.r')

title('Joint angles (FK)' , 'FontSize',b14)

ylabel ('Joint 1 [rad]', 'FontWeight', 'Bold')
xlabel ('time [s]', 'FontWeight', 'Bold"')

subplot(6,1,2);

hold on

plot (timeV,qg2, '.b'")

% plot(timev, g d2, '.r'")

ylabel ('Joint 2 [rad]', 'FontWeight', 'Bold')
xlabel ('time [s]', 'FontWeight', 'Bold'")

subplot(6,1,3);

hold on

plot (timev,g3, '.b')

% plot(timev, g d3, '.r'")

ylabel ('Joint 3 [rad]', 'FontWeight', 'Bold'")
xlabel ('time [s]', 'FontWeight', 'Bold"')

subplot (6,1,4);

hold on

plot (timeV,g4, '.b'")

% plot(timev, g d4, '.r')

ylabel ('Joint 4 [rad]', 'FontWeight', 'Bold')
xlabel ('time [s]', 'FontWeight', 'Bold'")

subplot(6,1,5);

hold on

plot (timev,g5, '.b')

% plot(timev, g d5, '.r'")

ylabel ('Joint 5 [rad]', 'FontWeight', 'Bold'")
xlabel ('time [s]', 'FontWeight', 'Bold'")
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subplot(6,1,06);

hold on

plot (timev,g6, '.b')

% plot(timeVv, g d6, '.r')

ylabel ('Joint 6 [rad]', 'FontWeight', 'Bold')
xlabel ('time [s]', 'FontWeight', 'Bold'")

hold off

%$%%% VELOCITY PLOTS

figure ()

subplot(6,1,1);

hold on

plot (timeV,qgdl)

title('Joint velocities (FK)' , 'FontSize',b14)
ylabel ('Joint 1 [rad/s]', 'FontWeight', 'Bold")
xlabel ('time [s]', 'FontWeight', 'Bold"')

subplot (6,1,2);

hold on

plot (timeV,gd2)

ylabel ('Joint 2 [rad/s]', 'FontWeight', 'Bold")
xlabel ('time [s]', 'FontWeight', 'Bold"')

subplot (6,1,3);

hold on

plot (timeV,gd3)

ylabel ('Joint 3 [rad/s]', 'FontWeight', 'Bold')
xlabel ('time [s]', 'FontWeight', 'Bold"')

subplot (6,1,4);

hold on

plot (timeV,gd4)

ylabel ('Joint 4 [rad/s]', 'FontWeight', 'Bold')
xlabel ('time [s]', 'FontWeight', 'Bold"')

subplot (6,1,5);

hold on

plot (timeV,gdb)

ylabel ('Joint 5 [rad/s]', 'FontWeight', 'Bold')
xlabel ('time [s]', 'FontWeight', 'Bold"')

subplot (6,1,6);
hold on
plot (timeV,gdb)
ylabel ('Joint 6 [rad/s]', 'FontWeight', 'Bold')
xlabel ('time [s]', 'FontWeight', 'Bold"')
hold off
% call the destructor!

vrep.simxFinish (clientID) ;

vrep.delete () ;

end

Published with MATLAB® R2018a
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STAUBLIexetraj.m

function g= STAUBLIexetraj (g, robot,T, dt, P f,rot m, Jointl, Joint2,Joint3,
Joint4,Joint5,Joint6 )
$start simulation
%connect to VREP
% vrep=remApi ('remoteApi', 'extApi.h'); % using the header (requires a
compiler)
vrep=remApi ('remoteApi'); % using the prototype file (remoteApiProto.m)
vrep.simxFinish(-1); % Jjust in case, close all opened connections
clientID =vrep.simxStart('127.0.0.1',19999, true, true,5000,5);

if (clientID>-1)
disp('")
else
% close the connection to V-REP and notify user
vrep.simxFinish (clientID) ;

end

$offset between visual EE and actual EE
T dummy e=[1 0 0 0;0 1 0 -0.162 ; 0 0 1 0 ;0 0 O 1];

%$homogenous transformation for robot chain

Trans= getTransform(robot,double(q), 'ee link'");

$Transformation from visual EE to actual EE
T fi= Trans* T dummy e;
P o= T_fi(1:3,4);

$parameters for trajectory
x = TrajecParam(T) ;
t=0;

$%%%%% Follow Trajectory %$%%%%%%
while t<= T

$homogenous transformation for robot chain

T e= getTransform(robot,double(q), 'ee link');
$transformation from visual EE to actual EE
T final= T e* T dummy e;

P i= T final(1:3,4);

$rotation matrix of EE wrt to base frame
Rot EE= T final(1:3,1:3);

%%%%% ORIENTATION ERROR $%$%%%%
%angle-axis representation (Sicilliano et.al)
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R err =transpose (Rot EE)* (rot m);

r theta =rotm2axang(R err);

r= r theta(l, 1:3); %r wrt Rot init

theta f= r theta(l, 4);

r= (Rot EE)* transpose(r); %r wrt base frame

theta i=0;

selements (vectors) for Re(Rot EE)computed from joint variables
ne= Rot EE(:,1);

se= Rot EE(:,2);

ae= Rot EE(:,3);

%elements (vectors) for Rd(rot m)
nd= rot m(:,1);
sd= rot m(:,2);
ad= rot m(:,3);

$after differentiating eo wrt time

L= (-

0.5)* ((nd/dt) * (nd") * (ne/dt) * (ne') + (sd/dt) * (sd") * (se/dt) * (se') + (ad/dt) * (ad") *
(ae/dt) * (ae'));

%get trajectory between initial and desired ending point

[P,v, theta, thetad]=Cartesian Traj STAUBLI(P o,P f,theta f, theta i,t,x);
w= thetad*r;

wd=(L\ ((L') *w) ) ;

eoo= r*sin (theta);

%positive values Ko, Kp
Ko=(1/dt-10);
Kp=(1/dt-10) ;

%%%% ERRORS %%%%
eo= L\ (Ko*eoo

ep= Kp* (P-P_1i
e= [ep ; eo] ;

; %orientation error (only around z)

; Sposition error

$%%%% JACOBIAN $%%%%
%calculate geometric jacobian
Jac_rev = geometricJacobian (robot,double(q),'ee link');

%¥reverse rows
$Matlab default (first rotation, second transaltion)
Jac= [Jac_rev(4:6,:);Jac rev(1l:3,:)] ;

%$linear velocity, keep x,y,z
%$orientation in x,y,z axis
J= [Jac(l:3,:) ; Jac(4:6,:)]1;

$damping factor A via SVD
[~,8,~] = svd(J):;
diagS=diag(S) ;

sigma=min (diags) ;
lamdamax=0.04;

eps= 10e-4;

-55-



APPENDIX C

if sigma >= eps
lamda = 0;

else

lamda= sqgrt((1- ((sigma/eps)"2)* (lamdamax”"2)));
end
%$%%%% QUADRATIC PROGRAMMING $%$%%%%
set lower-upper bounds for quadprog
g mila=[=2,82=8.972=0,91Lg=4,7g=1.59=4,5] g
q max= [2.8;0.83;4.06;4.7;1.5;4.5];
quln—[ 3.14;-2.27;-2.53;-4.7;-2.01;-4.71;
g max= [3.14;2.57;2.53;4.7;2.44;4.7];

o0 o° oP

1lb= (g min-q) /dt;
ub= (g max-q) /dt;

%Solving IK

$quadratic programming

H=(J'*J +((lamda)"2) *eye (6,6));

b=([v,;wd]+ e);

f=-(b")*J ;

options = optimset ('Display’', 'off');

gd = quadprog (double (H) ,double(£f), []1,[1,[],[],double(1lb),double(ub),[],
options);

ve= J*qgd;
g= g+gd*dt; %joint position at t+dt

for j=1:6
g(j)=atan2(sin(q(j)),cos(q(3)));
end

$save the values for position and velocity for later plotting
timeV (c) =
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Y des
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update visual robot configuration

[~]=vrep.simxPauseCommunication (clientID, 1) ;
[Jl]=vrep.simxSetJointPosition (clientID,Jointl,g(l),vrep.

)

[J2]=vrep.simxSetJointPosition (clientID, Joint2,qg(2),vrep.

)

[J3]=vrep.simxSetJointPosition (clientID, Joint3,qg(3),vrep.

)

[J4]=vrep.simxSetJointPosition (clientID, Joint4,qg(4),vrep.

)

[J5]=vrep.simxSetJointPosition(clientID, Joint5,qg(5),vrep.

);

[J6]=vrep.simxSetJointPosition (clientID,Joint6,q(6),vrep.

);

[~]=vrep.simxPauseCommunication (clientID,0) ;

pause (dt) ;

end

%$%%% JOINT PLOTS

figure ()

subplot (6,1,1);

hold on

plot (timeV,qgl)

title('Joint angles ' , 'FontSize',614)

ylabel ('Joint 1 [rad]', 'FontWeight', 'Bold')
xlabel ('time [s]', 'FontWeight', 'Bold')

subplot(6,1,2);

hold on

plot (timeV, g2)

ylabel ('Joint 2 [rad]', 'FontWeight', 'Bold')
xlabel ('time [s]', 'FontWeight', 'Bold'")

subplot(6,1,3);

hold on

plot (timeV, g3)

ylabel ('Joint 3 [rad]', 'FontWeight', 'Bold')
xlabel ('time [s]', 'FontWeight', 'Bold'")

subplot (6,1,4);

hold on

plot (timeV, g4)

ylabel ('Joint 4 [rad]', 'FontWeight', 'Bold')
xlabel ('time [s]', 'FontWeight', 'Bold')

subplot (6,1,5);
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hold on

plot (timeV,g5)

ylabel ('Joint 5 [rad]', 'FontWeight', 'Bold'")
xlabel ('time [s]', 'FontWeight', 'Bold'")

subplot(6,1,6);

hold on

plot (timeV,g6)

ylabel ('Joint 6 [rad]', 'FontWeight', 'Bold')
xlabel ('time [s]', 'FontWeight', 'Bold'")

hold off

%$%%% VELOCITY PLOTS
figure ()
axvl=subplot(3,1,1);

hold on

plot (timeV,vl des, '.r
plot (timeV,vl act, '.b')
ylim(axvl, [-2 2 ])

title ('End-effector Velocity' , 'FontSize',614)
xlabel ('time [s]', 'FontWeight', 'Bold'")

ylabel ('velocity [m/s]', 'FontWeight', 'Bold')

axv2=subplot(3,1,2);

hold on

plot (timeV,v2 des, '.r'")

plot (timeV,v2 act, '.b')

ylim(axv2, [-2 2 ])

xlabel ('time [s]', 'FontWeight', 'Bold'")
ylabel ('velocity [m/s]', 'FontWeight', 'Bold")

axv3=subplot(3,1,3);

hold on

plot (timeV,v3 des, '.r'")

plot (timeV,v3 act, '.b')

ylim(axv3, [-2 2 ])

xlabel ('time [s]', 'FontWeight', 'Bold'")
ylabel ('velocity [m/s]', 'FontWeight', 'Bold")

hold off

%$%%% POSITION PLOTS
figure ()

$plot x,y,z of trajectory
axl=subplot(3,1,1);
hold on

plot (timeV,X des, '.r'")

plot (timeVv,X act, '.b'")

$ ylim(axl, [-2 2 1)

title('Displacement' , 'FontSize',14)

ylabel ('x-coordinate [m]','FontWeight', 'Bold'")
xlabel ('time [s]', 'FontWeight', 'Bold')
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ax2=subplot(3,1,2);
hold on

plot (timeV,Y des, '.r'")
plot (timeV,Y act, '.b'")
$ ylim(ax2,[-1 1 1)
ylabel ('y-coordinate [m]','FontWeight', 'Bold'")
xlabel ('time [s]', 'FontWeight', 'Bold')

ax3=subplot(3,1,3);
hold on

plot (timeV,Z des, '.r'")

plot (timeV,Z act, '.b'")

% ylim(ax3,[-1 1 ])

ylabel ('z-coordinate [m]','FontWeight', 'Bold'")
xlabel ('time [s]', 'FontWeight', 'Bold"')

hold off

o)

% call the destructor!
vrep.simxFinish (clientID) ;
vrep.delete () ;

end

Published with MATLAB® R2018a
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MACHINES_STAUBLI.m

function MACHINES STAUBLI (robot, q, T,dt, i, Machine Position,MachSafe Pose,
rot m, Jointl, Joint2,Joint3, Joint4,Joint5,Joint6é , Home)

$%%%% MACHINES$%%%%%

$%%intermediate points are set for robot to follow

$%%safer way to avoid collisions
vrep=remApi ('remoteApi'); % using the prototype file (remoteApiProto.m)

vrep.simxFinish(-1); % just in case, close all opened connections
clientID =vrep.simxStart('127.0.0.1',19999, true, true,5000,5);

if (clientID>-1)

disp('");
else
% Now close the connection to V-REP:
vrep.simxFinish (clientID) ;
end

%move to machine position to leave plate
Move Machine (:,1)= MachSafe Pose{i,1};
Move Machine (:,2)=Machine Position{i,1};
Move Machine (:,3)= Move Machine(:,1);

for x=1:3
P f= Move Machine(:,x);
g= STAUBLIexetraj(q,robot,T, dt, P_f,rot m, Jointl, Joint2,Joint3,
Joint4, Joint5,Joint6 );
end

pause (1) ;

for x=2:3
P _f= Move Machine(:,x);
g= STAUBLIexetraj(q,robot,T, dt, P_f,rot m, Jointl, Joint2,Joint3,
Joint4, Joint5,Joint6 ) ;
end

q_f= Home;
g= Joint Trajall STAUBLI (robot,q,T, dt, g f,Jointl, Joint2, Joint3,
Joint4, Jointb5, Joint6);

% call the destructor!
vrep.simxFinish (clientID) ;
vrep.delete() ;

end

Published with MATLAB® R2018a
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OUTPUT_STAUBLI.m

function OUTPUT STAUBLI (robot, g, T, dt, Rot Output,Output Pose, Jointl,
Joint2,Joint3, Joint4,Joint5,Joint6, Home)

$%%%S0OUTPUTSS%%%

last thing after any experiment is to give well-plate back to

o©

o

technician

%connect to VREP
% vrep=remApi ('remoteApi', 'extApi.h'); % using the header (requires a
compiler)
vrep=remApi ('remoteApi'); % using the prototype file (remoteApiProto.m)
vrep.simxFinish(-1); % just in case, close all opened connections

clientID =vrep.simxStart('127.0.0.1',19999, true, true,5000,5);

if (clientID>-1)

disp('');
else
% Now close the connection to V-REP:
vrep.simxFinish (clientID) ;
end

$set joint configuration above output window

rot m= Rot Output;

P f= (Output Pose)';

g= STAUBLIexetraj (g, robot,T, dt, P_f,rot m, Jointl, Joint2,Joint3,
Joint4,Joint5,Joint6 );

$return to home joint configuration
q_f= Home;
g= Joint Trajall RX90 (robot,q,T, dt, g f,Jointl, Joint2, Joint3,
Joint4, Joint5, Jointo6);
% call the destructor!
vrep.simxFinish (clientID) ;
vrep.delete();
end

Published with MATLAB® R2018a
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“H kaAUtepn npocToluaocia yia to avpto givatl va Balsis ta Suvarta oou onuepa”

H. Jackson Brown Jr, (b. 1941)



EYXAPIZTIEZ

H napoloa epyacia Sev Ba sixe mpaypatononBel xywplc tnv umtootnplén katL tnv kabodrynon
TIOAAWYV CNUAVTLIKWY avOpwtwy.

Mpwta ar’ 6Aa Ba ABeAa va euxapLOTHoW Tov KABnyntr pou Kat eMBAENOVTA TNG EPYAOIOG,
lewpylo X. Boovidko , o omoiog pou €dwaoe Tnv eukatpla vol CUUUETACKW OTNY OMASa TOU Kot
UETETPEPE QAUTH TNV EUMELPIO O€ KATL TTAPATAVW amd Hio omAn akadnuaiki epyaocia.
AlvovTag Pou TNV gukalplo vo ouvepPYooTw Apeca Ue tTn Blopnyavia, améktnoo MOAUTLUES
YVWOELG KoLl 8€L0TNTEC. To evSLOPEPOV KAL N EUMLOTOCUVN €K LEPOUG TOU NTAV KOTAAUTLKOL
TLOPAYOVTEG YLO TNV EKTTOVNON TNC tapoloas SUTAWUATIKNAG epyaciac. H kaBodrynon kot ot
OCUUPOUAEG oU pou Ttapeixe umtipEav oAU GNUAVTLKEG yLa LEVOL KOL TO EKTIUW SLaitepa.

EmutAéov, sipal euyvwHwV TIou yvwploa Kat doUAeda pe tov enikoupo kaBnyntr MNavwplo
Mrtevapdo, o omoiog mavta ftav npobupoc va pe Bondnoet va Eemepdow tic SUCKOALEC TTOU
giya kab’ OAn tn Sldpkela NG gpyaciag. H evépyeld tou umrpEe MOAU €UXAPLOTN KAl N
«PpEOKLO LOTLA» TOU LSLaltepal SLOPWTLOTLKA.

Oa nbeha eniong va ameuBUVW pLa EALKPLYH EUXOPLOTIO TTPOG TOUG avOpwITouG TG start-up
experoment, pla opada VEWV MTPWTOMOPWY, TIOU HE EUMLOTEUTNKAV va SoUAEPwW MAVW oTo
project toug. I8laitepa Ba nBeAa va suyaplotriow tov uroPndlo Sdaktopa tou Imperial
College, Francesco Cursi, ywo to Xpovo mou adlépwae, Bonbwvtag, cupBoulelovtag Kat
UTOOTNPLIOVTAG HE KATA TNV EKMOVNON TNG SUTAWUOTIKAG gpyaciag, mapoAlo mou Sev eixe
KOia uTtoxpEwon.

Ektdc amo toug avBpwroug otov akadnuaikd xwpo, 6a nbsAa va suxaplotiow oAduxa
Toug GIAOUG POV YLa TNV UTOOTNPLEN TOUG Kat TN BorBela ou pou mapeixav, o kabévag pe
Tov 81kd Tou povadiko Tpomo. Asv Ba RUouV o AvBpwITog Mo sipal xwpig autolg.

TéAog, Ba nBeha va ekdpAow TNV EVYVWUOCUVN LOU OTOUG YOVELG Hou , oL omoiol Sev enaav
TOTE VO TILOTEVOUV O HEVA KOL VA LOU TIAPEXOUV TNV TOAUTLUN UTIOOTAPLEN Kal ayArn Toug
KaB '0An tn Sldpkela Twv ormoudwv pou, kabwe kat ota adépdla pou, Tou eival mavta kel
yla Léva, TIOPOAO TIOU N armdoTaon HoG KPATAEL MOKPLA: oUTH N SUTAWUATIKY gpyacia ivatl
odLlepwpévn ota adépdla pou.
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H np6Beon va emitayxuvBel n emiotnuovikn épeuva otn Blotexvoloyia €xel auvénbel dpaotika
TI¢ tedeutaieg Sekaetieq. H emévbuon oe véoug TPOTOUC TPowWONONG AUTOU TOU TOUEQ,
XPNOLLOTIOLWVTAG TOV TTAEOV OUYXPOVO TEXVOAOYLKO £EOTIALOUO, BPILOKETAL OTO ETKEVIPO TNG
TPoooXNG. AuTOG glval 0 AGYoG yLa TOV OTIOLO OL EPEUVNTEG KOLL OL ETALPELEG £XOUV apXLOEL val
KATEUOUVOUV TNV TIPOCOXI TOUC OTNV QLUTOUATONOLNGN Kol Ta TTapakAASLo TG, Ta POUITOTIKA
ouotnuata pe epappoyEC Onwg sival ta cloud gpyaoctrpla Blotexvoloyiag anoteAouv Evav
oo Toug KAASOUC QUTOUC, TTOU OTOXEUOUV OTNV aAlayr TOU TPOTOU HE TOV OToio YIvVETaL N
£€peuva, Wolaltepa otov GapUAKEUTIKO KAGSO0. ETTUYXAVOUV TNV QVTLOTABLON TOU GUVEXWGE
QUEAVOUEVOU KOOTOG TWV KAWIKWY SOKLUWVY KOl TNV QUTOMOTOMOINCN TOU KOUPOGOTLKOU
£pPYQOTNPLAKOU £PYOU, EVW ETLTAXUVOUV TNV £PEUvVa SLEVEPYWVTOC TMAPAAANAL TTELPAUATA.
Etol, n melpopatiky Stadikacio yivetal mo amodotik Kal guxdplotn yla OAoug. Mua
ETILOKOTINON TOU OXESLOOHOU KAl TNC AELTOUPYLOG EVOG TETOLOU POUTTOTIKOU GUOTHUATOC Elval
TO KEVTPLKO BEpa TnG TpEXoucac epyaaiag.

Jtnv mopouoa epyacia peAstatal n pebodoloyia kal Ta epyalsia yla TNV avamtuén tou
£LKOVIKOU LoOSUVAOU £VOC TTPAYUATIKOU €pyaoTtnpiou PlotexvoAoyiag yio GapuoKEUTIKA
TELPAUOTA. SUYKEKPLUEVQ, €va poUTtOT TUMou SCARA, o poumotikog Ppayiovag Staubli TX2-
90XL koBbwg kal to epyaoctnplakd meplBaAlov, Slapopdwvovial XpNOLULOTIOLWVTOC TO
Aoylopiko avamnrtuéng 3D epappoywv VREP amd tnv Coppelia Robotics. O otoxog eival va
SlepeuvnBel o mpoypappatiopdc tou Ppayiova ektdc ouvdeong oe TePIBAANOV ELKOVLKNAG
TIPAYHOTIKOTNTAG, KOABWE KAl va oXESLAOTEL pLa TIARPWG EOTALOUEVN EpyaaTnpLakn dldtagn
Tou va propel va petadepbel oe mpaypatikd Sedopéva kal o uolkd emninedo.

QG UEPOG TOU OXESLOOMOU ELOAYOVTAL OL YEWMETPLEC yLa TN dnpLoupyila Tou gpyaoctnpiou,
cupnepAaBOVOUEVOU TOU EEOTTALOMOU KAL TWV AVOAWGCTHWY. ITn CUVEXELQ SnLoupyolvTaL
KoL ouykpivovtal Sladopeg epyactnplakee Statagelg, kataAnyovrag os S00, MOU TEAKA
T(POCOLOLWVOVTAL.

Mo tn povtelomoinon Kol tnv Tpocouolwon, £Lo0ayovtal To HOVTEAM POUMOT Kol
QVATTUCOOVTAL Ol OVTLOTOLXEG KLVNUOTLKEG Toug aAucibec. H gumpooBia kal avtiotpodn
Klvnuatiky tou Bpaxiova avoAletal kat avomtloostal otn Matlab, xpnowpomnolwvrag
Sladopetikég pooeyyioelc kat alyopiBuoug, omwe n avtiotpodn kat Peuvdo-avtiotpodn
lakwpBLlavn, kabwg kal n pEBodocg anooPevupevwy eAayioTwy TeETpaywvwy. H TpoxLd Kot Twv
600 poumoTiKwy Bpaxlovwy oxedlaletal, £T0L wWote va dnutoupynBei éva ox£dLo kivnong mou
uropel va  xpnowormotnBei ylwo omowodnAmote neipapa oto epyactiplo. EmumAéov,
SnuLoupyeltal pia SLemadr yLo TNV EMKOLVWVLO TWV TIELPOUATIKWY TIPWTOKOAAWV LETAEY TOU
£PELVNTH KO TWV POUTTOTIKWV BpaxLovwy.
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1- EIZATQIH

EI2AMQMNH

1.1  Tuelval éva Poumotiko Cloud Epyaotriplo Blotexvoloyliag;

'Otav okepTOHAOTE BEATIWOEL UTOUATIOMOU KOL TIAPAYWYIKOTNTOC, TA BLOUNXOVIKA POUTTOT
Bapéag mapaywyng eival (ow¢ Ta MPpWTA MPAYUATA TIOU A €pXOVTaL 6TO HUaAO. Qotdoo,
UTIAPXOUV TIOAAG TIEPLOCOTEPO O€ AUTO. OL MEPLOCOTEPOL EPEVUVNTEC, TOCO OTOV AKASNUAIKO
XWPO 600 Kol otn Blopnxavia, XpnoLLomoloUV aKOUO XELPOYPADEC ONUELWOELG EpYAOTNPLOU
KoL uTtoAoyloTikad ¢UAa Tou Excel yia va kataypdouv Ta supiuatd touc. Ma moAa and
OUTA TO EPYOLOTHPLA TIOU ELCEPXOVTOL OTOV 210 aLwva AQUTORATONOoLNoNG, oL aLeBnTrpeg Kat
to Internet of Things (loT) elval oxedov adUvato XwWpPI¢ ONUAVTIKEC OLKOVOULKEG ETEVOUOELG
yla TNV mpocAnyn LGLKEVUEVOU TIPOOWTTILKOU KAl TNV ayopd e€omALopoU.

‘Evag amo Toug TIo aVaTtUGGOEVOUC, amo thv amodn autr, Touelg eival n Blotexvoloyia.
Qoto00, n kawotouia otn Blotexvohoyia mapepunodiletal and tnv EAewpn U0 GNUAVTIKWY
mapayoviwy. To MPWTOo £ival n avomapaywyLlpotnto. Ta mepLooOTEPO Ao TO TELPAMOTA O
ETUOTNMOVIKEG Snuooteloelg eival duokoho va avamapaxBouv. To &eltepo eival n
npooBaactpotnta. NMoAl Alyol avBpwrol €xouv MpocBacn otov eEOMALOUO 1) Ta KEdAAaLO TTOU
amalTtouvTal yla TNV €vapén evog epyactnplou. AKOUA KL av KATOLOG TO KAVEL, Umopel va
XPELAOTOUV TIOAAOL LIVEG 1] KAL XPOVLOL EPEUVAG TIPLV VAL EXEL KAV EVOL LOVO TIPOLOV OTN YPAUUN.

H kUpla évvola Ttou KpUBeTaL oW Ao TO EPYAOTPLO POUTIOTIKNG Blotexvoloyiag, eival pia
EPEUVNTIKN HMOVASA HOPLAKNG KoL KUTTAPLKAG BloAoylag Tou AELTOUPYEL HE POUTIOT Kol
eléyxetal péow APl (Application Programming Interface). H xprion tou; Na emitparnei os
gemotnuoveg va  Slaxewpilovtal TAAPWG Kal €€ AMOOTACEWG WL  OAOKANPWHEVN
Bloteyvoloylkn eyKataotaon, Omwe eva epyactiplo. H petadopd uypwv HETALL pnxovwy
OVTL yLa TN Xprion MUTETAC YIVETAL QUTOUATOTIOLNUEVA, EVW OL POUTIOTIKOL Bpayioveg £xouv
TOV KUPLO POAO YLA TNV EKTEAECN TELPAMATWY HE MIKPH avBpwrivn mapepPfaocn. OL meAdTeg
umoBaAAouv napayyeAieg péow pog Stemadng kat Aappdavouv avatpododotnon dedopévwv
o kGOe BApa tou mepdapotog. H Baowkn Wéa sival otL OANG mepdpato otn Ploloyia
XPNOLUOTIOOUV TIG (6leq BaolkéG Asttoupyieg e SLadopeTIkO UALKO Kol o€ SLopOPETLKN
akoAouBia. Eva Tumiko meipapa neplhapBavel tn GuyokeEvtpnon, TNV avayvwon Selypatwy
pe dwropeTpia Kot Eva Kpd aplOpd GAAWVY AELTOUPYLWYV TTOU UMOPOUV VA AVTLUETWIILOTOUV
OKOAOUBLOKA KOl VO UTOPATOTOWIN 00UV TARPWG. [1]

O otoxog sival va oAAAEEL O TPOTOG LE TOV OMOlo yivetal n €peuva, avilotabuilovrag
SPAUATIKA TO CUVEXWE AUEAVOUEVO KOOTOG TWV KAWVIKWY SOKLUWY, QUTOUATOTOLWVTAS TV
KOUPOOTIKA €PYAOTNPLOKN e£pyocia kal emtaylvovtag Thv €peuva e tnv Sle€aywyn
TAPAAANAWY TTELPOUATWY. ZUYKEKPLUEVA, OUTA N VEO TIPOCEYYLON aVOLYEL TN SuvatotnTa
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dTNVAG KOl OTMOTEAECUATLKAG QAVOTTAPOAYWYNG TIOAALOTEPWY ETILOTNHOVIKWY TELPAUATWY,
YEYOVOC TIOU armoTeAel TepimAoko TPOPANUa tou Topéa. Emiong umooxetal va PELWOEL
SPACTIKA TO XPOVO KOl TO KOOTOC OMOKTNGONG VEWV GUPUAKWY OTNV ayopd. JUYKEKPLUEVA, O
aplOpoC Twv VEWV GapUAKwY TIOU gykpivovtal avd Sloskatoppuplo Soldplo Samavwv
MELWVETAL £WG KAl KOTA TO NUIOU KABe evvéa xpovia. Ot pubuoi autol dtacdaiilouv otL n
avantuén popuakwy Ba mapopével TN TWV HEYOAWY TIOAUEBVIKWY ETALPELWY KAl OTL T
nepLocotepa pappoaka mov cwlovv {weg Ba mapapévouv ampdatta yla thv mAsloPnoia twv
avBpwrnwv otov Koopo. Kpivetal Aoumov avaykaio vo akoAouBnbel pia 1o dnuokpatikn
T(POCEYYLON YLO TNV TPowBnaon Tou onuepvol HovTéEAOU avamtuéng dpapudkwy. [2] Autdg
gival kal évag Baolkdg Adyocg yla tov omolio ol cloud kot open source mAatdoOpueg kKpUBouv
TO0eC MOAEG UTIooXEoelS. Ta poumoTika cloud epyaotrpla adalpolv TNV amaitnon ylo
peyaAeg Samaveg otn Stadikacio avantuéng dappakwy Kol £TOL ETUTPEMOUV OF £Va EUPUTEPO
daopa avBpwnwy va oxedLACoUV Kal VoL SOKILAOOUV VEEG ETILOTNIOVLKEG LOEEG.

Enionc, mBavov va aAAdel Tov TPOTO LLE TOV OMOLO0 OL EMLOTAOVEG oXeSLATOUY TO MELPAUATA
Ttouc, 6edopévou OTL PE TNV avOPWTILVN EMIOTNHOVLKA £peuva KABE MPOcBeTo P O Lo
gpyootnplakn Sladlkaocia cuvemaystal ekBetTikp alénon Tou KOOToUuG Kal oufAvel tnv
mbavotnta avlpwrivou ohAAUATOC Kal omOKALoNG omd To TPWTOKOAAO, yeyovoTo Tou
TIPOAOBAVOVTOL HECW HULOC TIANPWE AUTOUOTOTIOLNUEVNC TIPOCEYYLONG .

Me aMa AoyLa, utdpxouv oAAamAd mAeovektruata pe ta cloud lab, pe tnv anopakpuopévn
MpOcPacn o€ MPAYUATIKO XpOvo va eival Hovo €va amod autd. Ta epyaotnpLa ETLTPENOUV
OTOUC EPEUVNTEC VO AVATTAPAYOUV €UKOAOTEPA Ta amoteAéopata. Kdvouv mio eUkoAn tnv
TuTomoinon TNG TMELPOMATIKAG Sladikaociag. OL gpeuvnTtéC UMOpouvV va  avaAloouv
anoteAeopatikotepa ta Sedopéva amd OAA TA TEPAPATA TIOU amoBnkelovial oTo
«oUvvedo». OAa autd pmopouyv va LeTadpaoTolV o POlIKA auEaVOUEVN TTAPAYWYLKOTNTA.

1.2 Texvoloyia Digital Factory

H Bropnxavio 4.0 EMKEVIPWVETAL OTNV ULOBETNGCN VEWV TEXVOAOYLWV TANPOGDOPLKAG KOl
Sladiktiou, cuumeplhapfavopévou tou SLASIKTUOU TwV TPAYUATWY, TNG KATAOKEUNG
clwedwv, TS PNPLAKNG / ELKOVLKAC TIPOYUATIKOTNTOC KATT. WG BaoIKEG TEXVOAOYIEC yla TRV
QVTLUETWTTILON VEWV TIpokANcewv. [3], [4]. Ta kUpla xapakTnpLloTkd Tou Industry 4.0 eivatl n
SLOAELTOUPYLKOTNTA, N OMOKEVTpWON, N Kavotnta Spdong os Tpaypatikd xpdvo, o
T(POCOVATOAIOMOG TWV UTNPECLWV KAl N €lkovikomoinon, o6nAadn n olvdeon Twv
TIPOAYHOTIKWY EPYOOTACLOKWY SESOUEVWV E TA HOVTEAD ELKOVIKWV EYKOTAOTACEWY KOl TA
MOVTEAQ TIPOCOHOLWEONC yla TN Snuloupylo evog sikovikol avtlypdadou tou Smart Factory.
JKOTmOC Tou elval n aufnuévn euvelila otnv mapaywyn, TLX. HECW TNG XPNRONg
SlopopdWHEVWY POUTIOT KOl HNXOVNUATWY TIOU UMOPEl va mapdyouv pila ToLKAia
SLoPOoPETIKWV TIPOIOVTWY, TPOCapLOYN HAalwyV, TLY. EMLTPETIOVIAC TNV TTAPAYWYI OKOMN Kot
ULKPWV TIOPTIO WV, TPOCUPUOCUEVWY OTLE TPodLaypad£C TwV MEAATWY AOYW TNS SUVATOTNTAC
toxeiag Slapopdwong Twv pnxavwy Kot tg toxutntog enefepyaciog, Ssbouévou OtL 0
PNodLoKOG OXESLAOUOC KAl N €LKOVIKH Hovtelomoinon Twv SLadlkaolwy Tapaywyns Kot
OUOTNUATWY UImopolV va PELWOOUV TO XPOVo UETOED oxedlaopol Kol £vapéng mopaywync,
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TIOU QTaUTOUVTAL YLO TNV TApA 8001 TwV apayyeALWVY KoL To Xpovo yla va TeBolv ta mpoidvta
otnv ayopd. [5]

JUVEMWC, N TETAPTN PBlopnXavikn emavaotoon OV avIUTPOOWMEVUETAL UOVO amod TV
oAANAeTiSpaon HETOEU UNXOVWY, POUTIOT, NAEKTPOVIKWY UTIOAOYLOTWY Kol SES0UEVWV PECW
Tou Aladiktuou, oAAA Kal amod tnv auvénuévn xpnon dnélakwv péowv Topaywyng Kat
AoylopkoU, smutpénoviag TNy PndLlakn avamopdotacn Tou TPAYUATIKOU TeplBAAAOVTOG
napaywyng, oAa ta enineda and to cUVOAO TOU €PY0OCTACIOU MOPAYWYNG, Omd €va HOvVo
pMnxavnua, anod o cuykekpLuévn Stadikaoia f amo pia enxeipnon i and tov oxeSLaopo Kot
v avamtuén véwv mpolovtwv. [6] e autd to mAaiolo, oL texvoloyieg Digital Factory
Baoilovtal otnv aflomoinon Pndlakwv peBoOdwv Kal epyaleiwv, OMwe n aplOuNnTIki
ipooopoiwan, N TELoSLAoTATN HOVTEAOTOINON KOL N E€LKOVIKNA TPAYUATIKOTNTA yla ThV
g€€taon evog OUVOETOU KATOOKEUAOTIKOU CUOCTHMOTOG Kal TNV afloAoynon SladopeTikwy
Slopopdwoewv ylo BEAtiotn ANPn amoddcswv PE OXETIKA XapnAo kootog. [4], [7] Ou
texvohoyieg mou PBaocilovtal oTnv MPOCOUOLWON Elval KEVTIPLKA OTOLXELOL OTNV TIPOCEYYLON
Digital Factory, kaBw¢ EMITPEMOUV TOV TEPAUATIONO KAl TNV E€mkUpwon Sladopwv
SlopopdWoEWV CUCTNUATWY TTPOLOVIWY, SLASLKACLWY KoL KATOOKEUWV. [8]

Ta kowd Pndlaka Oedopéva Kal HoOviéAa oto Smart Factory Ba mpémel va eival
TIPOCOPUOCUEVA, HE TNV EVvolo OTL TIPETIEL TTAVIA VA QVIUTPOCWTEUOUV TNV TPEXOUOQ
KOTAoTaon Tou ¢uUOIKoU OUCTAMATOC Topoywync. lNa to Adyo autd, Ba mpenel va
EVNUEPWVOVTOL TAKTIKA UE TIAnpodoplec mou mpogpyxovial amd 1o PuoLkO cuoTNUA
napaywyng Kabwg kal pe BAcn T L0080UG TwV XpnoTwv. Aedopévou OTL Ta PHoVTEAA eival
EVNUEPWHEVA KAl £YKupa, UIopoUlV va xpnowomolnBolv amoteAeopotikd ya t Andn
anopAcewv HECW TNG XPNong €ykupwv LeBodwv BeAtiotomoinong. Q¢ €k TtouTou, €va
Bepehwdec INTNUA amoteAel N Mpooappoyr TwV KOWwv SeSo0UEVWY KAl TwV HLOVTEAWVY TTOU
TPAYHOTOTOLOUV pLa OTeVH cUvdean LETAlL Tou GpuaoLkoU Kal tou PndLokol Koouou [4].

Ao tnv anodn avth, eivat epdavig n onpacio tTng avantuéng pebodwv mapaywyng oUng
yla GapUOKEUTIKA TTPOLOVTA TIOU XpnoLUoToLlouy texvoloyisg Pndlakol epyootaciou. Tig
veodueig eTalpieg, HeTALU AAAwVY, uropel va BonBRAoeL n AVATTUEN AUTWY TWV TEXVOAOYLWY,
6ebopévou OTL TO KOOTOG Kol 0 KivOUvOog yla TNV KOTOOKEUH, OTNV TEPIMTWON Hag, EVOC
Bloteyvoloylkol epyaotnpiou, gloyloTomoloUvtol XApn oTLC TexVoloyiec mpocopoiwong,
OTLG OTIOLEG N TPE€Xouoa epyacia Baoiletal emiong og peydlo Baduo.

1.3 MpoondBeLeg yia TNV avarttuén QUTOLOTOMOLNEVWY EPYOOTNPLWY
Blotexvoloyiag

OL eploooTEPEG eTALPElEG DOAPUAKEUTIKWY KOl BLOTEXVOAOYLIKWY TIPOIOVTWY, KaL €V LEPEL KL
okadnuaika epyactipla, SL00£TOUV QUTOUATOMOLNUEVA TUAKATA TWV SLASLKOCLWY TOUG Kol
XPNOLLOTIOLOUV CUCTH AT SLAXELPLONG UYPWV, EVW OL TIPWTEC EPYAOTNPLAKEG EdOpUOYEC API
elval SlaBéotues. OL etalpeieg Science-As-a-Service (SciAAS) apyloav va gudavilovral, e
npoBeon vo emtayUVouV TNV EMIOTNUOVIKA £peuva Kot TN BeAtiwon tng Blotexvoloyiog.
ErutpEnovtog oToug EpeUVNTEG VOl VaBETOUV TO aKPLBO €pY0 TNG Sle€aywyng MELPAUATWY OE
£€WTEPLIKOUG OUVEPYATEC, OL OPASEC £€0LKOVOLOUY XPOVO Kal Xxprpata xwpic va StakuBevouv
TNV MOLOTNTA TNG EMLOTNUOVIKNG £PEUVAC, LELWVOVTAG £TOL TA gUNOSia mou epdavilovral



1- EIZATQIH

KOTA TtV avamtuén véwv emiyelpnoswv Plotexvoloyiag. H mpoypappati{Opevn Kot
outopoTonolNuévn melpapatikn Stadikacio Ba Swoel TN duvatdTNTa 08 OOOUG EXOUV TIG
OVAYKEC KoL TLC LOEEC, aANG Sev SL0OE£TOUV TOUG TOPOUC, VA UETOTPEYPOUV TA TIELPAUATA TOUG
O€ TIPAYUATIKOTNTA.

To APl Ba ameAeuBepwoouv Toug epeuvnNTEG amd MOPAYOVTEG, OMWEG £ivol To avBpwrivo
AdBo¢ kal n éMewpn avamopoywyluotntag, kat 6a odnynoouv oe TMOAAG TEPLOCOTEPQ
TMEPAP AT,

1.4 Yndpxouoeg poumnotikég cloud mAatdopueg Botexvoloyiag

To mpwto poumotikd cloud epyaoctiplo yla €PEUVA OXETLKA LE BLOAOYLKEG ETLOTAUEG
avamntuxOnke amo pua start-up etatpeio pe v emwvupia Transcriptic. 16pUBNke To 2012 Ko
umootnpiletal and tnv Google Ventures Kal Toug 16pUTEC Tiow amo tnv Pay Pal. H stalpeia
aplBuet 40 atopa kat kataAapBavel eykataotdoel 22.000 TETPAYWVIKWY OTNV KAPSLA TG
Silicon Valley. H etalpeia kotookeudlel Kol OSlaxelplleTal POUTOTIKA £pyaoThpLa
Bloteyvoloyiag, KAslopéva amo mMAsELYKAAG N aAAlwg «KUTTapa» iou dhofevouv mepinou 20
OUOKEUEG N KABe pia. Ta KUTTapa AELTOUPYOUV HE NAEKTPOVIKOUG UTIOAOYLOTEG, OL OTtoioL
Aappavouv MPWTOKOAA TIEPAPATWY KoL Ta €KTEAOUV. Evol poumoT KpepaoUéVo o paya
SLOTPEXEL TO HAKOC TOU KUTTAPOU, LETAPEPOVTOC UIKPOTIAAKIOLO A0 UNXAVN LA OE XAV Lo
yLoL TNV SLEKTEPAiWON TWV TEPapdTwY, [Myi: Transcriptic]

‘Exouv mpaypatomnoinBei Stapopeg mpoondbeleg mPog auTh TNV KatevBbuvaon, Petaty twv
omolwv kalL n mpoomaBesla TNG start-up experoment, o€ ouvepyacia HeE TNV omola
mipaypatono|Onke n SUMAWUATIKA auth epyacia. H experoment otoxeVel Kupiwg o€
TEPAUOTA aVOCO0-OYKoAoyiag, peplkd omd ta omoia Ba avadnuioupynBolv kat Ba
MPOCOLOLWB0oUV Yyl TOUG OKOTIOUG TNG TPEXOUCAG EPYAOLAG.

experoment

|1k 'sperom(s)nt| (noun)

Your Cloud Lab for on-demand R&D

=

Data digitalisation

Experiment as Robotic facilities

software

Programming languages are
unambiguous and explicit.
Describe your experiments in
our visual programming
language and ensure on-
demand reproducibility of

results, anywhere in the world.

Take advantage of high
performance automation and
robotics to speed up your
results with zero human error.

Unlock the full potential of your
research. Enable next-
generation Al and data analytics
with high quality standardized
digital data.

Ewova 1: Tuipo anod tv nAekTpovikr oeAida tng etatpiag experoment


https://www.transcriptic.com/
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1.5 Avrtikeipevo kat otoxol TnG SUTAWHATIKAG Epyaciog

TO QVTIKEIMEVO TNG TPEXOUOCAG E£PEUVOC EVOL O TIPOYPUUMOTIOMOGC TNG TPOXLAG KoL N
QTOULOKPUOUEVN AELTOUpYLa EVOG pOUTOTIKOU Bpaxiova os €va epyaoTtrplo Blotexvoloyiag,
XPNoLoToLwvTaG Eva TEPIBAANOV ELKOVLKNAC TIPOCOMOIWONC, KABWE Kol 0 OXESLOOUOG £VOG
EuéAiktou Zuotnuatog Mapaywyng , Le o0TOX0 TNV EL0AYWYH VEWV AVTIKELLEVWY UE XaUNAR
emPBapuvon Kal TNV alénon TNG MapaywyLlKOTNTAS Tou KUTTApou. To cuotnua Ba mpémeL va
elval og Béon va enefepyaletal onolodnmote cuVOUAOUO MELPAUATWY 1 CUVEXWY TTapTidwv
TELPAUATWY OVA TTACA OTLYUN.

H texvoloyia mou pehetdral amoteAeitat and pia Stemadnn AOyLoULKOU TTOU CUVSEEL UALKO Kol
£€OTALOUO O€ £Val EPYOOTHPLO POUTIOTIKAC BLOTEXVOAOYLOC YL VO AUTOLOTOTIOLAOEL TLG ATTAEG
POEC epyaciag Tou Telpapatiopol. Emitpénel o évav gpsuvnth va SNULOUPYNOEL €va
TIPWTOKOAAO KOl OTN OCUVEXELO VO TO KOLVOTIOLROEL OTOV £pyaotnplokod e€omAlopd tou. Ot
EPEVVNTEG €Xouv TPOoPacn o OUTEC PEow pLag TAatdopuag cloud, mpokelpévou va
£KTEAOUV €€ QMOOTACEWG TIELPAUATA XWPIE va xpetaletal Gpuaikr mPocBaaon oTo EpyacTrpLo.
O xpnotng emAEyeL To Melpapa yLa eKTEAECN amod TNV oxeSlaopévn mAatdhopua Kal £XEL TNV
eheuBepia va alael pepIKEC TTAPAUETPOUC, OE OXEON UE TA TMELPALATO TIOU TIPOKELTAL VAl
Ste€ayxBouv. Ta melpapata pmopolV va KathyoplomolnBouy os:

. tpo-BeATIoTOMOINUEVA TTELPAOTA KOl
. eldika oxedlacuéva melpapata

OL gpeuvnTéC TeplypAdouV TIG TOPAUETPOUG TOU TIELPAATOC O Hia ALK TIPOG TO XPNOTN
OTTTIKN YAWOOO KOL OTN GUVEXELD TO OXESLO0 HETAPOPTWVETAL OTO EPYAOTHPLO, IPOCPHEPOVTAS
Sladadvela ekTéAeong KABWE oL EPELVNTEC £XOUV CUVEXN emomteia £ AMOOTACEWS, EVW O
XPNOTNG Uopel va KATEBATEL TO ATIOTEAECOTA TWV TELPAUATWY HETA TNV OAOKANPWGCT TOUG.

JUYKEKPLUEVQ, OTA MAAOLA AUTAC TNG LEAETNG, ETLXELPNONKE:

=  Movtelomoinon &vog poumotikoU PBpayiova tumou SCARA Kal TOU POUTIOTIKOU
Bpaxiova Staubli TX2-90XL, kabw¢ kot Tou meplBAAAovto¢ Tou egpyactnpiou,
xpnouomnolwvtag tThv mhatdopua Virtual Robot Experimentation Platform (V-REP).

= AVATTUEN TNG KWVNUOTLKAC OAUOLSaC HETAEY TWV CUVEECUWY TWV POUTOT KAl TNG
avtiotpodNnC KLVNLATIKAG TOUG.

= [pOYPAUUOTIONOG TNG TPOXLAG TOU POUMOT yila TNV e€aywyrn TMAAvVoU Kivhong Twv
POUTIOTIKWV Bpaxtdvwy.

= Emdoyn UNXAVIKWV SLEMadwy PETAED TWV POUIOT KOl TWV OpyAvVWY KoL ELOAYWYH
TOUG OTO JOVTEAO TIPOCOUOLWONG.

= [lpocopoiwaon MEPAUATWY Kot 0LOAOYNOoN TNC CUUTEPLPOPAS TOU KAOE POUTOT o€
SladopeTikeg Slatagelg epyactnpiou.
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OL oto)0L TNG apanavw UeAETNG eivat:

Amnhonoinon tn¢ dtadikaciag mMPoypaUUOTICUOU TPOXLAC TOU POUTIOT, AV O XELPLOTHG
€AEYXEL TO ONElO TEPUATIOUOU KOl OL TIHEC TWV YWVIWV ApBpwaong mpogpyovtal ano
™V avtiotpodn KWNUATLKA.

Meilwon Twv opaApdtwy otn GuoiLki Tapaywyn, KaBwG To GPAALATO OE EVA ELKOVIKO
neplBarlov Oev £xouv GUGCLKEG OUVEMELEG Kal MmopolV va  SlopBwbBouv,
£€0KOVOWVTOC XPOVO KOl AmOTPEMOVTAC {NULEG OTN XAV | damavnpeg amotuyieg
KOTA T SLAPKELA TNG TTAPAYWYNG.

IkavotnTa mMapakoAouBnong Kal TPOMOoMoinong tng AELTOUPYLOG TOU POWTOTIKOU
Bpaxiova ywpig va amolteital ATopo oTo XwPo Tou epyaotnpiou. To TeAsutaio
gfaleidpel ™ SuvaTOTNTO TPOUMOTIOMOU TOU QVOPWIILVOU TAPAYOVTIA WE TN
petakivnon e€optnuatwv.

Mpoodopd pLag evOAAOKTIKAG AUONG XapnAoU KOOTOUG OTOV OMTIKO €Aexyo (visual
servoing) Tou poumoT N o€ akPLBO poumot uPnAng akpifelag, el8LKA emeldn otnv
nepintwon auth OAa To AVOAWOLUO OTOLXElD HETAKIVOUVTOL HETAEY YVWOTWV
TIPOKOOOPLOUEVWY BECEWV KOL TIPOCAVATOALCUWY KOL O POUTTOTIKOG Bpayiovag sival
uTteLBUVOC yLa TN HETADOPA AVTIKELUEVWY TIPOKABOPLOUEVWY SLACTACEWY OO £va
otaBbuo epyaociag os dANo.
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[MPO2OMOIQ2H

2.1 Wndlako Movtélo Mpooopoiwaong

O onUAVTIKOTEPOG TIAPAYOVTOC TNG MPOCOUOLwoNg Tou £XEL UTIOYPOUULOTEL kKa® OAn TN
Sldpkela tNg TpEXouoag epyaociag, eival n mapoxn euehfiog otov €peuvnTi Kol N
TIOPOUETPOTIOLNCN TNG TEPAUATIKAG SLadlkaoilog, KATA TPOTMO TETOLO WOTE VA UTMOpPEL va
oAokAnpwBel omolodnmote MPWTOKOAAO TIELPAUATOC, oveéApTNTA Ao ToV 0pLlBUO 1 Tov TUTIo
UNXavwv, TN OEpd TNG XPAON TOUC KOTA TN SLApKELX €VOG TELPAUATOC 1 KO Kot
aveEapTnTa amo TIG YVWOELG TOU XPrOTN OXETLIKA LLE POUTIOTIKA CUOTHUATA.

2.1.1 Poumnot

Metd tnv ékdpoon TN KVNUATknG aAuoidag kdBe poundt wg apyeio URDF, ta poviéha
£l0AYOVTOL OTN OKNVI tpocopoiwaong. Kabe poumnot anoteAeitat amd §ikoUg Tou CUVSEGUOUC
KoL apBpwoelg, evw ota apxeia URDF mpootéBnkav 6U0 eMUTAEOV OVIOTNTEC, CUYKEKPLUEVAL
ta ee_link kat world.

O poAog tou world, mou Ba avadépetal wg world frame Tou poumot kal dev MPEMEL va
ouyxéetal pe to global frame tou VREP, gival va moapdoyel éva onueio avadopdg yla Ao dca
oupBaivouv oTn oknvr Tpooopolwong. Aedopévou OTL oL poumoTikol Bpaxioveg anoteAolv
TO KEVTPLKO BEa TNG AELTOUPYLAG TWV POUTIOTIKWY CUCTNUATWY, Elvat AoyLko va ekdpalovtal
w¢ mpog to world frame, oxL povo n B€on Kal 0 MPOCAVATOALCHOG TWV CUVEECUWY KAl TWV
apBpWOoEWV TOU POUTOT, AAAQ KalL N BECT KOl 0 TIPOCAVATOALOUOG OAWVY TWV CUVIOTWOWV HLLOG
oKNVAG.

Avtiotowa, to ee_link avtutpoownelel TNV MPAYUATIKY TeAKN B£€on Tou TteAkoU onpeiou
Spaong, n onola eival mavta nepinou otn HEon TG ApmAynS, AVTUTPOCWIEUOVTAG TO ChUELD
omnou Ba nmpooaptnBei to pkpomAakidio. Qotdoo, eivat mbavo to ee_link tou apyeiouv URDF
VO NV CUUTUMTEL E TO TPAYMOTIKO onpelo Taoipatog, aAAG VA CUUTTITITEL OVAXA UE TN
Bdon tng apmayng i TNV TEAKR ApBpwaon evog POUMOT. ZE AUTA TNV TEeplmTwon, éva
ee_link_dummy mpootiBetol otn oknvl VREP. To ee_link_dummy ekdpaletol otn cuvexeLla
oe oxéon pe 1o ee_link tou URDF, péow evog kataAAnlou offset kat autd apydtepa
ekdpaletal oe oxéon Pe Tov KOopo. H dlatrpnon tng opoloyevoug ékdpaong Tng B€ong Kot
TOU TPOCOVATOALOHUOU WC TIPOC £va onpeio avadopdg eival To KAELSL yLa Lol ETIITUXNUEVN KOL
Je akpilBela mpooopoiwon.
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Ewova 2: To ee_link_dummy yia tnv nepintwon tou SCARA (mdvw) kot tou STAUBLI (kdtw)

2.1.2 Epyoaotnplakog EEomAlopog

O epyaotnplokoG €EOMALOUOC, CUUTEPAAUBAVOUEVWY TWV KNXOVWY KAl TWV AVOAWGCLUWY
glodyovtol oth oknvh cuudwva pe TNy emBupnth Statagn. O otdyog eival va SnuouvpynBel
éva TepBaAov Omou TO poumot Ba umopel va eviomilel ta onpela dpoptwong Kot
ekpoptTwong kabe pnxavng oe oxéon pe to world frame tou, 6nwg autd avaAlBnke
TIPONYOUUEVWC. MPOKELUEVOU TO POUMOT va KATOAGBEL Tola pnxavApota Bo mpémel va
emokedBel katd tn Sldpkela evog melpapatog, dummies amno to VREP tomoBetouvtal otig
Boelc dopTwonG-ekpopTwong KABs pnxavng kat ovopdlovtal pe BAcn tnv ovopaoia tng
pUNXavng otnv omoia avrkouv. Eivat onupavtikd o mpooavatoAlopog twv dummies va gival o
610G pe Tov MpocavaToALlopo Tou ee_link_dummy oto teAikd onpeio Spaong, €ToL WOTE O
POUTOTIKOC PBpayiovog va pmopel va mpoosyyioslt tn owoty Oéon He TOV OWOTO
npocavatoAlopd. Ot B£0eLg Twv HNXavwy Kol Tou eptBAailovtog tou epyaoctnpiou émou ot
pounotikol Bpayloveg mpémel va PopTtwvouv Kal va €KGOPTWVOUV T MIKPOTIAOKISLO
napouotalovral otnv Ewkova 3.



2- MPOzOMOIOZH

Ewkova 3: Znpeia $popTwonG-eKPOPTWONG TWV EPYACTNPLUKWY UNXOVWV

2.1.3 Aocdakeic Oéoelg

To dummies 6ev xpnolpomnolouvtal pdvo yla va ekppdcouv tn B€on KoL TOV TPOCAVATOALOUO
£VOC QVTIKELUEVOU O oxéon e to world frame tou pounot, oAAG xpnoomnololvTaL eniong
w¢ onuela avadopdg yla va meplypdouv Kamoleg GAAeg BEoELG OTOV XWPO, OL OTIOLEC Elvatl
omapaitnTeg yla TV MPOyUATonoinon oloAnG TPOXLAG TOU POUTIOT.

Mo mapadelypa, cuviotatal WSlaitepa va xpnotpomnolouvtal evildpeca onpela Hetafl Tng
opxLkN¢ B€onc poumot Kat onotacdnmote Béong pnxavng. O kaboplopog pag aodalolg
B£onc punxavng BonBa otnv e€dAeln TwV CUYKPOUCEWV TOU POUTIOT HE TOV EPYO.OTNPLAKO
gfomAlopo. Mia t€tola B€on pnxavig umopsi va oplotel wg n Béon pnxavng +/- pa
MeTaTomion. H UETATOMION UMOPEL VOl AVTUTPOCWIIEVEL [LA ATOOTACH otd TNV TPOYHATLKN
B£on dpoptwong-ekdopTwong mou Bewpeltal aopoAAC yLa va TPOCEYYIOEL TO POUTIOT, TPLV
OAOKANPWOEL TNV Kivnor) Tou.

OL acdaheic Béoelg ota melpapota mou akohouBolvtal kabopilovtal yla TG akOAouBeg
TIEPUTTWOELG:

— Mpw o poumnotikog Bpayiovag SCARA mAnoldoet tnv neplotpodikr Bacn otnv omnola
oAAGToUV OL TIPOCAVATOALCHOL TWV HKPOTIAGKWY yLa va artodpeuyBel n oclykpouaon pe
Ta punyoavApata katd tnv avadiniwon / Eedimlwon tou Bpaxiova
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— Mpw o poumotikog Bpaxiovag SCARA mpooeyyioel T Béoelg elo66ou / €€66ou
(input/output) yla va anodeuxBolv cuykpoUOELS e TO TAALOLO TOU epyactnpiou

— [Mpotou ot poumotikoi Ppoayxloveg SCARA kat STAUBLI mAnowdocouv Tig B£oelg
doptwong / exdpoptwong KABes punxavng yia va anodpeuxbolv akavOVIoTEG KIVAOELG
Tou Bpoaxiova Kol CUYKPOUOELG LE TOL LNXOVALOTO

2.1.4 TNoapapetpornoinon tou mpoARLATOG

Itnv mepintwor pag, PoAlg kaboplotel To meplBdAAov Tpocopolwong Kol oploTouv Ta
dummies, to VREP amoBnkelel autég Tig mAnpodopieg kat T petadidel otn Matlab. Etot, yla
napadeypa, Sidovrag evtoAn péow Matlab va ¢taoel to poundt otov puyokevrpo, to VREP
£€xovtag amoBnkelosl Tn B€on Kol TOV MPOCAVOTOALOUO TOU HNXOVAMOTOG, UMopel va
METASWOEL AUTEC TIG MANpodopieg otn Matlab, 6mou €xel ypadtel kwdikag umevBUVOC yLa Ta
uTtoAouna. Emopévwg, n mapapetponoinon Tou mpoBAnuatog elval eOKoAn.

H Omap€n moANamAWY evSLAPECWY ONUELWV KABLOTA amopaitnTn TOV £K VEOU UTIOAOYLOUO TNG
TPOXLAG HeTafl SUO SLadopeTIKWY ONUELWV. MO GUYKEKPLUEVQ, N TPOXLA UTtoOAOYileTaL KABE
$opa oV TO POUTIOT XPeLAleTal va LeTaklvnBel petat Suo onpeiwv A kat B. H Matlab Inta
amnod to VREP tn B6€0n Kal Tov mpocavatoAlopd Tou onpeiou A, mou gival n apxikn tpéxouoca
B£on P_o tou teAikol onpeiou dpdaong, kaBwe kal tn BEon Kol TPOGAVOTOALOUO TOU ohnueiou
B, n omolia elval n teAikn emBupntr 8€on P_f rtou to teAiko onpeio Spaong mpémet va GTaoeL.
AdoU To poumnoTt petakivnBel and to A oto B, tote n véa Béon A’ eival Baotka n Béon B tng
T(PONYOUUEVNG TPOXLAG. NMPOKELUEVOU TO POUIOT VOl EEKLVIOEL LA VEX Kivnon PETaty Twv A’
KOLL TOU VEOU onpeiou I, PEMEL v UTIOAOYLOTEL €K VEOU LLOL TPOXLA LIE TIC OVAVEWMEVEC BECELG.
H tpoxLd akoAouBeital amnd to Kabe poundt oUWV LE TIPOYPAUUATIONO TN avTioTpodng
KWVNUOTLKAG TOU, VW N B€on Tou teAlkoU onpelou Spdong evnuepwvetal oto VREP og kaBe
BrAua dt.

MeTagl AAAWV TAPAPETPWY TIOU UITOPOUV VA TIPOCAPOCTOUV Ao Tov 8Lo Tov Xprotn sival
N avAaAuon TwV AMOTEAEOUATWY Kal N OLAAOTNTA TWV KIVHOEWY TOU POUTOT. Eival mpodaveg
OTL 000 ULKPOTEPO ElvaL TO XPOVIKO Briua dt, Tdoo o akpLPg Kol ojaAr ival n kivnon tou
POUTOT, adol o aplBuog napesuPoling eival uPnAdtepog kal umoAoyilovtal MEPLOCOTEPQ
onpeia g tpoxLag.

2.2 [EepopaTika MPWTOKOA

‘Eva mpwTtOKoANO MELPAPATOC TIEPLYPADEL TIG ATIAPAITNTEG EVEPYELEC VLA EVa TIELPAO TTOU Oa
Sle€axBel, amd tnv apxn HEXPL TO TEAOG Tou. Mapadelylota MEPAUATIKWY TTPWTOKOAA WY
TIAPEXOVTAL TTAPAKATW Yo SUO TIELPAOTA, T OTola E€APTWVTAL TO £va Ao To dA\o, adol
to Meipapa 02 xpetdletot UALkS amd to Meipapo 01.
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2- NMPO2OMOIQ2H

(/ Experiment 01 begins in the cell\\
\ Cell culture and antibody activan'on/’

Plate A moves to
Liquid Handler

50 ul Cd33 Ab removed
Wahs X3 with PBS (100-200 ul)

v

=5 B
éxpen‘ment 02 begins in the celN
‘\ Cell viability (CellTiter-Glo)  /

o =

Plate A moves to
Liquid Handler next
to Plate C.

A 4

Media is added and liquid is transfered

o Plate C moves to Freezer

from C to A (50 ul)

(kept as stock)

!

Plate B moves to Liquid Handler

» Plate B is discarded ERte B et

------------- » necxt to plate A.
Transfer cells (100 ul) from B to A

incubator
(37 degC for 2 days)

!

Plate C moves to liquid handler
------------ > nextto Plate A.
Transfer from C to A.

!

Plate A moves to incubator
(37 degC for 2-4 days)

KEY

Movement required to be
executed by the robotic
arm (inside the cell)

Placement of
prepared trays
inside the lab by
technician

A4

Plate A moves to Liquid
Handler.

Plate D enters the cell and is moved to

Plate D moves to Freezer

___________ N Liquid Handler next to Plate A. Let for 30
min. in room temperature. Liquid is
transferred from D to A.

v

(for further usage)

A4

Plate A moves to centrifige. Mix contents for
2 min. Stop and let equilibrate at room
temperature for 10 min.

A4

Plate A moves to Plate

Reader.

Ewkova 4: MNapadeiypata MEPUUATIKWY TIPWTOKOAAWY

2.3 Awenadn xpnotn-pounot

Plate A is
discarded.

v

H S8leukoAuvon tng emikowwviag petafd tou xpnotn (epsuvntr) kal Tou mepBarloviog
npocopoiwong £xel peyaln onuacia, kabwg n mMhatdopua mpEMEeL va eival mpooBactun os
avOpwroug rtou Sev £xouv BabLd yvwon poumoTikng. O otdxog eivat armAd o xprotng va sivat
oe B€0n va EMIKOWVWVNAOEL OTO POUTIOTIKO CUOTNHA €vVa TIPWTOKOAAO TIELPAUATOC OTWG
TIAPOUCLACTNKE TOPOTTAVW, LE TNV EAA)LoTh Suvath TpooTddeLa. Mo auTO TO OKOTIO OKOTILUN
Kplvetal n dnuoupyia pag Stemipavetlag GLAKNG TPoG ToV XpRoTn.

11



2- NMPO2OMOIQ2H

Me tnv évapén twv npoypappdtwvmain SCARA.mkotmain STAUBLI.m, To onoia ival
ta dVo mpoypaupata Matlab unevBuva yla 6Aa 6ca cupPaivouv oe kaBe epyaaotrplo, o
XPNOTNG KAAElTaL va elodyel otaBuoug epyociag oto KUTTapo:

Input working station:

e auTO TO ONUeElo, 0 XPNOTNG UMOpPEl va €L0dyel To OVOpO TWV OTABUWV £pyaciag -
£PYAOTNPLAKEG UNXAVES - TTIOU TTEPIAAUBAVOVTAL OTO TTEIPAMA KAL LE TN OELPA TIOU O XPROTNG
emBupel va xpnolpomnolnBet kabe pnyxavr, pall Le To XpOVo Tou 0 Xprotng emBUEL yla To
KGBe Selypa va mapapével os KABe pnxavnua. Kabe pnyavr pmopel va xpnotpomnoindel
TIEPLOCOTEPEG MO pia PopEg, eav To Melpapa analtel TNV eniokedn CUYKEKPLUEVOU oTaOUOU
epyooiag moANamAEG PopeC. Adol cuumeplAndBolv OAEC oL PNXAVEC KOl OL avtioTolyol
XPOVOL LE TN CWOTN OELlPd, 0 XPNOTNG UIMopEel va TANKTPOAOYNOEL stop yla va umtodeitel otL
TO MPWTOKOAAO TIELPAPOTOG £ival TIARPEC KAl OTL OAOG O amapaitnTog e€omMALOUOG £xeL NN
avadepOel.

o TIC aVAYKEG TNG TPEXOUOAG HEALTNG, oL Xpovol Sev €xouv AndBel undoYn, adol propolv
va GTAocOUV aKOUa Kal og SU0 NUEPEC AVOUOVAG O Lot CUYKEKPLUEVN Hnxavh. Etol, autn n
Sladkaoia avtumpoownevetal amd T SLOKOT TWV KWAoswv Bpoxiova yla HEPLKA
SeutepoAenta.

AdouU eloaxBel To MPWTOKOANO oTNV MAATHOPHUA, TO TIPOYPOULO EAEYXEL AV TO POUMOT
Bploketal otnv apxikn tou B€on, n omola eivat pia achaAng B€on yla To poundt va EEKIVAOEL
omoloénmote neipapa. Eav umapyel, o xprnotng Ba oag {ntroeL Tnv eldomnoinon:

Robot is in Home Position-Ready to start experiment

AL0OPETIKA, TO POUTOT HETAKLVELTAL OTNV apXLKN Tou B£0n Kal OTn CUVEXELX O XPNOTNG
KoAettat yla tedevtaio popd av emtBupel vo MpoxwpnoeL Y To Tieipapa. H mposmiAeypévn
anavtnon sivat NAI.

Do you wish to continue to experiment? Y/N [Y]:

Eav o xpnotng mAnktpoloynoest N, t0te TO melpapa Swakomrtetal. Edv o xpnotng
TIANKTPOAOYNOEL Y, TO Ttelpapo EEKIVA oUUGWVA PE TO TIPWTOKOAAS TOU.

EGv 0 XpAoTtNng €XEL KATIOLO YVWOT OXETLKA LLE TN POUTTOTLKI, UMOPEL EMIONG VO TPOTIOTIOLNOEL
1o Xpovo T kat To Brija dt Tou XpNoLULOTOLELTAL VLA TOV TIPOYPOUUOTIOUO THG TPOXLAG KOL TNV
kivnon twv omAwv.

Mapakdtw mapéxetal va Slaypappa porng, To onoio avitmpoownelel TV oAAnAemniSpaon
TOU XpNoTn KE TNV MAOThOpL.

12



2- MPOzOMOIOZH

no

xperiment protocol from
user

Does user still want to
proceed with experiment?

[

Wait for technician to
put well-plate in input
position

[

Return to Home

no Start experiment

protocol

Is well-plate in input
position?

]

Wait

Is experiment
completed?

User receives report on the
experiment results
J

< J
<

no

s robotic arm in Home
position?

End of experiment

Ewkova 5: Alaypappatiki anetkovion Stemadng xprnotn- neptBallovrog epyaaciag

2.4 [pooopoiwaon MEWPAUATWVY E TOUG popmoTikoUG Bpayioveg SCARA kal
STAUBLI

MeTd tnv £vapén ToU MELPAOTOG, TO POUTIOT ATTOKTA SLapopeTIKEG BETELG Kal SlapnopPpwaoeLg
oTo SLAoTNUA, OL OTloleg €€APTWVTAL OO TOV TEALKO TOU TIPOOPLOUO KOl TOUC TIEPLOPLOUOUG
nou emPBarlovral. MapakATw TAPOUCLAIETAL LA OELPA ELKOVWY TIOU OE(XVOUV QUTEG TLG
TAnpodopieg T0co yla To poumnot SCARA 600 Kat yia to STAUBLI.

2.4.1 SCARA

Ewova 6: Apxikry B€on tou pounot SCARA Ewéva 7: To pournot SCARA naipvel to
ULKPOTTAQKISLO OTtO TOV TEXVIKO TOU gpyactnpiou
(B€on input)
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2- MPOzOMOIOZH

Ewkdva 8: Metakivnon pounot SCARA navw and Ewoéva 9: Acdalrg andotacn SCARA and
pikporhakidlo o meplotpedouevn e€omALlopod epyactnpiou

Ewova 10: H aprayn tou SCARA eival £Tolun va Ewdva 11: Popumdt SCARA emiotpédel
adnoey/mapardBet mhakidio HLKPOTAOKISLO OE TeEXVLKS epyaatnpiou (Béon
output)

14



2- MPOzOMOIOZH

2.4.2 STAUBLI TX2-90XL

Ewkdva 14: To pourndt STAUBLI maipvel to pikpomAakidio
Qo ToV TEXVLIKO Tou gpyaotnplou (B€on input)

Ewdva 16: H apmdayn tou STAUBLI ivat étolun va adrost/mapaidBet mhakiblo

15



2- MPOzOMOIOZH

Ewkova 18: Emotpodr STAUBLI og apyxikn Béon
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3- ATTIOTEAEZMATA

ANOTEAEZMATA

3.1 2ZxoAloopog

Ta mMOpAKATW OSLOYPAUUATO €ival TO ONOTEAECUATO TWV TIPOCOUOLWOEWV TIOU E£YLVOV
ocUUPwWVA PE TA MTPWTOKOAAD TIELPANOTOG TTou avadEpBnkav mponyoupévws. Movo ol o
Baolkeég Kvnoelc kABe poumot meplhappavovtal o outd Ta Slaypdppato ylo AOyoug
OUVTOUIOG, WOTOCO Ol GUUMEPLPOPEC TWV POUTIOT 8ev AAAAIOUV ONUAVIIKA HETAEY TWV
Kwnoswv. Elvatl onuavtikd va onpelwdei kat va §00si mpoooyr otnv kAipaka tou afova kabe
SLOYPAUOTOC. JUYKEKPLUEVA, OE OPLOUEVEC TIEPUTTWOELCG TA Ypodrpata Umopel va daivetat
OTL amokAivouv 1} OTL TaPoucLAlouV CNUAVTIKA opaApata, aANd auto odeilleTal cuvhBwg
otnv KAipaka tou d€ova tou omoiou to péyeBog unopet va avtutpoowneVetl allayég oto 1073
Tou avtiotowou peyebouc. Ta amoteAéopata tou SCARA kat tou STAUBLI mapouaotalovrol
XWPLOTA.

Mo to SCARA afilel va onuewwBel 6tL n 5n apBpwoan, SnAadn n dpbpwaon g apmdyng, n
omola tnv neplotpédel, £xel oplotel wg 0 yLor OAEG TIG TIPOCOUOLWOELS TIOU UTIAPXOUV. AUuTO
odelleTaL oTo yeYOVOG OTL, Sed0opEVou OTL OAa Ta NXAVLATO ElvaL 0TN OELpad, Sev xpetaleTal
va eplotpédetal n Aapn. Av auto sival anapaitnto, Téte n avriotowxn apbpwon Pnopei va
«gvepyonolnBel» BETOVTOC T QVWTEPA KOL KOTWTIEPO OPLd TNG OTO TPOYPAUUA
SCARAplatetraj.m. H i8la mpooéyylon pmopel emiong va xpnolgomnotnBel ylo to poumnot
STAUBLI.

2T QMOTEAECUATA TWV TTPOCOUOLWOEWVY TIOU TopaTiBevtal, OAsC oL apOpWOELS TOU POUNOT
elval «evepyomoLNUEVES» KOL AELTOUPYOUV OUPGWVA HE TA OVTIOTOLXO OPLA TOUG, OTIWG
kaBopilovtal amno tnv etalpeia Kol OMwG aUTd avadEpovtal o ponyoupeva Kepalata. Av
OUWG TO POUTIOT cuuTepLdEpetal anpoodoknta Kat OxL cUpdwva pe Tov embuuntd tpono,
ME TNV €vvola OTL 8V KPATAEL Ta PKpomAakidia mapdAAnAa npog to €6adog, n 4n kot n 6n
apBpwon punopoLv va teBolv wg 0, SnAadK vl LNV IPAyLATOTIOLOUV TTEPLOTPOPLKES KLV OELC.
H tétaptn apBpwon ehéyxel tnv meplotpodr tou aviiBpaxiou, evw n £KTn eA€yxeL tnv
neplotpodr tng dAdvtiog Tou epyadeiou. Kpatwvtag autd ta SUo akivnta, TOTe To MpoBAnua
MTopEl val avTIUETWIILOTEL avaAoya.

JUVOAIKA, Ta TPOKUTITOVTA ypadnuata eival TOAU KavomownTikd, Oeixyvovtag OtL ot
XPNOLUOTIOLOUEVEG HEBOSOL KaL oL aAYOPLOUOL TTETUXAV TOV APXLKO GTOXO, TIOU NTAV 0 EAEYXOG
TWV POUTOTIKWV Bpaxtovwy, cludwva OXL HOVO HE TIC SLKEC TOUC OAAQ KoL PE QUTEC TOU
TepBAANOVTOC TOUG. Mo CUYKEKPLUEVAL:
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3- ATTIOTEAEZMATA

v OLapBOpwoELS TWV POUTIOT TIAPAUEVOUV TTAVTOTE EVTOG TWV TIPOKABOPLOUEVWY Opilwv
TOUG Kal dev ta uTtepPaivouv, OMWE AVILTPOCWTTEUOUV TA SLOYPAUUOTA TWV YWVLWY
Twv apBpwoewv «Joint angles»

v OL TaxUTNTEG €XOUV TNV AVAUEVOUEVN KAUTUAN Kol OTI 600 TEPUTTWOELS TNG
npocopolwong.

v' To oddApa Béonc e€aleidetal oTIC MEPLOOOTEPES MEPUTTWOELS, EKTOC Ao TNV Kivnon
Home-Plate tou SCARA. Auto miBavotata cuppaivel emeldn n mpwtn apbpwaon Tou
SCARA, Ttou guBUveTal yla TNV KATA UAKOG LETAKIVNON TOU pOUNOT OTO £pYAOTHPLO,
glval avevepyn. Tautdoxpova, Ta onueia mou TPododoTouvTal OTOV POUTOTLKO
Bpaxiova mBavwe va pnv eivatl mAnpwe YpOoUULKA, YEYOVOC TToU KaBlotd o SUcokoAo
TO va ta akolouBrost o Ppayiovag. Autog eival kol o AGyog ylo. Tov ormolo
napatnpouvrtal opaipata, ald Sev elval opKeETA PeYAAa yla va Statapdfouv To
TEPAOL KOLL VOL ETINPEACOUV TNV OKPiPELA TOU.

Ta Staypappoata £xouv AndOei yia tipég T=1 kot dt=0,01.

3.1.1 SCARA
A. Ano Apxwkn Béon os Aodalr) Béon ipw ard B€on Input péow EK (EuBeiog

Kivnuatikng)

o

Actual End-Effector Displacement (FK)

x-coordinate [m]

2k . ) \ . . . . — o
0 0.1 02 03 0.4 05 06 07 0.8 0.9 1
time [s]
E osf I
2 223
5o7s - e
B P
5 07
3 =
] — N . : N . . ' n )
» 0 0.1 0.2 03 0.4 05 0.6 0.7 0.8 09 1

time [s]

E 0.81749 L n L L L L L L s
0 0.1 0.2 03 0.4 0.5 06 07 08 09 1
time [s]

Awaypappa 34 : O¢on TZA tou SCARA ue EK- Apxiknry oe Aodalr Béon

Joint velocities (FK)

2 e B =
1

= s s . s . . s L s —
0 01 02 03 04 05 06 07 08 09 1
time [s]

0 01 02 03 04 05 06 07 08 09 1
time [s]

L L L L L L —
04 05 06 07 08 09 1
time [s]

o
(=]

\
ol |\
~N

\
o
@

N = o
[
/
\
\
\

. " s
05 06 07 08 09 1
time [s]

=)
=]
oL
[N]
o
w
=3
S

Lo
—T

Joint 5 [rad/sJoint 4 [rad/s}oint 3 [rad/sy0int 2 [rad'sjoint 1 [radis]

01 02 03 04 05 06 07 08 09 1
time [s]

Awaypappa 35: FTwviakeg Taxutnteg apbpwaoswv tou SCARA pe EK- Apxikr oe Acdain Béon

o
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3- ATIOTEAEZMATA

T Joint angles (FK)
E S
4L = =
Eo i __-.————'T—'".—f.—.—'f i . \ )
E 0 0.1 02 03 04 05 06 07 08 09 1
5 time [s]
&2
o=
Ep ) ) . . . . . s )
g 0 01 0.2 03 04 05 06 07 08 09 1
lg time [s]
—
i  —
‘E'O'?— P f.-'f.d-— { ; . )
E 1 0 01 02 03 04 05 06 07 08 09 1
5 time [s]
L
5 :éz e S
‘§1 c L L L L L i e " )
_°, 0 01 0.2 03 04 05 06 07 08 09 1
5 time [s]
B
w 0
E 4 . . . . . . . . )
g 0 01 02 03 04 05 06 07 08 09 1
time [s]

Awdypappa 36:Twvieg apBpwoswv Tou SCARA pe EK- Apxiki o Aodalin Bon

B. Ao Aodaln B€on ipwv and B€on Input o Bon Input péow AK

(avtiotpodnc KvnuaTkAc )

s Displacement
% .............................. . Desired EE Position
®215F e - Actual EE Position
E215F T ey
me | T e
2
s T ey
o | T e
Q 1 L 1 L 1 L ! FRALLLTY Y i J
3 22
[ 0.1 0.2 03 04 05 06 07 08 09 1
time [s]
E o7ar
E [ e
e L e
Sorask e
e L
& | e e
R O T s
R t i L I . . : i ] i
0 0.1 0.2 03 04 05 06 07 08 09 1
time [s]
E
FHE e T
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wee~- ENRe..
= T ey
g | R e
8 ok L L L L . L . D LITTTPA . )
N "o 0.1 0.2 03 04 05 08 07 08 09 1
time [s)

Awaypappa 37: EmBupnt vs MNpayuatiky 8€on TZA tou SCARA pe AK- Aodainc og Béon Input

T Joint angles
IR~
=1.62 g
=161 o L saaes
£ 16 s L L —t——— n L L L L
g 0 0.1 02 03 04 05 06 07 08 08
time [s]

|
|

'3 (Rd] oint 2 frad)
¢ o

01 02 03 04 05 07 08
time [s]
OSI:
©0.45 /
£ o4 . 1 s s s s L L L
g 0 01 02 03 04 05 06 07 08 09
5 time [s]
Bl3—
<12 Sy NSy
\M
E11 L L s L L i ul L
g 0 01 02 03 04 05 06 07 08 09
T time [s]
B 1[‘
w 0
= ey i TR
g 0 01 02 03 04 05 06 07 08 09
time [s]

Awdypappa 38: Twvieg apBpwaoswv tou SCARA pe AK- Aodalng oe B£on Input
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3- ATIOTEAEZMATA

End-effector Velocity
02r

+  Desired EE velocity
ot = Actual EE velocity

velocity [m/s]
s 5 5 b
-} (=] - N

-
T

K
-
------
...........

0 01 02 03 04 05 06 07 08 09 1
time [s]

Awaypappa 39: EBupnt vs Mpayuatikn toaxutnta TZA tou SCARA pe AK- Aodaing og Béon Input

C. Ano Apywkn Béon os Acdalr) Béon rdvw ortd MAAKISLO OE TEPLOTPEDOUEVN

Baon pe AK

iy Displacement

E 0

‘;‘ Desired EE position
E Actual EE position
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Awaypappa 40: EBuuntn vs Npayuatiki O€on TZA tou SCARA pe AK- Apxikn oe Aodalr) B€on

Joint angles
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Awdypappa 41: FTwvieg apBpwoewv Tou SCARA pe AK- Apxikry oe Aodaln Béon
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103 End-effector Velocity

Desired EE velocity
21, + Actual EE velocity

8}

A0

velocity [m/s]
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18 fa, A

-20
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time [s]

Awdypoppo 42: Taxutnta TEA tou SCARA pe AK- Apxikr) oe Aadaln B£on

D. Ao AodaAnl Béon mavw arnd mhakidlo os MAakidlo os meplotpedOUEVN

Bdaon ue AK
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Awdypappa 43: EmBupnth vs Npaypatikn 6éon TEA tou SCARA pe AK- Aadalng Bon oe MAakidio

Joint angles
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Awdypappa 44: Twvieg apBpwaoswv tou SCARA pe AK- Aodalng Béon oe NAakidlo
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End-effector Velocity

Desired EE velocity
Actual EE velocity

velocity [m/s]

.
---------

01 02 03
time [s]

Awdypappa 45: EmBupntn vs Npaypotikn taxutnta TZA tou SCARA ue AK- Acd

E. Amo Mnydvnua 1 o Mnxavnua 2 peow AK

oG Béon oe NMAakidlo
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Awdypoppa 46: EmBuuntn vs Npaypatiki 6€on TZA tou SCARA pe AK — Mnyxav
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Awaypappa 54: EBupntn vs Mpaypatiky toaxutnta T2A tou SCARA pe AK — Aodalng oe B€on Output
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2YMIMEPAZMATA

4.1 2Zuvewodopa

Jtnv mopoloa epyacio avamtuxdnke pla pebBodoloyia avAmtuéng tou HOVIEAOU €VOg
£pyaoTnplakoy xwpou Plotexvoloyiog oe TEPLBAAAOV ELKOVIKAG Tpaypatikotntag. H
Sladikaoia mepA\apupave tOoo TNV sloaywyn Twv 3D HOVIEAWVY ylo TNV avamapdotacn Tou
duUoLKOU XWwPOoU, OCO KAl TOV TIPOYPOLUATIOUO TOUG WOTE TO POUTOT VO ATTOKTGOoUV «{wn»
Kot va aAANAemdpolv pe Ta UTtOAOLTA LEPN TNG OKNVAC.

H kUpla cupBoAn autng TG epyaciag elval n avamtuén peBodoloyiag ylo ToV KIVNUATIKO
£heyxo U0 SLadopPETIKWY POUTIOT KAl SUO SLOPOPETIKWY €pyaoTnPLOKWY Slatdéswy , T
omola pmopouv va xpnotponotnBolv w¢ evaAAaktiky AVcn XapnAoU KOGTOUG OTOV OTTIKO
£€heyxo N ota akplBa -uPnAnc akpiBelag- pounot. H epyacia auth UMOpel va amoteA£éosl
UTIOBABPO yLO TNV EMEKTAON 1] AKOUO KOL TNV AVATTTUEN AAAWVY OXETIKWVY LeBoSoAoyLwv.

JUYKEKPLUEVO TIOPEXOVTAL:

1. Movté\o evog MPOCAPHOCHEVOU OTIC OVAYKES TNG Epyaciog pounotikol Bpaxiova
TUTIoU SCARA LiE TTANPWG AVETITUYHEVN KLVNHATIKY aAuoida PeTatl TwV CUVOECUWV.

2. Movtélo Tou popmnotikou Bpaxiova Staubli TX2-90XL pe MARPWE AVEMTUYHEVN
Kwnuoatikn aAvoida petal Twv cuveéouwy.

3. MOVTEAO TIPAYUATIKWY SLACTACEWV TOU XWPOU Tou epyactnpiou Blotexvoloylag.

4. EuBeia kat avtiotpodn KWWNUATIKA OVAAUGCT TWV POUTIOTIKWY BPaxLovwy.

5. TMpocopoiwacn oAoKANPWHEVWY TIELPALATIKWY TIPWTOKOA WY otnv mAatdoppa VREP.

4.2 TMAgovektrpota MEPBAAOVTOG ELKOVLKNG TIPOYLOTIKOTNTOG

O cupBaTIKOC TTPOYPAUUATIOUOC EPYACLWV EVOG POUTOT, otnplotay avékaBev otnv epumelpia
TOU XELPLOTH, 0 OTtol0¢ MPOYPAUUATLIE TNV TPOXLA TOU eVw Pplokotav og Asttoupyia. O Tpomog
0LUTOG EKTOC o To OTL ATV XPovoBoOpog, ykupovouaoe Tov Kivéuvo tou AaBoug, Bétovtag os
KIvBUVO TNV OKePALOTNTA TOU XELPLOTH, TOu Blopnyavikol sfomAlopol Kabwg Kal Tng
epyaoiag.

TN onuepwn emoxn, VEéoL pnxavikol kalouvtal va ektedécouv tnv Sladikooia Tou
TIPOYPOUUATIOHOU. AOyw TNC €fOLKEIWONG TOUG HE TIG TEXVOAOYIEC ELKOVIKAG
TIPAYHATIKOTNTAG, N XPNON TN TEAEUTALAC oTNV gpyocia auth Sivel ypriyopa, aflomiota Kol
aodaAn anoteAéopara.
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'Odelog unapxel mpodavwe Kal ard 0LKOVOULKAG amodng. Xpnuatikol mopol e€olkovopouvtol

AOYWw NG HelwoNC TWV AMALTOUEVWV EPYOTOWPWV, TWV ATIOTUXNUEVWY TIPOOTIABELWY KABwG

KoL TwV {NULwv TIou TipokaAolV ol cuyKpouaoel. Emiong, éva tétolo oclotnuo UMopel va

XpnolgomotnBel yla tnv owotr HeAETN TomoBétnong npdcBetou e€omAlopol o €va Nén

umapyov meptBailov.

4.3 [poTAoELG yLa LEANOVTLKI) EpEUVA

H avarmntuén tou epyactnplou Kal o oXeSLAoUOG TWV TPOXLWV ATOV ETIITUXNUEVA, AAAG UTIAPYXEL

akopa meplBwplo BeAtiwong.

‘Ocov adopd oto gpyactnplako meptBAarAov mou £xeL dnutoupynBel:

To ogvaplo TOU TEPAUATOS TTOU SOKIUAOTNKAV YL TOUG GKOTIOUC TNG MapoUoag
gpyaociag meplteAaufavov povo 5 pnxavég - otoBbuoug epyaciog HECA OTLG
£pyooTnplakég Slatagelg. Auta ta pnxaviuato sival Ta mo ocuvnBlopéva mou
prnopei va untap€ouv og £va epyaatrpLo BLoteXVoAoyLag KOl XpNOLLOTOoLoUVTaL cUXVA
yla ™ Ste€aywyn mepapdtwy. Mia mbavn enéktaon Ba pmopolos va eival n
£loaywyn Lo e€ELEIKEUUEVWV UNXAVWY OTLG (OLEC EPYOOTNPLAKES EYKATAOTACELG YL
TNV MPAYHOTONONOoN TEPAUATWY.

YTnv mapoloa SUTAWOTIKY EPYACLO TIPOCOUOLWVETOL £Va Tielpapa o KAOE TpEELUo
TOU TPOYPAULATOC, YEYOVOC TIOU OnUaivel OTL éva véo Teipapo MPoPAEMETaAL va
EeKLVNOEL AUEOWC LETA TNV OAOKANPWON TOU TIPONYOUEVOU TELPAUATOC KoL OXL
napdAMnia pe autd. MeA£tn alyoplBUwv CXETIKA HE TOV TPOYPUUUOTIONO TOU
EUEAIKTOU ouOTAMATOC Ttapaywyng Ba prnopolos va o8nynoeL o payUaTomnoinon
TLOAAQUITAWY TIELPAUATWY OTO EPYACTPLO TAUTOXPOVA. EVOWHATWVOVTOG CUOTH AT
0pACNC YLO TNV OVAYVWPLON TWV HNXOVWY KoL TwV HikporAakiSiwv mou Bpiokovtal
OTO €pYAOTNPLO KABe OTlyurn, To poumot Ba pmopolos vo AdBel moAAamAd
TIPWTOKOAAQ TIELPALATOC KAL VO T OAOKANPWOEL TAUTOXPOVA. ME QUTOV TOV TPOTO,
N MAPAYWYLKOTNTA OTO KUTTAPO Uropei vo auEnOetl pLlika.

‘Ocov adopd Tov EAEYX0 TWV POUTIOTIKWY BPaxLOvVwV:

H £peuva e0TiQoE OTNV KIVNUATIKH AVAAUGH TWV POUTIOTIKWY BPaXLOVWY, 0lyVOWVTAS
eVTEAWG TN SuvapLkn toug. Mia SuvaypLkn tpocopoiwon Ba pmopoloe va smiyelpnBel
yla va avoAUoEL TG TAAOVTIWOELG TWV POUTOT VW AUTA Pplokovtal o Asttoupyia,
KOOWC¢ Kat TNV enidpact Toug otnv akpiBeLa TG TPOXLAC.

Mmnopel va epappootel éva {wvtavd cUOTN A EVIOTILOUOU LLE TNV TPOoBNKN KALEPAC
yla tnv e€aodalion tng akpifeloc. Mwa kdpepa navw otov Bpayiova Ba propolos
va xpnolgomnotnBel yia tnv euBuypApLlon auToU HE Ta onpela el066ou Tou KABe
pnxavAuatog, Kabwg kot tnv B€on twv UIKpoTAaKISiwy He peyohUtepn oakpiBela.
AUTEC OL KAUEPEG UImopoUV va XpnoLlpomnolnBouv ya va Slopbwaoouv ta opaipoto
B£onc¢ kat va Swoouv {wvtavr avatpododotnon.
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To MELPAPATIKA ATTOTEAECUATA OTIO TOV EAEYXO TOU poUtoTikoL Bpayiova Staubli TX2-
90XL Ba pmopovoav va petadepBolv o Puolkd enimedo pe TIg MAnpodopleg mou
TIAPEXOVTAL AT TO ELKOVIKO TieplBAaAAov péow the YAwooag V +. Ta apyeia e€66ou
Matlab-VREP mou mapéyxouv nmAnpodopleg oxeTIkA Ue TN B€on Tou TeAkoU TEAEOTN
TIC TIHEC TWV YwVIwV apBpwong tou Bpaxiova, Umopouv va MEPACOUV HECW EVOG
controller V + oto mpaypatikd poviélo tou Stdubli TX2-90XL.
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