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Abstract

Abstract
One of the main objectives of the next Industrial Revolution, Industry 4.0, is to
increase the level of automation in companies, freeing people from monotonous and
repetitive jobs and transferring them to more research and development-oriented jobs. One
of these repetitive jobs is order picking, which consists of collecting products in storage in
order to satisfy a customer's request.
This thesis, according to this objective, presents a simplified model of an order
picking job and tries to solve it through a system composed by an AGV, a collaborative robot
and a gripper (device placed at the end of a robotic arm designed to interact with the
surrounding environment). The model, in addition to the system, consists of three defined
positions: the AGV “home” position where it remains when not requested, a picking position
where objects are picked up and a delivery position where they are delivered.
The AGV gives the system the necessary object movement and transport and for
that purpose, the Active One AGV from Active Space was used. The collaborative robot
serves as the “arm”: in this project we used the Kassow Robots collaborative robot (model
KR 810), supplied by Roboplan and Kassow Robotics. An Arduino MKR1000 board was
also used to interconnect the user interface, the AGV and the collaborative robot: this was a
workaround to solve connectivity problems that the first versions of the Kassow Operative
software (OS) had – problem solved now with the new version of the OS. This board stands
out because of its Wi-Fi compatibility, which allows remote control of the system.
The system has proven to be able to pick up objects in a user-defined location,
drop them in the AGV and return them to another user-defined location allowing industries
to keep up with the next Industrial Revolution.
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Resumo

Resumo
Um dos principais objetivos da próxima Revolução Industrial, a Indústria 4.0, é
aumentar o nível de automação nas empresas, libertando as pessoas de trabalhos monótonos
e repetitivos e transferi-lo para trabalhos mais orientados para desenvolvimento e
investigação. Um desses trabalhos repetitivos é order picking, que consiste na recolha em
armazém de produtos, de forma a satisfazer o pedido de um cliente.
Esta tese, de acordo com esse objetivo apresenta um modelo simplificado de um
trabalho de order picking e tenta soluciona-lo através de um sistema composto por um AGV,
um robô colaborativo e um gripper (dispositivo colocado no fim de um braço robótico
desenhado para interagir com o ambiente à volta deste). O modelo, além do sistema, consiste
em três posições definidas: a posição “home” do AGV onde este permanece quando não é
requisitado, uma posição de recolha onde são apanhados os objectos e, uma posição de
entrega onde estes são entregues.
O AGV dá ao sistema a movimentação e o transporte de objetos necessário e foi
utilizado o Active One da empresa Active Space. O robô colaborativo serve de “braço”, sendo
utilizado o robô colaborativo KR 810, da Kassow Robots, fornecido pela empresa Roboplan,
em colaboração com a Kassow Robotics. Foi ainda utilizado uma placa Arduino MKR1000
para interligar a interface do utilizador, o AGV e o robô colaborativo. Esta solução constituiu
um recurso temporário, pois o sistema operativo inicial da Kassow tinha problemas de
conectividade – esse problema já está resolvido na versão atual do referido sistema
operativo. Esta placa destaca-se pois devido á sua compatibilidade Wi-Fi que permite o
controlo remoto do sistema.
O sistema provou-se capaz de pegar em objetos num local definido pelo
utilizador, largá-los no AGV e voltar a colocá-los num outro local definido pelo utilizador,
podendo ser utilizado para ajudar as indústrias a acompanhar a próxima Revolução
Industrial.
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INTRODUCTION

1. INTRODUCTION
The industry was born from the First Industrial Revolution in the late eighteenth
century, early nineteenth century, in England, with the purpose of transforming raw materials
into marketable goods using human effort, steam-powered machines and energy from coal
and iron. The Second Industrial Revolution arose in the late nineteenth century, around 1860,
due to the increasing use of electricity and with it came serial production. With the creation
of the silicon diode and the silicon transistor, the industry enters the next Industrial
Revolution, the third. It was marked by the strong computerization of systems, automation
and major developments in the field of robotics.

Figure 1.1. Industrial Revolutions (Vaidya et al., 2018).

All these industrial revolutions were the consequence of scientific and technic
advances, not being immediately acknowledged as revolutions. The Fourth Industrial
Revolution is different from the rest in this aspect: it is more of a need than a consequence
and was pre announced. It was first mentioned in the Netherlands in 2011 during the
"Hannover Fair"(Kagermann et al., 2011), and in October of 2012 when a working group
headed by Siegfried Dais and Henning Kagermann presented a series of recommendations
to implement Industry 4.0 to the German Federal Government.
(Lasi et al., 2014) points out that industry 4.0 was based on social, economic and
political needs such as shorter product development periods, product individualization,
production flexibility, decentralization, and efficient use of available resources and which in
turn leads to a major technological boost: increased mechanization and automation,
digitization, networking and miniaturization.
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(Kagermann et al., 2011) states that digital processing of production plants and
industrial products with integrated memory, communication and intelligent software systems
creates the bridge between the virtual world and the real world through a near perfect
synchronization between the virtual models and physical reality. We see, therefore, a
paradigm shift in the role of humans in industry.
(Brettel et al., 2014) says that this shift can be achieved by using intelligent
automation and reorganization of labor within the production system. In the near future, even
though labor work will remain irreplaceable, it will change its content, especially in view of
customization, resulting in an increasing need for coordination. Operators on the shop-floor
need to be skilled in decision making as the separation of dispositive and executive work
voids. Self-controlling systems communicate via the Internet with workers, which alters their
roles, thus, becoming coordinators and problem-solvers in case of unforeseen events.

1.1. Motivation
As previously presented, one of the main objectives in the Industry 4.0 is the
increase of automation, therefore, this thesis will focus mainly in this field.
One of the vital tools that are used to achieve this increase in automation are
robots, which are becoming more autonomous, accurate, flexible and collaborative. These
robots can interact with each other more easily and efficiently, work alongside a human and
learn with them. They can also work in harsh environments where a person without proper
equipment would not be able to do so (Vaidya et al., 2018).
The robots that can be easily found in the industry are the so-called Industrial
Robots, as an example the IRB 2600 from ABB that can be seen in Figure 1.2. They present
high precision, speed and robustness due to the typical functions they perform such as
casting, painting, welding, and handling of heavy loads, among others.

2
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Figure 1.2. Industrial Robot IRB 2600 from ABB. Source:
https://new.abb.com/products/robotics/pt/robos-industriais/irb-2600

Those who perform tasks alongside humans are called Collaborative Robots, or
Cobots. They were first mentioned in a patent in 1996, in Northwestern University, by James
Edward Colgate and Michael Peshkin, filling the patent in the next year. This patent will be
presented and discussed further in this paper, on Chapter 2.
Advancing towards the introduction of cobots in the market place, circa 2008,
the idea of having a robot in a factory, performing preprogramed routines in a security zone
without being closed in a cage, for the safety of workers, in the way that industrial robots
are, was viewed with a skeptical look by industry. One example of a cobot can be seen in
Figure 1.3. The UR 5 is one of the first cobots in the market, produced by Universal Robots.

Figure 1.3. UR5 by Universal Robots. Source: https://www.universal-robots.com/br/produtos/ur5/
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But this was, and still is, one of the great advantages of cobots: bigger security
for the workers around them, most of them having stops or speed reductions when it detects
a person in the area of work. This feature was not available for industrial robots at that time.
The other great advantage of cobots it is their easy and intuitive. It is not necessary to use
external programmers to install and program the robot, since workers can easily do it,
through a computer or a touchpad embedded in the robot itself, even without previous
programming skills. In this thesis a Cobot made by Kassow Robots, the KR-810, was used.
Its characteristics will be discussed further on Chapter 3.
The second tool that has been used in this thesis is the AGV, which stands for
Automated Guided Vehicle. They are usually used to carry heavy materials or weights.
Onboard computers on each AGV communicate using wireless transmissions with the
control center to allow the vehicle to navigate safely to any point on the workplace. AGV’s
provide efficient and flexible maneuvering with minimum manpower, high container
throughput at reduced costs, continuous handling operations (24 hours a day, 7 days a week),
and consistent container handling operations.
(Haefner & Bieschke, 1998) state that AGV navigation systems at that time
include vehicles that follow a path of buried wires below the surface, photo fluorescent and
reflective material applied to the path in stripes, laser based systems which utilize
triangulation to determine location, onboard gyroscopes which track the precise heading of
the vehicle, and other systems which utilize a grid marked on the floor. AGV are highly
maneuverable and can be equipped with GPS or similar AEI technologies to track their
movement and location throughout the workspace.
Within Industry 4.0, AGV systems can be designed to interact with other automated
systems such as automated storage and retrieval systems that can provide even greater levels
of flexibility.
In this thesis it was used an AGV, from a Portuguese company called Active Space,
the Active One, that is presented in the Figure 1.4.
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Figure 1.4. AGV ACtive One. Source:https://www.activespaceautomation.com/agv/activeone-omni/

This work is just a small part of a bigger one, which focuses on taking the level
of automation in the industry to the next step. All the monotonous and repetitive tasks will
no longer be made by humans, but by machines or robots, changing, like discussed before,
the role of man in industry in the near future.
A study made by Bughin et al., 2017 and published by McKinsey Global
Institute, suggested that “roughly 50% percent of the time spent on activities that people are
paid almost $15 trillion to do in the global economy have the theoretical potential to be
automated by adapting currently demonstrated technology-in other words, the technical
capabilities already exist, although an integrated solution to automate each particular activity
might not yet have been developed nor deployed”.
One of those repetitive tasks is order picking. (Goetschalckx & Ashayeri, 1989)
define it as the process of retrieving products from storage or buffer areas in response to a
specific customer request. (Koster et al., 2006) state that order picking is one of the most
labor intensive and costly activities in almost every warehouse. It is estimated to be 55% of
the total warehouse operating expense.
In fact, solutions to this problem, using automation exist for decades. (Hanson
et al., 2018) say that most didn’t see benefits in automation nor had the ability and knowledge
to apply it. Instead, the common approach to this problem is manual labor. They then present,
a solution: RMFSs, in which AGV’s move along the warehouses and transport, not the
object, but the whole pod where the objects are and bring them to a station where the human

João Rafael Arsénio Costa
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operator can pick the object needed. This system is depicted in Figure 1.5. Then the robot
transports the crate back into the storage area.

Figure 1.5. Depiction of a RMFS (Hanson et al., 2018)

Fusing together the two technologies mentioned before, it is possible to fetch not the
crate, but the object itself, place it on the AGV, retrieve more objects and then place the
objects on a station where a human can pick the pieces that he requested. In fact, this
particular technology already exists, but only as a single product made by a big number of
renowned companies. Those products will be discussed later, on the next chapter.

1.2. Objectives
This paper will explain the process of fusing together an AGV and a
collaborative robot to perform tasks of pick and place objects within the grounds of the
company that provided the AGV, Active Space, to replace and optimize the work previously
done by a worker. It will focus mainly on the cobot. The main objectives of this thesis are:


Make a mechanical and electrical interface between the robot, AGV and
the user interface;



Program the functions of the robot: load, unload and manipulation of
objects;



Assure the synchronous function of the group.

To assure the reader understands the full extent of this work, he should also read
the thesis about the interface and the functions of AGV, written by (Costa et al., 2019).
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1.3. Assumptions
As previously presented, order picking is an extremely complex matter and has
a lot of different factors, and some of them are random, and greatly influence the system
trying to solve it: Number of items, size and shape of items, time to pick up the objects, etc.
The simplifications adopted to try to solve this problem were the following:


The system comprised by the AGV, cobot and gripper will receive an
order picking task, move to the pickup station, pick the objects and place
them onto the AGV, go to the delivery station and place the objects there.
These various tasks are made autonomously.



The AGV can carry up to 9 different type of objects, arranged in a sort
of a pallet 3x3;



The AGV will stop in three positions: Home position, pickup station and
delivery station.



The pickup station and the delivery station were both a pallet 3x3;



The objects should not have more than 150 millimeters width or any
other measure;

 The weight of the objects should not exceed 5 kilograms, as the load that
the robotic arm can handle decreases as we move further away from the
base 200 millimeters. This is later explained in 3.2;


The user chooses the object he wants from the pickup station and can
choose where it is delivered in the delivery pallet.

Figure 1.6.Model of the system made in the Software Simio.

João Rafael Arsénio Costa
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1.4. Chapters organization
A brief description of the thesis structure will be presented next. This thesis was
divided in 6 chapters:


Chapter 1: This chapter presents the motivation, framework and
objectives of this work.



Chapter 2: This chapter contains an analysis of the state of the art
regarding the technologies used in this work and previous studies done
by other authors;



Chapter 3: In this chapter the technologies and tools used in this work
are presented;



Chapter 4: The communication protocol and how it was implemented is
explained in this chapter;



Chapter 5: The experimental tests are presented along with the respective
results;
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2. STATE OF THE ART
As mentioned before, this chapter presents a comprehensive state of art about
the main technologies used in this thesis, namely the AGV and the Cobot. We analyzed the
first patents of these technologies, some products of well-known brands, including the Cobot
that was initially intended to be used and a scientific article with the same purpose of this
work. Finally, the products already made by several known brands that integrate a
collaborative robot and an AGV were also analyzed.

2.1. Collaborative robot
The first patent to be developed on collaborative robots was presented by James
Edward. Colgate and Michael Peshkin in the year 1997, and granted in 1999 by the United
States Patent and Trademark Office (Patent No. 5952796, 1999). They state that with this
new type of robot, the collaborative robot, it is possible to maintain direct physical
collaboration between a person and a computer-controlled manipulator. The next figure
represents the vison of the authors of a collaborative robotic arm. Although somewhat
primitive, it draws close to the geometric forms of today's collaborative robots.

Figure 2.1.Diagram of an articulated arm of a cobot (Colgate & Peshkin, 1999)

João Rafael Arsénio Costa
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Unlike other robots at that time that used powerful actuators with potential to
harm the workers around them, Colgate and Peshkin idealized that the cobots would use
elements of variable transmissions, like smaller and less powerful motors, in which the
transmission ratio would be adjustable by the user through a computer. Thus, it would be
possible for the human operator and cobot to exert forces on a common object at the same
time, or even, for example for therapeutic purposes, to be the cobot to direct the person's
movements. Furthermore, it could also be programmed to only respond to forces exerted by
the human operator or change its behavior in certain regions of the workspace to avoid
collisions.
These ideas outlined in the late 1990s have become the cornerstones for what
would be the evolution of the cobots in the years to come. The first to introduce a fully
functional cobot was Universal Robots, a Danish company, in 2008 with UR5. According to
the CEO of the company RSS Manufacturing, where an automation solution was tested using
these robots, Geoff Escalette, “The UR5 does in 4 hours what it would take manual labor 23 days to accomplish”(Universal Robots, 2017). In addition to the traditional advantages of
cobots, which include fast setup, flexible deployment, easy programming, collaborative and
safe functioning, the UR5 come with an average payback time of 195 days.

Figure 2.2. UR5 by Universal Robots. Source: https://www.universal-robots.com/br/produtos/ur5/
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The UR5 can automate tasks that require moving weights up to 5 kg and has a
radius of up to 850 mm. It can, virtually, automate any task: packaging and palletizing, screw
driving, injection molding, polishing, lab analysis, gluing, dispensing and welding, pick and
place, assembly and quality inspection.
Advancing now to the present decade and to the Eastern market, one of the new
companies that took the market by surprise in 2016 and became the second largest company
of collaborative robots in just 3 years, was the TechMan Robot, a subsidiary company of
Quanta Computer Inc.
The great trump of their collaborative robots, in relation to the other brands is
the intelligent built-in visual system. According to the software manual of TMvision
(Software Manual TMvision, 2018), “TMvison is designed for base system calibration and
vision jobs; it enables users to tune parameters for visual features screening based on light
sources and image features in the Vision node, thereby improving the performance of visual
identification”. TMvision functions include pattern matching, object localization, image
enhancement, bar code reading and color recognition.
Four models are available with built-in visual system: the TM5-700 and the TM5900 are cobots made to work with regular payloads (6 kg and 4 kg respectively) and have a
range of 700 millimeters and 900 millimeters, respectively. The TM12 and TM14 are made
to work with medium-heavy payloads (12 kg and 4 kg, respectively) and have a range of
1300 millimeters and 1100 millimeters, respectively.

Figure 2.3. TM5-700 by TM Robots. Source: https://tm-robot.com/en/wpdmdownload/tm5-dm-pdf/
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In fact, the robot shown in the Figure 2.3, was the one destined to be used in this
work, since the integrated vision system would greatly facilitate the tasks of pick and place,
although due to bureaucratic problems it was not possible to use it. Instead it was used
another robot that will be presented in the next chapter.

2.2. AGV
The first idea of an AGV was patented in the year of 1989 by Bruce F. Field and
G. Kasper (Patent No. 4996468, 1989). This patent idealizes an autonomous vehicle that has
an on-board computer that stores paths and functions of the machine and activates the
systems of movement and direction of the vehicle so that it follows the desired path. One of
the problems with AGVs at the time was the inflexibility of the routes they followed. They
were guided only by a wire on the ground.
What these inventors proposed was the use of retroreflective targets, that can be
seen in Figure 2.4, marked with the number 16, which defined the path, placed along the
walls or the ground in specific places. For this system to work the AGV would have to have
a scanner that recognized them, namely a laser. Previous systems needed to process complex
trigonometric algorithms to achieve what this simple mechanical solution would do. The onboard computer contains the preprogrammed path and controls the steering and driving
systems only when it is necessary for the vehicle to perform an already programmed turn.
The rest of the time, the laser scanner controls the steering and driving systems to assure that
the scanner and the targets are always in a vertical plane perpendicular to the face of the first
one.

Figure 2.4. Diagram of an AGV (Field & Kasper, 1989)
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By changing the lateral position of the scanner, it is possible for the vehicle to
move parallel to the plane of the targets, which is advantageous for circumventing small
objects. It also includes a system to know the location of the vehicle through the counting of
landmarks and a speed control system.
Nowadays, one of the best AGV's on the market comes from a well-known
company that also develops excellent collaborative robots, KUKA. The KMP 1500 (KUKA
Mobile Platform 1500) is an omnidirectional mobile platform that offers a payload capacity
of 1500 kg and allows for precise positioning with an accuracy of 5 mm, even in tight spaces
(KUKA, 2017). One of the big advantages of this model is that it can move freely and
without conventional guidance or navigation elements, which makes integration into
modified environments much easier and increase efficiency in terms of logistic management.
Some characteristics of this model are:


Wireless interfaces;



Sophisticated navigation system that enables the AGV to navigate
autonomously without risk of collision and without the need of artificial
targets or markings;



The omnidirectional wheels allow the AGV to move in any direction;



Minimum operating time of three hours and can be charged via direct
cable or floor contact plate;



Includes safety and warning sensors for 360-degree monitoring.

Figure 2.5. KMP 1500 by KUKA. Source: https://www.kuka.com/en-hu/products/mobility/mobileplatforms/kmp-1500
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It is understandable that the AGV’s are perfectly suited to the automation
processes of Industry 4.0.

2.3. Mobile Cobot
(Kimura et al., 2015) in Meijo University, in Japan, made a mobile dual-arm
robot for automated order picking system in a warehouse containing various kinds of
products.
They used a dual-arm robot because in the majority of the warehouses, many
products are inside boxes that are tightly arranged on shelves. In this case, one arm pulls the
box from the shelf, while the other one supports the box from below, as can be seen in Figure
2.6 (a). Another common situation is that products are contained in cartons that are open on
the top, in these cases, one arm pulls the carton, while the other one picks the intended
product, as can be seen in Figure 2.6 (b). Those two cases are presented in the below.

Figure 2.6. Dual-arm Robot picking a box (a) and picking a bottle from a carton (Kimura et al., 2015)

The authors considered that the order picking process can be divided into two
distinct processes, executed by two different types of robots: one for mobile dual-arm robot
to pick items from the shelves, and the other one is for AGV’s to bring products from the
shipping area.
In Figure 2.7, it is possible to observe that the mobile dual-arm robot picks up
ordered products from the shelves and places them on the corresponding cases on the AGV’s,
which delivers them to the shipping area.
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Figure 2.7. System proposed to solve order picking (Kimura et al., 2015).

The authors tested this model and also the prototypes and concluded that the
proposed system had sufficient potential to automate order picking operations in a
warehouse, which was previously done by workers.
In the year 2016, within the scope of Industry 4.0, Yaskawa, the renowned
Japanese company that produces the well-known industrial robots Motoman, launched the
"Mobile Robot YMR12" that combines in a single product a YASKAWA MOTOMAN MH12F
robot and an OTTO 1500 AGV.

Figure 2.8. YMR12 produced by Yaskawa using a OTTO 1500 AGV. Source:
https://www.yaskawa.eu.com/fileadmin/Loesungen/Innovationen/Flyer_MobileRobotYMR12_E_06.201
6.pdf
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The robotic arm comes equipped with a multi-function gripper and an integrated
vision system that allows it to localize the exact positions of objects. The OTTO 1500 mobile
platform is fully autonomous, uses SLAM algorithms to plan routes and move around and
in case of finding an obstacle in its route, it is able to find an alternative one and reach the
final destination. It also comes equipped with four LiDAR sensors: two in the AGV to detect
obstacles and position, and two in the robotic arm to ensure the safety zone around it
(YASKAWA Europe, 2016)
This system is designed for logistic applications in machine tending, material
handling, multiple stations logistics and assembling. It can communicate with other
machines via direct wireless connection to a master system, like a PLC.
The latest model to be referenced, is brought to the market by the German
company KUKA, one of the world leaders in production and development of industrial robots
and automation systems. The model in question is the “KMR iiwa”. It fuses together a
“KUKA mobile platform” and a “LBR iiwa” robotic arm. This robotic arm is quite flexible
since grippers, tools or other special equipment can be mounted and easily supplied with
power. Depending on the model it is possible to obtain a maximum payload of 7 or 14 kg
(KUKA AG., 2017)

Figure 2.9. KMR iiwa by KUKA. Source: https://www.kuka.com/pt-pt/produtosservi%C3%A7os/mobilidade/rob%C3%B4s-m%C3%B3veis/kmr-iiwa

The mobile platform has integrated laser scanners that monitor the work area,
while navigation and motion control software provides flexibility in the work sequences.
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The high-performance batteries with industrial WLAN technology liberate de “KMR iiwa”
from complex cabling. The omni-directional wheels allow it to move in any desired direction
with an accuracy of up to 5 millimeters even in tight spaces.
These characteristics make it highly flexible, with an unrestricted workspace,
thus making it the perfect assistant to man in Industry 4.0.

João Rafael Arsénio Costa
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3.

TOOLS

In this chapter we present the main components (AGV + cobot + robotic hand +
Arduino MKR1000) needed to carry out this project, and discuss their advantages and
disadvantages.

3.1. AGV Active One
The Active One is an AGV able to withstand payloads up to 800 kilograms. There
are three standard versions available, which can be observed in Figure 3.1: one with an
automatic pin for towing, the hydraulic version with an elevation platform and a conveyor
platform.

a)

b)

c)
Figure 3.1. The three versions of the Active One: a) Pin Hook. b) Hydraulic. c) Conveyor. Source:
https://www.activespaceautomation.com/agv/activeone/

In this work we used the second model. This AGV navigates through the
workspace following magnetic lines on the floor, or using natural navigation and uses RFID
(Radio Frequency Identification) based positioning. With its low profile it can navigate
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under most standard logistic infrastructures, like shelves, tables, crates, etc. It has an ability
to navigate in small spaces due to low turning radius and the ability to turn on its own axis.
It can be programmed easily through its user-friendly software, which allows for
a fast installation and layout modification. It can achieve speeds of 1500 millimeters per
second, providing a fast return of investment. It also provides wireless communications for
interaction with product line and operators, and for remote management and monitoring.

Figure 3.2. Active One transporting a cart with materials. Source:
https://www.activespaceautomation.com/agv/activeone/

3.2. Collaborative robot KR 810
Kassow Robots is a Danish company founded by one of the founders of
Universal Robots in 2014. The collaborative robot used in this work is the KR 810, which
demarks from other collaborative robots for having 7 DOF, instead the usual 6 DOF.
(Kassow Robots, n.d.) presents some important characteristics of this robot:


850 millimeter reach;



Maximum payload of 10 kg, but due to the static torque limit of the wrist
joints, the allowed payload is reduced if the distance between the payload
center of gravity and the tool flange is beyond 150 millimeters, as it can
been seen in Figure 3.3.
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Figure 3.3. KR 810 maximum payload depending on the distance between the payload center of gravity
and the tool flange center (Kassow Robots, n.d.).



225 degrees per second of joint speed;



Brakes and absolute encoders on all joints;



7 DOF;



High precision of +/- 1 millimeter;



150 N safe force limit on tool.

The robot comes with a control box, cables and a teach pendant, which is a tabletlike graphical user interface. Those items can be observed in Figure 3.4. The controller
should:


Provide power to the robot arm and control it;



Provide electric interfaces for connecting the robot with external
devices;



Exchange information with the Teach Pendant allowing the user to
program the robot system and see and manipulate the state of the robot.
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Figure 3.4. Robot arm construction: a) Teach pendant; b) Robot arm; c) Controller box (Kassow Robots,
n.d.).

The control box has 16 Digital Inputs inside that support voltage between 3V
and 33V, which are divided in four plug connectors. Each one of these plugs has 4 inputs
and one common ground that is galvanic isolated from the rest of the system. An example
of one of these plugs is in Figure 3.5. Each one of these inputs has as indicator diode, which
lights up when it recognizes the input as high.

Figure 3.5. Plug connector (Kassow Robots, n.d.).
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It also has 8 Digital Outputs that supports 24V, 2 Analogue Input/Output that
supports between 0V and 10V and other 2 that supports a current between 4mA and 20mA.
A diagram of the control box can be found in the figure below.

Figure 3.6. Control box diagram (Kassow Robots, n.d.).

The Teach Pendant is a tablet which is connected to the control box via wire. In
fact it uses Android as its Operative System and comes with an application that allows the
user to control the robot in real time, design work sequences or check the status of the robot
and I/O. Attached to the tablet are three buttons: emergency stop (red button), protective stop
(grey button) and a button that shows the state of the robot, depending on its color.
Through the teach pendant the user can input a series of commands in the
program tree using a drag and drop technique. The available commands are the following,
being most of them basic to any programming language:


SEQUENCE defines the beginning of block of commands to be
executed;



IF allows the user to control the flow of the program. It also supports
ELSE IF;
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With LOOP the user can repeat a block of commands infinitely or until
a certain condition is met;



FOR allows the user to repeat a block of commands a specific number
of repetitions;



MOVE command makes the robot move to the defined position;



STOP interrupts the robot movement until the RESUME command is
called;



The SET command assigns a new value to a variable during the
program execution;



WAIT allows the user to make the program sleep either for a specific
amount of time or until a certain condition is met;



TF command transforms the pose and stores a new one into the
variable;

This particular robot is still in state of development, reason why it’s not widely
commercialized. This fact brings some advantages and disadvantages to its use:


The control software of the teach pendant isn’t ready to receive data
from other sources, even though it has a RS232 plug and an additional
space for an USB connection inside the control box, whereby the
connection with this robot must be made by other means.



The control software only supports three data types of variables, which
are:
o Numeric: This data type can be integer (positive and negative
whole number) or floating number (real number). It can also
behave as a Boolean type data;
o Pose: It stores position (X, Y and Z coordinates) and rotation
(Roll, Pitch and Yaw). Similarly, it can store joints
configuration and a reference pose variable, being those two
optional;
o Load: represents a rigid figure that is defined by its mass, center
of gravity and inertia matrix. Essentially, this data type
expresses that some object is attached to a robot part.
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It represents a great opportunity to study and analyze a prototype of a
robot and its control software and send feedback to the company.

It is concluded that this robot is not perfect for the objective in question, due to
its slower initial programming, but that it can perform the functions of a collaborative robot
of the same range.

3.3. Arduino MKR 1000
Arduino is an open-source hardware and software company. It designs and
produces single board microcontrollers that allow the user to build projects that can sense
and interact with the world both physically and digitally. These boards use various sets of
digital and analog I/O that can be connected to various types of circuits. It uses C and C++
based programming languages and provides a free IDE for code development and
programming. One of the great advantages of Arduino Boards is the enormous community
that share their projects with each other.
The Arduino Board used in this work is the Arduino MKR1000. Its main
characteristics are:


Low power Wi-Fi with a Cryptochip for secure communication;



Unlike most Arduinos boards, it runs at 3.3V;



Includes a Li-Po charging circuit that allows the board to run on battery
power;

Figure 3.7. Arduino MKR 1000. Source: https://store.arduino.cc/arduino-mkr1000.

João Rafael Arsénio Costa

25

Development of a solution for adding a collaborative robot to an industrial AGV

Since we aim an autonomous solution, some type of wireless communication
between the various technologies is needed, avoiding in this way the use of complex cabling.
The Arduino was a workaround to add Wi-Fi to the robot controller, since in the first version
of the operating system that feature was not functional (already corrected in the actual
versions).

3.4. Barrett Hand
The last tool needed for this work is a gripper (attached to the end of the robot
arm) to pick up the objects.
The gripper used is a BarrettHandTM. It is a multi-fingered programmable
grasper with such dexterity that can target objects of different sizes, shapes and orientations.
Of the three multi-jointed fingers, two have an extra degree of freedom with 180 degrees of
lateral mobility that allows multiple grasp types. It supports payloads up to 6 kg and supports
CANbus or RS 232 communications (Barrett TechnologyTM Inc.., 2013).

Figure 3.8. BarretHand BH8-282. Source:
https://support.barrett.com/wiki/Hand/262/SystemComponentList

This gripper is not the ideal to use in this solution once it is very expensive and
somehow fragile. Nevertheless, we had one available and we decided to explore its advanced
functionality, although a more mechanically robust will be used in the final prototype.
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To attach the robotic hand to the cobot, a piece was designed ( using Autodesk
Inventor) and built. It was screwed to the robot end-effector and the gripper was then screwed
to this piece, allowing safe and effective mechanical attachment. A 2D drawing of this piece
can be found in Figure 7.1 in APPENDIX.
The assembly of the robot arm to the AGV, also designed in Inventor, is
presented in Figure 7.2 in APPENDIX.
Next chapter it will be presents how the different technologies are connected,
and how the systems work.
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4. COMMUNICATION
Before presenting how communications between the different components were
implemented, it is necessary to simplify the order picking problem and explain the
communication protocol proposed.

Figure 4.1.Communication between the different technologies used in this work.

As it can been seen in Figure 4.1 the user interface communicates via Wi-Fi with
the Arduino board, which in turn communicates with the AGV and the cobot via I/O digital
interfaces. When the gripper needs to open or close (the cobot must stop) the user interface
reads the state of the cobot via Arduino and sends the open or close command to the gripper
when the stop state is ON.
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The gripper was programmed to use predefined grasping positions.
Nevertheless, it is force controlled which allows to be used with small and fragile objects,
commanding the hand to close until a certain force is obtained.

4.1. Operation sequence
A communication protocol between the several components of the system was
designed (Figure 7.3, Appendix A) to regulate the operation sequence of the developed
system.
To operate the system, the user chooses a list of objects in the control interface
and specifies where they should be delivered.
Next, the Arduino board, which is connected to the AGV and to the cobot, waits
for both to be idle, or not busy, in order to move it the pickup station. When it begins to
move, it informs the Arduino it became busy (AGVbusy=1). When the AGV is moving, the
Arduino should not send commands to the cobot in order to move.
Once the AGV arrives at its destination, its state becomes idle (AGVbusy=0)
and once again it informs the Arduino of it state. After that, the Arduino sends the first
command to the cobot so that it retrieves the first object from the pickup station.
The cobot then moves and when it’s above the object stops and informs the
Arduino of its current state. The interface reads the cobot status through the Arduino and
sends a command to the gripper to close. Then the cobot resumes its task and moves to the
spot selected by the user on the AGV and the process to operate the gripper is repeated, but
this time the order issued to it, is to open. While doing those loading tasks, the state of the
cobot becomes busy (Cobotbusy=1) and sent to the Arduino, which should not send any
more commands until the task is completed. If the user has defined that he wants more than
an object, once the task is completed (Cobotbusy=0), the Arduino sends the next command
to the cobot so that it repeats the same process until there are no more tasks or commands in
queue.
Afterwards, the cobot moves to a safe position, called “home”, where the system
can navigate without the risk of collision between the cobot and other objects or people in
the workplace. Once it arrives “home”, cobot state becomes idle (Cobotbusy=0) and informs
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the Arduino of this change. In its turn, the Arduino informs the AGV that it is safe to start
moving to the delivery station, becoming, once again busy (AGVbusy=1).
When the AGV arrives at the delivery station it becomes idle (AGVbusy=0)
becoming safe for the cobot perform its tasks. Then the Arduino sends a command to the
cobot so that it begins the delivery process (Cobotbusy=1). The user interface saved the final
positions of the objects and sent, one by one, the command “AGV_M” followed of the final
position two times, only because the final position of the object on the AGV is also the final
position in the delivery station. In this process all the communication between cobot,
Arduino, user interface and gripper are repeated.
When the whole process is complete the cobot moves to the “home” position
again, and all the process is ready to start over or the system moves to the “home” of the
AGV, which is where the charger is placed.

4.2. Message Interface
In order to implement the working sequence previously described, the system
components need to exchange information between each other. This information exchange
will now be explained.

4.2.1.

User Interface and Arduino

The information exchange between the user interface and the Arduino was
implemented by Wi-Fi using a sequence of strings with the following structure:


Command#Parameter_1#Parameter_2#Parameter_3#Parameter_4

The reader should keep in mind that the character separating the strings is not
“#” but spaces “ ”. It was only used in here so that is easier to understand the separation
between the commands and parameters.
The first part of this string (“Command”) identifies the type of action that should
be performed. There were developed a series of commands:


“go_to” moves the cobot to one of the 9 available positions in the
pickup or delivery station;



“del_to” moves the cobot to one of the 9 positions of the AGV pallet;
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“go_home” makes the robot move to the “home” position;



“AGV_M” moves the robot to one position of the AGV, pick up an
object and then place it one of the positions of the delivery station;



“M_AGV” moves the robot to one of the positions of the pickup
station, pick up an object and place it in one of the positions of the
AGV;



“check_robot” returns the status of the cobot: It is either busy or idle;



“check_AGV” returns the status of the AGV: It is either busy or idle.

The remaining part of the string are used as parameters to complete the
commands. The commands “go_to”, “del_to”, “AGV_M”, “M_AGV” have parameters
between 1 and 3 and identify the row and the column of the pallet for which the command
is intended. Here are some examples of complete strings and respective result:


“del_to#1#2”: the cobot moves to row 1 and column 2 of the AGV
pallet;



“AGV_M#1#1#2#1”: the cobot retrieves the object in row 1 and
column 1 of the AGV pallet and places it on row 2 and column 1 of the
delivery station.

When combined with the command “go_home”, parameters assume the form of
velocities: “slow”, “normal” and “fast” according to the velocity the user wants to move the
cobot to the “home” position.

4.2.2.

Arduino and Cobot

It was previously mentioned that the cobot cannot receive information in form
of a string, amongst other types of data, because the Wi-Fi and TCP/IP interface was not
available when we started this project. In order to communicate effectively with the cobot
the solution found was an electrical interface combining the digital inputs and outputs from
the Arduino and the cobot.
Each one of these digital pins can take two forms: “LOW” when it does not send
any electrical signal and “HIGH” when it sends an electrical signal. This is simply the
concept of a bit.
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A bit can take the forms of “0” and ”1”, so it was associated the “0” to “LOW”
and “1” to “HIGH”. The number of combinations possible using bits is 2n, being n the
number of bits. Using 1 bit just 2 combinations are possible. Using 2 bits, the number of
combinations is 4. Using 3 bits it is possible to have 8 combinations and so on.
Since more commands may be needed as the model complexity increases, 4
commands have been defined, giving up to 15 different commands, since “0000” was not
used for safety reasons.
For the parameters were only used 2 bits, since the maximum number of
information to be exchanged is the number of rows or columns, which is 3, or the number of
velocities, which is also 3.
In Figure 4.2 is presented this division of commands and parameters in bits and
which pin of the Arduino are connected to the control box of the cobot.

Figure 4.2. Corresponding digital pins from the Arduino and the cobot for commands and parameters.

The cobot should also inform the Arduino board of its state, so that the last one
does not send more commands while the cobot is performing the tasks and to ensure that the
AGV does not move. To achieve this a digital pin on the control box, which is an output,
should be connected to a pin in the Arduino configured to be an input and every time it is
issued a command to the cobot the output should be “HIGH”.
The only problem is that the electrical signal from the robot has a voltage of 24
V, and the Arduino board can only withstand 3.3 V. To overcome this problem a voltage
divider was used to transform 24 V in 3.3 V using 3 resistors of 4.7 kΩ, 1.5 kΩ and 1 kΩ.
The final setup used to exchange information between the Arduino board and the cobot is in
Figure 4.3:
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Figure 4.3. Arduino setup to communicate with cobot. Green lines are inputs to the cobot, red and blue
are the output from the cobot and black are the grounds.

4.3. Cobot Programming
Now that the electrical interface between the Arduino board and the cobot is
implemented, we need to read the electrical signals and transform them into a variable.
To do so the following was used:
𝐶𝑜𝑚𝑎𝑛𝑑𝑜 = 𝐼13 ∗ 1 + 𝐼14 ∗ 2 + 𝐼15 ∗ 4 + 𝐼16 ∗ 8
𝑃𝑎𝑟1 = 𝐼11 ∗ 1 + 𝐼12 ∗ 2
𝑃𝑎𝑟2 = 𝐼9 ∗ 1 + 𝐼10 ∗ 2
𝑃𝑎𝑟3 = 𝐼7 ∗ 1 + 𝐼8 ∗ 2
When an input from the Cobot is “HIGH” its value is 1 and when is “LOW” its
value is 0. The commands and their respective functions are presented in Table 7.1 in
APPENDIX.
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By making the Arduino to send commands one after the other, 3 commands were
used: one for making the robot move to a position in the AGV, one for the robot to move to
the pickup or delivery station, which is the same for the robot since those stations are on the
same position when the AGV stops, and one to make it move to “home” position.
The cobot program is inside a loop, where first all the variables for commands
and parameters are initialized and set to 0. Then if any of the inputs from the Arduino board
are set to “HIGH”, the program reads them and converts them to numbers and waits for the
Arduino to change all of them to ”LOW”. Once it happens, the program will continue,
execute the commands and move the cobot to its destination.
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5. EXPERIMENTAL TESTING AND RESULTS
Once the communication protocol was implemented and tested, it was finally
possible to assemble the system and all its components.
The final setup was tested using the warehouse facilities of Active Space
Automation (Figure 5.1).

Figure 5.1. Final setup of the system.

It shares many similarities with the simulation done in Inventor, which is
presented in Figure 7.2 in APPENDIX, but has a lot of extra cables required to provide
energy for the robot and the gripper, because the cobot used isn’t a DC version.
Figure 5.2 presentes the complete system, depicts the magnetic tracks that guide
the AGV and the three positions where the AGV should stop: Picking position, Home and
Delivery positions.
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Figure 5.2. The three positions where the AGV stops: Picking position, Home and Delivery position.

In order to contain the objects in its positions, simulating a working pallet, three
card boxes were made: one for the AGV, and one for the Picking and Delivery positions.
Each one of these card boxes is a matrix of 3x3 and can be seen in Figure 5.3.

Figure 5.3. Matrix positions in AGV and in Picking/Delivery positions.
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The system was able to pick up a variety of objects, like the ones depicted in
Figure 5.4, showing its flexibility on grasping items. The gripper was previously
programmed to hold firmly those objects.

Figure 5.4.System picking up a ball, a board cleaner and a little box-

It took about 20 seconds to pick an object from the picking station and place it
on the AGV.
Videos of the developed system, depicting the validating test done in the Active
Space Automation warehouse, can be found in the following link


https://youtu.be/o1zTrdTdqPQ;



https://www.youtube.com/watch?v=dJdVCu7W46M.
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6. CONCLUSIONS AND FUTURE WORK
In this chapter we present the main conclusions and forecast the future work.

6.1. Conclusions
In order to try and solve the order picking problem for industrial applications, a
simplified model was designed: a system, comprised of a collaborative robot mounted on an
AGV with a gripper attached to end of its arm will pick up objects in a picking position,
place them on the AGV, transport them to a delivery position or station and place the objects
there.
Because the cobot used in this project was still a prototype, a fully functioning
vision module (that helps it locate the objects and orient itself to the orientation of the objects
themselves) was not available. Consequently, the working objects need to be carefully
placed in the position that the cobot is programmed to pick them.
As previously mentioned, also because the cobot used was a prototype, we were
limited in terms of communications. A workaround was designed just by implementing a
I/O interface between an Arduino and the cobot. This problem was a small delay in the
development of this work.
The gripper is an essential tool in this work, but the one used is outdated,
expensive and needs maintenance very often.
The “Home” position of the AGV was not, as previously thought, the charger.
Instead it is only a position in the middle of the path of the AGV.
In all the tests made with different objects, the robot was able to pick and place
the objects in the place required, with just a few errors of objects orientation. The results
presented in the previous chapter show that this system has potential to automate order
picking tasks in a company warehouse.
An article was written regarding this final project by (Costa et al., 2019).
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6.2. Future Work
The model presented was tested and validated by the results obtained and, like
every other model, its complexity can be further increased by:


Adding more objects;



Adding more complex objects to pick up;



Change the format of the Picking/Delivery station to, for example, a
shelf;



Adding more systems like the one made in this work, and making them
work together to increase productivity;

Regarding the cobot, a vision system needs to be added for easy identification of
object position and orientation.
The gripper should also be replaced by a more modern one, for instance the
adaptive shape gripper DHEF (FESTO, 2019) that can adapt its shape to any form of object.
Finally, this thesis was able to demonstrate that is possible to merge together
three simple technologies (an AGV, a cobot and a gripper) and make the system functional
to perform order picking in a warehouse, not needing to obtain the system as a product,
which is very overpriced.
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Figure 7.1. Piece that serves as a mechanical interface between the robot arm and the gripper.
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Figure 7.2. Simulation of the assembly of the AGV and the robot arm made in Inventor.
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Figure 7.3. Communication protocol.
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Table 7.1.Commands in the cobot.

Command

Parameter1

Parameter1=1
(I11=1 and I12=0)

Command=10
(I16=1, I15=0,
I14=1, I13=0)

Parameter1=2
(I11=0 and I12=1)

Parameter1=3
(I11=1 and I12=1)

Parameter2
Parameter2=1

Cobot moves to position

(I9=1 and I10=0)

[1,1] of the AGV.

Parameter2=2

Cobot moves to position

(I9=0 and I10=1)

[1,2] of the AGV.

Parameter2=3

Cobot moves to position

(I9=1 and I10=1)

[1,3] of the AGV.

Parameter2=1

Cobot moves to position

(I9=1 and I10=0)

[2,1] of the AGV.

Parameter2=2

Cobot moves to position

(I9=0 and I10=1)

[2,2] of the AGV.

Parameter2=3

Cobot moves to position

(I9=1 and I10=1)

[2,3] of the AGV.

Parameter2=1

Cobot moves to position

(I9=1 and I10=0)

[3,1] of the AGV.

Parameter2=2

Cobot moves to position

(I9=0 and I10=1)

[3,2] of the AGV.

Parameter2=3

Cobot moves to position

(I9=1 and I10=1)

[3,3] of the AGV.

Parameter2=1
(I9=1 and I10=0)
Command=8
(I16=1, I15=0,
I14=0, I13=0)

Parameter1=1

Parameter2=2

(I11=1 and I12=0)

(I9=0 and I10=1)

Parameter2=3
(I9=1 and I10=1)
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Action

Cobot moves to position
[1,1] of the delivery or
pickup station.
Cobot moves to position
[1,2] of the delivery or
pickup station.
Cobot moves to position
[1,3] of the delivery or
pickup station.
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Parameter2=1
(I9=1 and I10=0)

Parameter1=2

Parameter2=2

(I11=0 and I12=1)

(I9=0 and I10=1)

Parameter2=3
(I9=1 and I10=1)

Parameter2=1
(I9=1 and I10=0)

Parameter1=3

Parameter2=2

(I11=1 and I12=1)

(I9=0 and I10=1)

Parameter2=3
(I9=1 and I10=1)

Parameter1=1
(I11=1 and I12=0)
Command=11
(I16=1, I15=0,
I14=1 and I13=1)

Parameter1=2
(I11=0 and I12=1)

Parameter1=3
(I11=1 and I12=1)
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Cobot moves to position
[2,1] of the delivery or
pickup station.
Cobot moves to position
[2,2] of the delivery or
pickup station.
Cobot moves to position
[2,3] of the delivery or
pickup station.
Cobot moves to position
[3,1] of the delivery or
pickup station.
Cobot moves to position
[3,2] of the delivery or
pickup station.
Cobot moves to position
[3,3] of the delivery or
pickup station.
Cobot move to “Home”

--

position in fast velocity
(300 mm/s)
Cobot move to “Home”

--

position

in

normal

velocity (200 mm/s)
Cobot move to “Home”
--

position in slow velocity
(100 mm/s)
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