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INTRODUCTION

THE SCIENTIFIC PROBLEM

Robots are a part of everyday reality. Their presence and abilities are ever growing and they are
transforming our future. Although much academic research has been done on the many
challenging technical aspects of robots, little research is made on the social, geopolitical and
economic factors that drive this industry ahead. This thesis will focus on the role and purpose of
robots in human societies, both from an industrial and military perspective. The way industrial
and military robots are positioned in 2010-2012 will allow making conclusions and identify

trends forecasting about their future.

Automation started in the earliest human societies with automata, tools to assist humans in their
tedious and heavy tasks. The last 20 years however automation and robotics has taken an
enormous leap forward in its use and application. My research aims to determine how robots and
their use - as part of flexible automation - have influenced society since their beginnings many
centuries ago and how inbred human fear of machines is being dealt with. Also I look at how
robotics is spreading within society and the various industrial sectors and how this will influence

future development of industrial robots and linked sectors such as military robots.

I limit the scope of my active research to the industrial and military robots, while only touching
the areas of service robots, humanoids and androids, among others. While there is an official
classification of industrial robots, no such thing exists when it comes to the military robots. My
analysis of the various goals of the numerous types of military robots allowed me to draw up a
clear segmentation matrix. This military driver matrix allowed me to define military robots
within their groups and simplifying research on trend analysis, exposing limitations and

predicting future development.

Robots started to find their right of existence with the use of articulated robots in the automotive
industry. First applications were to be found in the material joining area: spot welding and arc
welding in car factories. With the spread of automation into other industries, robots were being
used in different applications like machine loading and material handling. The last decade

industrial robots are being used in all industries but still predominantly in automotive industry.



Sectors like electronics manufacturing, food and beverage, metal and general industry can be
named here. Since 2010 new industrial sectors are identified for robots like aerospace and the
medical sector. The experience gained from the use of robots as tools in industrial automation is
transforming the industry itself, putting new challenges on robot design and the way of
production. Hard data from industry shows that there is still a massive growth projected for the
coming decades for industrial robots. Also technology is marching forward, and with it the field
of robotics. To determine the future of industrial robots I used economic modeling tools like the
Product life Cycle and Concentration Curve to base and test my research hypothesis. These
models clearly show the maturity of the industrial robot, which will lead to its technological
diversification. The experienced growth by industrial robots will likely continue while the high
market concentration limits newcomers to niches. How the adaptation of robot-use occurs within
companies in industry has never been analyzed. To understand the areas for growth within
industry it is paramount to understand how robot-use grows within a company. For this I
constructed a Robotics Growth Process model. This model approaches the adaptation by a given
company with respect to the use and application of industrial robots. Based on the available
usage data, experience and interviews it allows making predictions on future robot use within the

various industrial sectors.

To analyze the current spread of robots and its trends I have used an approach using density
charts. These charts map robot density per region and per industrial sector and allow looking
ahead in time based on previous results. I have analyzed expenditures in R&D (Research and
Develoment) to expose the geopolitical trends related to robotics. While Japan has been
traditionally the birthplace of industrial robotics, its leading position is being challenged by
upcoming powers like China. Large growth can be expected in many industrialized nations, as
upcoming industrial nations need to close the density gap with the leading nations in order to
stay competitive. Robots are not only changing the industrial landscape but also the
competitiveness of countries and regions. To predict the competitiveness of regions I analyzed
robot sales volume related to car manufacturing. The result shows clearly the automation gap in
the United Kingdom, while investments and future growth in robotics by BRIC (Brazil, Russia,
India and China) countries is evident. The world’s average robot density is 51 robots per 10.000

employees. Japan is by far the most automated country in the world with a robot density 6 times



that of the world’s average. But new markets are emerging quickly, especially in Asia, where
Korea and China are growing in a fast pace. It is predicted that China will overtake Japan in
annual robot installations as early as 2014. The data suggests that the rise of a national Chinese
robot manufacturer can be expected. Germany makes up 50% of the European market and plays
a crucial role in the old continent. The annual compounded growth rate since 2002 till 2012 in

industrial robot sales amounts to 7%. A strong grow rate, which will continue for the future.

Most western societies face a growing share of a 60+ aging population. This group will in fact be
one of the largest demographic groups, reducing the available work force. Part of my research
has been dedicated to the correlation of the aging of the population in developed western
countries as well as in upcoming powers like China with respect to robotics. To understand the
implications of aging on the future trend of robotics I have designed a model where robot density
and population aging are correlating. It pushes the emergence of the field of Service Robotics,
which in 2012 is still in its infancy. Prototyping exists but large-scale commercial rollout has not

yet happened. Either Japan or Korea would be the number one candidate here.

To understand the future of industrial and military robots it is necessary to analyze and
understand which impacts it had on human societies. For this I reviewed the human fear for
machines and intelligent life forms, as well as the effects of design on their acceptance. The
uncanny valley analysis showed that a too human look-alike form has a negative impact on the
adaptation. Also the ethical approach on how robots should behave has to be taken into account

as it shapes their functionality and degree of autonomy.

The western capitalistic model drives manufacturing costs down by using flexible automation in
the form of robotics. It is an unstoppable spiral, where machines and robots take over basic jobs
massively. This implies possible high unemployment and the need for a new attitude on society
and education. In total there are more than 1 million industrial robots in operation in 2012. To
understand where this leads to, I analyzed the effect of the use of robots on the labor market.
Although there is a direct negative effect on the share in manufacturing, the total employment is

not (yet) effected. The welfare of humans comes under attack if no shift to higher education,



R&D and creative innovation is undertaken. Artificial intelligence and robotics are not a threat,

but should contribute to a more sustainable society.

Using the economic life cycle modeling I could determine the factors that prolong the growth
cycle of industrial robots and I have identified three new design application areas being the
lightweight robots, the 7 axis articulated robots and the 6 axis delta robots. To make valid
statements and predictions about these innovations and to better understand these shifts in market
and technology, I needed to define a new market model. This robotics matrix tool allows me to
better understand the constraints and opportunities in the quadrant where robots and humans
interact fully and freely together. This segment has so far been out of reach of robotics. Industrial
robots typically do not cooperate with humans. The robotics driver matrix identifies the growth
paths of industrial robots. With the entrance of robots in the new area of human-robot
cooperation a broader view is necessary. Aside from the technical aspects on the robots
themselves, adaptation of the workplace and the spectrum of interaction, or communication with

the robots are new factors and fields for further investigation.

When I analyzed the constraints and limitations on the military side, it shows that there is a
complete lack of functionality when it comes to the ethical side of their use and responsibility in
the case of autonomous assault robots. Hence a possible trigger for an adaptation in their
technological development. Technical limitations like energy supply, target discrimination and
environment complexity also shape their future design. The predicted sales volume for military
robots for 2020 with 9 billion USS$ is just staggering. The share of UAV (Unmanned Aerial
Vehicle) make up to 45% in 2010 of all spending on military robots.

RESEARCH AIMS

My goal was to research the influence of broad economic trends on the future design philosophy
of military and industrial robots. In this context I apply a holistic approach of the economic

impact, growth and market characteristics.

I have set out the following tasks:



1. To analyze the application and history of industrial and military robots to determine their

current market structures and properties in order to identify new innovation trends.

2. To determine the effects that industrial and military robotics have had on human societies.

Identify the relationship between these effects and future use and application.

3. To examine, model and realize a new segmentation of military robots that could identify
limitations, common functionality and research waypoints based on the desired objectives of

these robots.

4. To examine the effects of aging populations in societies on the adaptation and use of robotics

correlated to the competitiveness of countries.

5. To investigate the effects that robotics has on the labor market.

6. Utilizing a new matrix model for industrial robots, identify the new design philosophy paths

and propose future human-robot interface possibilities and workplace adaptations.

RESEARCH HYPOTHESIS

The following fundamental scientific questions are to be posed:

¢ Question 1: Can a complete new design of industrial robots be expected? (Related research
covered by Chapter II, IIT and IV)

¢ Question 2: Is there a future for Light Weight Robots? (Related research covered by Chapter
V)

¢ Question 3: Is Robotics creating or destroying Labor? (Related research covered by Chapter I
and II)

¢ Question 4: Is there a fundamental economic proof that supports future growth of industrial
robots? (Related research covered by chapter III)

¢ Question 5: Can military robots work fully autonomously? (Related research covered by

Chapter III)



RESEARCH METHODS

For analyzing the numerous professional references and publications found in libraries,
magazines, business publications and Internet, I used the method of analysis, cross-referencing,
modeling, synthesis and deduction. Working as a professional in the robotics industry gave me in

many cases the opportunity to verify claims and statements in real applications.

The creation of hypothesis and research questions were based on my professional experience in

the matter of robotics and the raw statistical data provided.

I have visited various international trade fairs, like ‘Automatika’ in Munich (D), where all
international robot manufacturers, robot sensor and robot peripheral companies and experts

expose, confer and gather.

I have conducted interviews with various high-level executives and experts of many of robotics
related companies and research institutes to get qualified input on the direction of their research
and to test my hypothesis. On top I have conducted interviews with well-known scientific

robotics researchers.

Over the last 15 years I have participated in various international scientific and industrial

conferences and platforms, often as a speaker, pertaining to the subject of my dissertation.

As a result I have gained a deep knowledge of the subject, able to draw conclusions based on
both verifiable quantitative data combined with qualitative input. Hence my achievements have
been published by various professional technical academic journals, as listed in the list of

publications.

PROSPECTIVE SCIENTIFIC RESULTS AND EXPLOITATION

New scientific results will be considered as follows:
1. I examine and analyze the types of industrial and military robots used worldwide, and with

this basis, will prove market growth despite the maturity status.
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2. I will investigate the viability of new developments like 7 axis articulated robots, 14 axis
dual arm robots and Light Weight robots. It is determine if to these new innovations can be

considered as new growth areas within the Product Life Cycle.

3. I research the negative attitudes and concerns about the use of robots and the human fear

for machines.

4. I will analyze the impact of using industrial robots on labor. I want to prove that there is

indeed a negative impact on the manufacturing share.

5. To understand the evolution of industrial robots I will design a new framework. Where I

systematize industrial robots according to production flexibility and assembly complexity.

6. I will determine that for the human-robot collaboration segment a mere focus on robot

hardware design is not sufficient.

7. Requirements analysis need to show if standardization on the programming language and

safety related issues is a priority with the development of human-robot collaboration.

8. I will analyze the currently deployed military robots, based on their manifold objectives. I
will create a matrix by systemizing military robots according to their level of impact on the

human and economic side.
9. I will analyze the position of military robots in society.

10. In order to predict future military robot design I will analyze the constraints on military

robots.

11. I will determine basic requirements concerning the technical and ethical aspects of future
military assault robots.

11



CHAPTER I: ROBOTS IN HUMAN SOCIETIES

In this chapter I will establish the current position of industrial and military robots in human
society. A thorough understanding of what means robotics in 2010-2012 is paramount before any
statements on trends and new design philosophy can be made. The conclusions will serve as the
basis to analyze the research aims for the next chapters. Also I will investigate here the history
variety of military robots used. While industrial and military robots differ in purpose, design,
form and function they share many elements and historical paths. As an industry military robots
are lagging behind their industrial cousins, but are catching up quickly. It implies to deal with
basic questions concerning robots used in the military theatre, it being a relative young and
emerging sector. An official classification of military robots does not yet exist and the term robot
is widely used and abused. In the case of industrial robots an official ISO (International Standard
Organization) classification does exist, so the question is how to analyze military robots and
derive trends, identify problem areas and find common characteristics. Can a common
denominator be found and used for segmentation of military robots? Before these questions can

be answered basic definitions, history and economic positions are to be dealt with.

1.1 Robots in Human Society

Automation has deep roots, going back to the early days of mankind. Robotics is a logical result
of the industrial revolution that started in the late 18" century in England. The Industrial

Revolution de facto changed the economic scene as per-capita economic growth was realized in

the western economies. It started the current capitalist economies. A relevant fact, as all
historians are in agreement that the onset of the Industrial Revolution is the most important event
in the history of humanity since the domestication of animals and plants [1.1]. One development
worthwhile mentioning is that of machine tools. The textile industry which was at its heights in
the late 18" century employed craftsmen from the watch and clock sector to develop machine
tools to be able to produce parts necessary for the automation of textile machines. Machine tools
enabled to produce machines made out of metal in an economic way, instead of using manual
labor on wood and steel and thus became the stepping stone for ‘modern’ engineering and

flexible automation using robotics [1.2].

12
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It was the automobile industry that embraced robotics in the mid-20th century. In 2010 more
than 77 million cars were produced worldwide [1.3]. A staggering number indeed, providing the
home for many industrial robots in applications like spot welding, arc welding and handling,
among others. In fact, many current well-known industrial robot suppliers found their origin
within one of the car manufactures’ automation departments. The current biggest manufacturers
of robots are 1, FANUC, that was emerged out of a joint venture between the robotic divisions of
GM (General Motors) and FANUC Ltd, while 2, the German based robot manufacturer Kuka,
grew out of the Volkswagen Automation department and 3, the Swedish/Swiss group ABB (Asea

Brown Boverti) that was created partly from Renault automation.

1.1.1 Definition

To define the scope of my dissertation it is rudimentary to define what is in general understood
as a robot. A robot is (still) a man-made mechanical device that can automatically perform
certain tasks following a set of pre-programmed decision rules. Humans and or the environment
interact with these programs that were introduced earlier into the robot. Control is handled by a
set of general rules, which are converted into action allowing the robot using artificial
intelligence techniques. By this definition a robot differs from a numerical machine, programmed
only for a single task. Robotics is a science that studies and develops robots. The main task of
the robot is to replace humans at more often than not repetitive activities, where the robot can
perform better than humans. The domain of their applications is also at tasks that are dangerous
to humans. The latest 10 years show a growing trend of robots taking over functions that were
done by traditional machines or hard automation. First I look at their history and origins, in order

to determine the current status in human society.

Labor costs reduce when applying (articulated) robots. Robots reduce direct manufacturing labor
needs, improve labor deployment and can decrease indirect labor costs. Also important to
mention are the improved ergonomics and worker safety. Humans can be removed from
hazardous and unhealthy processes by using robots. Examples like exposure to hazardous gases,
acids, extreme high and/or low temperatures, lifting heavy weights, or avoiding strenuous

repetitive motions that provoke injuries can be mentioned here. It is a myth however those robots
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will eliminate all production labor costs. In reality I can state that robots are not panaceas; there
are jobs for which people are better than robots. Think also about employee training and
turnover. Indirect labor costs are also positively affected when using robots. There is a
substantial reduction in HR (Human Resource) related costs when using robots in a production
line instead of human labor: less cost for hiring, training, safety clothes and equipment etc. These
hidden costs are often forgotten while calculating the ROI (Return on Investment) on robot

related investments.

Even with the crisis at hand and the rising pressure from so called low-cost countries many small
company owners still think that robots are too expensive to set up and to maintain. Reality is
different however. As with personal computers, prices have declined over the last 15 years while
ease of use and performance has improved. Robots are now to be considered as commodities.
And thanks to the powerful evolution of CPU’s (Central Processing Unit), the programming of
robots is surprisingly easy. Line operators can take ownership of these flexible automation
solutions and improve the robot performance thanks to their knowledge of the underlying
process. And it is not only high production runs that can justify robot costs. Robots can perform
different tasks for different parts while hard automation usually is limited and often needs more
time for changeover. What’s more, integrated vision in articulated robots are allowing the robot
to see. They capture images and processing the data into information for the robot and by the
robot. No more need for costly and unreliable PC (Personal Computer) driven systems and
interfaces. And what is not there cannot break down and stop the line! It also greatly enhances

the reliability and thus throughput of the line.

The last 10 years have shown an enormous interest and growth in handling primary food: robots
handling the raw/fresh product. The driving question here was: how to cut back on the rising
labor costs while maintaining line flexibility? For articulated robots to actually work in the food
production and thus be in direct contact with any kind of food implies a compliance with local
conditions in the food sector. Food can be characterized as a non-uniform product, not having
clear standards, hence a showstopper for robots. Second is the hygienic component; are industrial
articulated robots suitable for use in primary processes? And lastly the environment within the

primary processes is harsh: how are robots withstanding the various cleaning and disinfection
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processes? In addition to the possible presence of salts, alkaline, acids just the simple fact of
hosing down a robot with water under pressure will definitely put it out of business. Extreme
high and/or low temperatures or fluctuations also play their part. FANUC, being the world’s
largest robot manufacturer, came up with a new way of looking at robot design. It resulted in
robots with smooth surfaces, adapted sealing, white body color and epoxy paint, plastic covers
instead of steel, and food grade grease in the mechanical unit. These robots, also known as food
pickers and available since 2008 comply with above mentioned conditions and reshape the
current industry. These food pickers, with 5 degrees of freedom can now be found in large

numbers handling cookies, dough, chocolates, frozen fish and many other primary food products.

1.1.2 Origin and history

The word “robot” is used and recognized worldwide, and has first been used in the year 1920 by
the Czech play writer "Karel Capek " in his theater play called R.U.R. or "Rossum's Universal
Robots." In Czech language the word "robota" means to (obligate) work. In this theater play,
Karel Capek named a slave that could only work a "robot". Karl Capek’s brother Jozef [1.4]
made up the word robota. Not by coincidence were the robots in the play invented by a man
called "Rossum" which refers to "wisdom" in Czech language. Even in 2012 an acceptable
definition of robot is that of an intelligent working machine. The general public associate robots
with science fiction, like in the books of Isaac Asimov and movies like Star Wars, Terminator, I
Robot and Robocop. More than often the displayed robots have a humanlike metallic shape and
possess a high level form of artificial intelligence. These kinds of robots are classified as
humanoids. When it is unable to distinguish humanoids from humans they are also called

androids.

The word ‘robot’ in the 21* century has become a generic term. Apart from the real technical
sense it is often being used for marketing purposes to describe any semi-automatic apparatus that
somehow should appeal to the public. Many examples here can be named: food robot (for
grinding food into small pieces), garden robot (for semi-automatic cutting of lawns), and a big
category of remote controlled toys. The history of robotics and automation however has its roots

much deeper in civilization.
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Around 1600 to 1400 BC (Before Christ) the Egyptians and Babylonians invented water driven
clocks. Most probably these were the first human attempts to automate. These ingenious
instruments belong to the constant outflow types. Small holes in water tanks dripped at a
constant rate, measuring time by the decreasing water level inside the tanks. There was presence
of different tanks for the different months [1.5]. In consecutive years these developments were
greatly enhanced by the Greeks and the Romans. Mechanization was added, as well as dials and
indicators. It was the ancient Greeks that came up with the word automata, to describe water

clocks, tools and toys and derivative machines that would operate automatically.

Robotics is also often described as “flexible automation”, referencing to the early beginning. A
name [ would like to recognize here is that of an inventor from Alexandria called Heron, who
designed an automated cart, water engines and siphons among other [1.6]. Using strings and
dead weights, Heron made it possible, as with current robots, to move a 3-wheel cart forward,
backward and stop, based on a predetermined programming. Another major noteworthy
breakthrough in robotics and automation came from the Arabic world. In the year 8, three
brothers from Persia issued a publication, also known as Banu Musa (Ahmad, Muhammad and
Hasan bin Musa ibn Shakir). Their book called “Book of Ingenious Devices” described a
hundred or so automated devices [1.7]. Although some of their inventions were based on Heron’s
work, many were theirs and involved delay systems and conical valves, pneumatics and the use
of non-moving gases. They invented various fountains and also the first mechanical music

instrument; a water-driven organ to mechanically reproduce music sets.

It would take till the 19" century before major improvements were made on the Banu Musa’s
design [1.8]. It was Blaise Pascal that made progress on mechanical calculators from 1642
onwards. Pascal’s calculators, he made more than a 50 variations over 10 years, were the
forerunners of computer engineering, the intellectual backbone of robotics [1.9]. In the 18"
century sir Richard Arkwright can be credited as being the forerunner of the now known
industrial revolution. It was Arkwright who invented and developed the automatic weave and
spinning machines and employing them in his in own factories, first using water power, later
steam engines [1.10]. Later, in the 19" century it was the English Charles Babbage that invented

an Analytical Engine, following the work of Pascal. His invention could use loops, independent
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programming via punch cards and had I/O (Input Output). Although his machines never left the
prototype stage, models built based on his design 20" century showed that his results were
accurately up to 31 digits. In fact the first mechanical computer was born [1.11]. Another English
scholar, the mathematician George Boole, laid the basis of digital computer logic. Robotics in
2012, if seen as a mere result of all developments during the Industrial Revolution, has next to

the logic/computing side also a mechanical/drive side.

Drive systems have their roots founded by a Serbian mechanical and electrical engineer named
Nikola Tesla, born in the year 1856. It was Tesla that invented the induction motor, the first
electrical motor to run on alternating current. His work also contributed to the development of
radar, remote control of vessels and nuclear physics. Electric motors now take up the vast
majority of actuators in robots, AC (Alternate Current) servo for industrial robots and DC (Direct

Current) in portable robots. Servomotors use negative feedback loops or control systems.

1.1.3 Industrial Robot Definition

In the industrial market place many types of robots are present, but not every robot is to be
considered an industrial robot. The definition of an industrial robot has been worldwide agreed
upon via ISO. The Industrial robot as defined by ISO 8373 [1.12] is an automatically controlled,
reprogrammable, multipurpose manipulator programmable in three or more axes, which may be
either fixed in place or mobile for use in industrial automation applications. For completeness

sake it is necessary to sub-define the various elements of the ISO8373 definition:

- Reprogrammable: whose programmed motions or auxiliary functions may be changed
without physical alterations;

- Multipurpose: capable of being adapted to a different application with physical
alterations;

- Physical alterations: alteration of the mechanical structure or control system except for
changes of programming cassettes, ROMs (Read Only Memory);

- Axis: direction used to specify the robot motion in a linear or rotary mode.
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1.1.4 Major Robot Types by Mechanical Structure
Industrial robot arms and their kinematics can be divided into four major categories:
e Cartesian Robots;
e SCARA (Selective Compliance Assembly Robot Arm);
e Articulated Robots;
e Delta/parallel link Robots.
These four categories are relevant as they each serve to maximize its functionality within its
technical capabilities. Although they all comply with the definition of an industrial robot as set

by ISO, their individual impacts on market segments, adaptation rate and future prospects differ.
1.1.4.1 Cartesian Robots

As the name describes, Cartesian robots typically move in a Cartesian frame. Cartesian Robots
possess 3 main axes, linked in a linear way at right angles. It is Cartesian because it allows x-y-z
positioning. Three linear joints provide the three axes of motion and define the x, y and z planes.
In some specific cases a 4™ axe is added. The Cartesian kinematic solution is highly
configurable, given the simplicity of these kinematic, adjusting strokes or lengths and
configuration is relatively easy when compared to other robots. Cartesian solutions have
numerous applications within the industry. They can be applied to both small and large
workspaces. Cartesian robots are typically called upon to serve applications where the gripper or
product remains in the same plane. Being the subassembly of individual axis the Cartesian robot
can be tailor-made for its job, often working at high speeds. It is the most basic form of an
industrial robot, on the bottom scale of the definition. These robots are also called Gantry robots.

An example of a Cartesian robot is given in Figure 1.

Figure 1. Cartesian robot [1]
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Cartesian robots find their main applications in unloading of plastic injection moulding machines
and in palletising of boxes. Given their relative easiness of structure and hence need for control,
these robots are manufactured not only by some major international manufacturers but also on

large scale by many small workshops.

1.1.4.2 SCARA Robots

The SCARA robot is a non-typical 4-axis robot and offers a cylindrical work envelope and this
category of robot typically provides higher speeds for picking, placing and handling processes
when compared to Cartesian and articulated robotic solutions. They are as termed in industry
‘slightly compliant’ in the XY range but rigid in the Z, hence their name. SCARA robots were
developed in 1978, in the laboratory of Professor Hiroshi Makino, at Yamanashi University in
Japan and deliver greater repeatability by offering positional capabilities that are superior in
many cases than those of articulated arms [1.13]. So where are SCARA robots applied? SCARA
robots are usually used for lighter payloads in the sub 10 kg category for applications such as
assembly, packaging and material handling. Their main application therefore is Pick and Place.
In various industrial processes, SCARA robots are used for high speed and high repeatability
handling of cells in smaller workspaces. SCARA robots are similar to the human arm being a
jointed two-link arm. That is why they are often found in applications like pick and place,
SCARA robots replacing human repetitive work, of course at a much higher speed and precision.
As they are relatively small in size, they can be integrated in many machines and production
lines; however their use is limited because of their XYZ range, induced by using only 4 axes.
Without capabilities of turning its wrist, re-orientation of a product after pick-up is virtually
impossible by a SCARA robot. With its cylindrical work envelope, using a 180 degrees pick and
place instruction would force the tool center point to move in a circular path, which is not
necessarily the shortest path. So the superior speed of SCARA is determinant if they want to stay

competitive towards articulated robots. The SCARA robot can be seen in Figure 2.
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Figure 2. SCARA robot [2]
1.1.4.3 Articulated Robots
Articulated robots differ from Cartesian and SCARA by having a spherical work envelope. Each
axis is serial linked with the next one. Industrial articulated robots carry up to 7 axes, all axis
serial linked. The majority however of robots in this category is equipped with 6 independent
joints, giving it six degrees of freedom. These robot arms offer the greatest level of flexibility

due to their serial articulation and increased numbers of degrees of freedom compared to

Cartesian and SCARA robots.

A six axis articulated industrial robot allows for an arbitrarily placing of a work piece in space
using six parameters; three for the specification of the location (X, y, z) and three for the
specification of the orientation (yaw, roll, pitch). Because of this ability it is the largest segment
of robots available on the market and therefore offers a very wide range of solutions from
tabletops to very large 1,300+ kg solutions. Articulated robots are frequently applied to process
intensive applications where they can utilize their full articulation and dexterity for applications
such as spot and arc welding, painting, dispensing, loading and unloading, assembly and material
handling. Their first usage was in the car industry while in 2012 articulated robots are being
applied to a wide variety of applications. The ever-growing output volume in the car industry and
the need for cost reduction drove the practical mass use of articulated robots. Big names like GM
and Renault had their own divisions for robotics. Each car assembly factory can use up to 1,000
articulated robots whilst having only 5,000 workers, a ratio of 1 to 5! In car factories the main
application for these types of robots is spot welding, arc welding and handling of car body and
parts. Later more advanced applications like underbody sealing and laser welding were

introduced using articulated robots, and more often than not using vision systems.
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Articulated robots improve the productivity of these expensive car assembly lines by ensuring
that manufacturing operations move at a constant pace with minimal machine idle time. A robot
is a mere component of any production line, albeit a highly flexible and reliable one. Hard
automation might fulfill a dedicated function, but hard automation comes at a high price: the
grouping of various valves, cylinders, sensors, motors and controls come not even close to the
reliability of a robot, with up-times of 99.99%! Robots allow for faster and easier set-up when a
changeover occurs at the line. And it is not only the big automakers that use robots. Robots have
been in factories since 1962 and are a mature technology. Companies with < 500 employees now
have the highest robot adoption rate. The second reason why articulated robots can help business
is that they deliver for a higher level of the output quality and subsequently lower scrap.
Articulated robots provide higher quality and yield because of more controllable, predictable and
repeatable process consistencies. Imagine for your production process if you would only have
half of the currently rework/scrap costs. Or likewise, what is your current number of customer
returns/rejects? Could this be reduces drastically if robots were used? Lessons learned in the
automobile industry are now being deployed i.e. in the food industry, from cutting raw meat with
robots (increasing the quality of the cut hence a better yield of the price/kg) to handling of salads
and fruits (time to market is faster, putting fresher produce on the supermarket’s shelves). The 6-

axis robot example can be seen in Figure 3.
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Figure 3. Example of a 6 axis articulated robot [3]

21



1.1.4.4 Delta Robots

Delta robots, also known as Parallel Link Robots or spiders, make up the last category of
industrial robotics. This kinematic solution provides a conical or cylindrical work envelope.
Delta robots are most frequently applied to applications where the product remains in the same
plane from pick to place, XYZ. Its design of the arms utilizes a parallelogram and produces three
purely translational degrees of freedom driving the requirement to work within the same plane.
Base mounted motors and low mass links allow for exceptionally fast accelerations and therefore
greater throughput when compared to other robots. Delta robots are characterized by its 4-axis
design; 3 parallel arms and one rotational axis at the wrist. The robot is an overhead mounted
solution, which maximizes its access and also minimizes its foot print. Delta robots are designed
for high-speed handling of lightweight products and offer lower maintenance due to the
elimination of cable harnesses and the absence of multiple axes. Parallel robots are deployed into
many steps of food-processing lines. They offer high-speed transfer foodstuffs through
manufacturer lines and a multitude of processes. Food is categorized in two segments: primary
(unpacked) or secondary (packaged). In 2012 delta robots can work both in primary as in
secondary sector. The former has more technical constraints with respect to the robot
specifications however, as the robot may not contaminate the handled food. Delta type robots are
relatively easy to design and manufacture, given the fact that they only drive three motors in
parallel, while the fourth axis drives the rotation of the gripper. In 2010 I found more than 40
different manufacturers in the industrial market place. To illustrate the speed of these robots I
can mention the Quattro parallel linked Delta robot from Adept Technology, Inc. It achieved 300
cycles per minute, illustrating the capabilities for this class of machine to handle (food) products

at high rates. The scheme of the Delta robot can be seen in Figure 4.
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Figure 4. Example of a 4-axis delta robot [4]

1.1.5 Robot Economics

With the growing importance of robots in society so did grow their economic impact on its
industry. In analyzing the market data on robots one cannot neglect the economic crisis as
experienced in 2009. The crises abruptly terminated many trend paths, grow patterns and
reshaped the way of financing industries and governments. So in order to make valid statements I
recognize the period up to the economic crisis and the period afterwards. Different to military
purpose robots, their industrial counterparts are more sensitive to the economic trends. This is
clearly to be seen over the last 3 to 5 years. The troublesome year of 2009 saw a worldwide
economic and financial crisis (it started late 2008) and caused substantial decreases in industrial
output worldwide, also saw a significant slump in the sales of industrial robots. If volume figures
are to be compared with 2008, which many considered one of the most successful years, 2009
showed a decline of close to 50% (in absolute terms 60,000 units). Since 1994 this level has not

been seen before. Robot installations had never decreased so heavily.

The relevance of the robotics industry becomes clear when assessing its economic numbers.
Although many indicators can be assumed, the most relevant data is the stock of robots. The
robot stock indicates the number of robots installed in factories and sites worldwide. Considering
units, it is estimated that the worldwide stock of operational industrial robots will increase from
about 1,020,700 units at the end of 2009 to 1,119,800 at the end of 2013 [1.14]. The crisis hit

most western economies, and subsequent investment in production lines and capital goods. The
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monetary value of the industrial robot market decreased end 2009 to a sill staggering figure of
$3.8 billion. This amount cited above does not include the cost of software, peripherals and
systems engineering. Hence the actual robotic systems market value will be about two to three
times as large. The world market for robot systems in 2009 is therefore estimated to be $12

billion.

Considering a market of $ 12 billion in 2009, a subsequent split over the various application
segments is as follows:

e Material Joining (Arc welding, Spot welding, Laser joining, Gluing) 45%;

e Material Handling (Load/Unload, Pick & Place, packing and palletizing) 50%;

e Painting (Painting and Sealing) 5%.
A strong recovery of worldwide robot installations in 2010 will result in an increase of about
27% to about 76,000 units. The main impulses are coming from China, the Republic of Korea
and other South-east Asian countries. But the robot supplies to Japan and North America will
also substantially increase. In Japan robot sales were decreasing since 2006. In North America
sales already declined in 2008. In Europe, the recovery has a slow pace and is mostly based on
the exports. The domestic demand is still weak although major investments in capacities and
modernization took place between 2005 and 2008. Robot sales continuously increased between
2005 and 2008. The main driver of the recovery is the automotive industry, which has restarted
to invest in new technologies, further capacities and renovation of production sites. Base
business or general industry — which contains all other industries, except automotive - already
increased its robot investments between 2005 and 2008. This will continue between 2010 and

2013.

1.2 Robots used for Military Purposes

The birth, growth and adaption of industrial robots have followed some logical steps. Since the
1970s robots have made a dramatic inroad in our factories and in 2012 robots are used in the
automotive industry, electronics manufacturing, food and beverage, metal and general industries.
As understood in the previous paragraph there are more than 1 million robots in total in
operation. So how does this compare to military robots? Did they evolve in a similar path as their

industrial cousins? And what’s more important, will they evolve in the future the same way? To
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assess the market situation of military robots I approach the problem from a similar point. I
assume an historical overview, a defined segmentation and an economic approach to verify its
current status. Looking at the available data sources at hand, the first observation I can make is
that the field of Military Robotics is still in its early growth phase. In example, as of October
2008, coalition UAS (unmanned aircraft systems) also known as Unmanned Aircraft Vehicle
have flown almost 500,000 flight hours in support in Iraq and Afghanistan. According to the US
Department of Defense Roadmap 2009-2034 [1.15], UGV’s (Unmanned Ground Vehicles) have
conducted over 30,000 missions, detecting and/or neutralizing over 15,000 IEDs (improvised
explosive devices) and UMS (unmanned maritime systems) have provided security to ports. Less
than 10 years ago there were hardly any drones or unmanned vehicles in active duty. So in a
decade these military robots have seen a tremendous growth. Industrial robots adaptation rate
grew since the ‘70s into the millennium. The military robot’s adaption rate is certainly faster. As
with all new technologies, they bring new opportunities, challenge long traditions and open new
debates. The future use of these robots needs to incorporate the various challenges that are
brought by battlefield and conditions as per this decade. In [1.16] Szabolcsi determined main
characteristics and requirements of the UAV systems used for firefighter applications. Article of
Szabolcsi dealing with flying and handling qualities of the UAVs applied for police purposes and
he derived complex set of the characteristics needed for preliminary design of the UAV

automatic flight control system [1.17].

A clear understanding, like with industrial robots, is compulsory to limit the scope of the thesis.
For the analysis on industrial robots I used the ISO definition of a robot as a machine that can
automatically execute tasks, based on programs: a fixed or mobile device, to be used in industry
having at least three axes. No such definition exists when it comes to military robots. In fact,
there is no international board or instance governing the standardization or production of military
robots. So then what is, or what defines an autonomous military device as a military robot? For
example, an intelligent landmine can work autonomous and follows a certain pre-determined
programming, but I do not consider these deadly devices as military robots. In order to make
valid statements on the research aims I first review the brief history of military robots. Next I
examine the various uses of military robots. In analogy to industrial robots, the application

objective determines design and functionality. Hence a starting point to understand the current
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status of military robots in force. I proposed the Military Robotics Driver Matrix to make an

analysis on the types, use based on the objectives of military robots.

1.2.1 History of Military Robotics

In order to understand the future of military robotics it serves to understand its roots, its history.
Although the use of tools to gain a competitive advantage is as old as human kind, for research
purposes I concentrate on the use of flexible automation in the battlefield. Robotics itself is a

recent science; industrial robots only exist since the 1970s.

However due to the development of CPU processing technology, digital technologies and
mechatronics, the military versions were quick to emerge. Albeit the many (theoretical)
applications were already quite early recognized by human kind. Around 1500 AD it was the
great Leonardo da Vinci, in his engineering role, who invented many (military) machines and
mechanical devices like planes, helicopters and tanks that have become reality only several

hundreds of years later [1.18].

The mechanical and electrical engineer Nikola Tesla (1856), inventor of the induction motor, has
contributed highly to the development of radar and remote control of vessels. Tesla described as
early as 1897 about radio controlled boats and torpedoes in what he called “teleautomaton”. With
his close ties to the US military and US electrical industry, his ideas and inventions laid the
groundwork for torpedo and UAV’s alike. According to Tesla, these automata were the first
steps towards an evolution in the art of teleautomatics. He stated that the next logical
improvement was the application of control, beyond the limit of vision and at great distance from
the center of control [1.19], putting humans far away from danger. He could not have been closer

to the actual reality when it comes to military robots.

In World War II the Nazi’s used their engineering skills to gain battlefield advantage. They
developed a range of new weapons and systems, among which were the first (unguided) missiles
V1 and V2 and jet propelled air fighters. In the automation field the Nazi’s developed the
robotic-like antitank weapon “Goliath” (see Figure 5). These weapons were remote controlled

attack vehicles, or tracked mines. They were the first battlefield automation robotic weapons.
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Powered by a gasoline engine and Bosch electric motors, the Goliath was equipped with
caterpillar tracks to move over rough terrain. According to Jaugitz [1.20] these robotic mines
could be remotely maneuvered under enemy tanks and deliver a 100 kg explosive. The Goliath
robotic approach allowed the German infantry to stay effectively out of harm’s way while

delivering deadly charges to enemy tanks and positions.

The German idea caught on and the Second World War also saw the deployment of large size
remote radio controlled tanks, developed by the Soviets. These “teletanks” were wirelessly
remote controlled unmanned tanks. They were fitted with flamethrowers, smoke canisters and

machine guns, and could drop explosive charges [1.21].
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Figure 5. Nazi tracked mine robot “Goliath” [5]

1.2.2 Purposes of Military Robotics

The above-mentioned historical examples show that one of the main drivers for the Nazi’s and
Soviets to develop their robotic like tanks and weapons was to keep human soldiers out of
harm’s way. Avoiding loss of human live or minimizing injuries - while destroying enemy’s
personnel and/or hardware - leads to a higher combat advantage, a lower cost of warfare and a

higher morale.

Imagining an army completely made up of robots it would see no casualties or ‘killed in action’

other than destroyed machines. If the ultimate goal of a military conflict were winning it (or not
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losing it) then the sub-goal would be to do so at a minimum cost to human lives and at a

minimum economic expense.

This point clearly distinguishes the industrial robots from the military robots, and is crucial in
this research. The former has mere economical targets, being the maximization of profitability,
while the military robots have a whole range of objectives. While in 2012 a full ‘robotic army’ is
still far off, present day robotics for military do provide an added value to the combat soldiers
and war theatre. In principle the use of military robots has the following advantages in war

theatre, among others:

e No loss of human live. Humans would be replaced by machines for military tasks deemed
too dangerous for humans;

e Effectively removing humans from direct hazardous theatre;

e Reduce possible injuries or “Casualty Aversion”;

e Subsequent effect of casualty aversion is reducing/eliminating the need for casevac and
further medical intervention and subsequent lengthy revalidation;

e High level of delivery accuracy by robots (they don’t get tired or stressed);

e Robotics do not experience “fear” or morale issues and can hence be more effective in
combat;

e Opverall effectiveness due to use of technological skills versus human skills;

e Less or no extensive training needed;

e Less dependence on (re) supplies (robots do not need food, warmth, oxygen or sleep);

e Maintaining home support for operations (A “killed” robot is not a bother);

e Improve battlefield intelligence;

e Increase battlefield communication speeds;

e Higher adaptive rate to terrain and conditions;

e Resistance to NBC (Nuclear, Biological and Chemical) conditions;

e Mere economics, value for money, expendability.
Apart from their R&D and production costs, I argue that the cost to maintain robots are relatively

smaller than to train, maintain, deploy and shelter human soldiers. This shows that military

robotics in its optimum form would be highly beneficial. In its theoretical application these
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advantages cannot be neglected by any state. With such clear benefits the adaptation by military

of these existing and future robotic systems is to be expected.

1.2.3 Military Robotics Driver Matrix

So far no segmentation of military robots is available. The current collection of military devices
that can be considered robots is too sizeable to be treated as one group. Subsets of military robots
with common applications and goals are relevant to be treated as such. For industrial robots
different subsets exist based on their form and application, respectively:

e C(Cartesian;

e Articulated;

e SCARA;

e Delta robots;
and

e Material Joining (Arc welding, Spot welding, Laser joining, Gluing);

e Material Handling (Load/Unload, Pick & Place, packing and palletizing);

e Painting (Painting and Sealing).
While it is clear that this segmentation is aimed for industrial use, it shows the fundamentals
behind it. What is relevant is the application the robot was designed for. Analyzing the list of
goals identified in 1.2.2 it is possible to derive two main drivers where military robots are
concerned. Military robots have two main objectives; cost down and keeping humans out of
harm’s way. Hence on one side I adopt the impact the deployed military robot has on the
“human” aspect, the indefinable but very existing cost of life. On the other side the deployment
of military robots can be arranged on a more economical or cost saving scale. In other words two
axes: Human Impact and an Economic Impact. Using these two objectives it is now possible to
group military robots into segments and types according to their impact on the two identified
scales. The combination of these two main driving factors and scaling provides the “Military

Robotics Driver Matrix” as shown in Figure 6a.
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Figure 6a. Military Robotics Driver Matrix [6a]

The axes are scalable, the impact a military robot has on the human property can be classified as
High if it can save human lives (or limbs for that matter...). A small backpack model
reconnaissance plane that shoots images from the battlefield serves a great purpose but doesn’t
safe a human life in the direct sense by the deployment of the robot. Here the human impact can
be considered Low. A similar scaling takes place on the economic axe. The two axes are also not
mutually exclusive but complement each other depending on the military application of the
robot. In other words, robots with a clear military purpose aim to either pursue an economic

objective, a humanistic objective or a given scaled combination of the two factors.

Military robots come in all sorts of shapes, size and application, but all fall within each of the
four quadrants. Some robots combine some or all segments. The given analysis does not aim to
determine the Battle Effectiveness of each of the robots, which can be identified within these
four segments. Battle Effectiveness itself can be considered a sub-objective of the Economic
Impact. Poor use leads to poor results. Instead, the Military Robotics Driver Matrix aims to
understand the driving forces of the various military robots, and to derive a useful segmentation

from it, not its mere military effectiveness.

Below in Figure 6b, I classified the four quadrants of the Military Robotics Matrix according to

the four derived segments:
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e Reconnaissance Robots
e Prevention Robots

e Logistics Robots

e Assault Robots

For each a comprehensive segmentation explanation will be given supported by an actual

example of military robots.
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Figure 6b. Military Robotics Driver Matrix [6b]
1.2.3.1 Reconnaissance Robots

Battlefield automation with a low impact on the human side, and a low economical gain can be
labeled as Reconnaissance Robots. Autonomous battlefield sensors that report theatre
intelligence on troop movements, presence etc. can be named in this respect. The segment
Reconnaissance Robots distinguishes itself by the passive nature of the robots in question. These
robots are designed to gather intelligence, by means of sensors and /or vision systems. They do
not actively deliver ordinance. Neither do they have a large impact on the human side, nor the
economic side. Although important from a military standpoint the main purpose of the wide
range of reconnaissance robots is to provide remote intelligence. The Dragon Runner robot —

used widely in Iraq by US forces - is a good example of a robot in this segment. These robots are
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designed to carry in a bag pack by Marines and infantry troop. A recce robot can be seen in

Figure 7.

Figure 7. Dragon Runner, Reconnaissance War-Bot [7]

All terrain reconnaissance robots are used in various urban terrain operations. All terrain
reconnaissance robots have a rugged design and are equipped with one or more digital cameras
so they can relay images of operational theatre back to units operating from a safe place. These
robots can be tossed around, climb stairs, dropped from cars, move in and out of houses and
bunkers. In addition these robots can move through tunnels with water, scan for snipers, search
buildings, screen people for traces of explosives etc. Characteristic is the relatively easy and
cheap manufacturing process and their ease to use. Their air equivalent is to be found in the form
of small UAV planes. These are remote controlled planes that can fly at low altitude over terrain
to gather and send images. The concept of planes has to be taken widely as they can take the

form of fixed wing planes but also quad rotor and or helicopter versions exist.
1.2.3.2 Logistics Robots

Going up the scale of the economic impact on the Military Robotics Driver Matrix leads to the
Logistics Robots quadrant. The Logistics Robotics segment discriminates itself from mere
reconnaissance tasks through the larger economic effects realized while keeping the impact on
human objectives low. Unmanned cargo helicopters like the K-Max [1.22], developed by
Lockheed Martin and Kaman Aerospace, to (re) supply outposts in dangerous or difficult

penetrable terrain can be named in this effect.

Also the various MULE robots are a typical example of military applications of Logistics
Robots. The ‘BigDog’ robot by Boston Dynamics features a 4-legged animal like mechanical
design, able to carry approx. 170 kg of payload. According to its manufacturer Boston

Dynamics, BigDog’s control system keeps it balanced, navigates, and regulates its energetics as
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conditions vary. The robot has various sensors like joint position, joint force, ground contact,
ground load, a gyroscope, LIDAR (Laser Detection Imaging and Ranging) and a stereovision
system. Other sensors focus on the internal state of BigDog, monitoring the hydraulic pressure,

oil temperature, engine functions, battery charge and others [1.23].

Logistics robots equivalents can be found manifold in general industry where robots manage
heavy payloads to relieve human workers. The benefit works in two ways because these robots
can supply more cargo like ammunition and food to the various hot spots relieving the human
soldiers from transporting this load, in turn making them in theory more effective (less fatigue,
higher level of concentration). The supply of troops in general is a dangerous operation due to
the various ambush opportunities as supply troop typically moves slower than combat troop. The
Logistics Robot carries a relative high economic impact as the effect of bulk transport without
use of human intervention implies less human expenditure and exposure. Neither driver nor
pilots are necessary. Also that implies less or no need for protection or lifesaving equipment of

the excluded humans so lighter, flexible vehicles with larger range of autonomy.

Figure 8. ‘Big Dog’ by Boston Dynamics. Logistics robot [8]
1.2.3.3 Prevention robots

An area that has been under investigation for many years by many states is that of
minesweeping. Prevention Robots contain the large group of de-mining robots; IED removal and
similar robots to be mentioned here. Demining work done by a human or by a robot makes a

difference in case an unwanted explosion occur. The effect on humans, in case of bad outcome
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while demining, is often a life or death equation, according to Davor et al [1.24]. The Military

Robotics Driver Matrix identifies this as the Prevention Robots segment.

This group of robots contains robot automation typically designed to keep humans out of harm’s
way while the economic impact of these robots is minimal. It does not have a high impact on war
as a total, nor does it have large economic impacts. So casualty aversion is the main objective.
The implied human costs are high. Injuries are often grotesque and need extensive revalidation.
Its impact on society is large as soldiers come back from the battlefield dead or mutilated for life.

Military Prevention Robots also are used in civilian life.

After a war, a 100% de-mining effort is executed to minimize the effect of leftover mines on the
civilian population, using the before mentioned de-mining or prevention robots. De-mining
robots have been around for many years, and due to their technical simplicity are being built by
countries worldwide. In 2012 these robots are fully or semi-autonomous in detection and

defusing of mines, IED etc.

Figure 9. ‘De-mining’ robot deployed Prevention robot [9]
1.2.3.4 Assault robots

Within the Military Robotics Driver Matrix the Assault Robots are the top notch, most visible
group of the matrix. These robots combine maximum impact on (saving) human life while
maximizing the economic benefits of using robots for the designed operational task. The whole
range of UAV covers this segment. Although the early UAV’s were mere drones or radio remote
controlled aerial vehicles by human operators, the latest generations UAV include built-in

guidance and control systems and advanced vision and weaponry systems. Its role in fighting
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international terrorism in countries like Afghanistan, Yemen etc. have not gone unnoticed, only
in 2007 alone 2.2 billion US$ was invested in these unmanned systems world-wide [1.25]. To fly
a UAV requires far less training than a real fighter pilot and is riskless for the operator. The
UAYV may fly over hostile terrain in Afghanistan while its operator works out of an air force base
in Las Vegas. As Heath states in [1.26], operating a UAV reduces manpower. In addition the
operational cost of flying manned fighter jets in war theatre versus unmanned is much higher.
When a UAV gets shot down, there is a certain risk of loss of technology ownership. When a
fighter gets downed there is the additional impact of capture of its pilots who ends up as a
prisoner of war. So from both a human and an economic viewpoint the rewards to employ assault

robots are high.

Not only UAVs are found in this quadrant. Land and sea based systems exist as well. Robotic
battle tanks, like the before mentioned Goliath example, are to be found in the Assault Robot
segment. These infantry robots are designed to keep human soldiers out of harm’s way while
being on the forefront of the battle. Assault robots or ARV (Armed Robotic Vehicles) are
designed to overcome human limitations like fear, exhaustion, and exposure to climate, terrain
and battlefield conditions, while maximizing their lethal potential. These ARV can be made part
of an organization of vehicles and sensors. Equipped with C2 (Control & Command) software
/hardware and various communications systems. They have semi-autonomous navigation and
mission equipment operations. Fire authorization is handled via C4ISR (Command Control
Communications Computers Intelligence Surveillance and Reconnaissance) network where

humans are in control [1.27].

Figure 10. Predator UAV firing a Hellfire missile. Assault robot [10]
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Assault robots one-step further in time implies ending up with the robots shown in Hollywood

movies, the all-purpose autonomous fighting machines.

These four segments can eventually be further sub-segmented into land/sea/air robots but it
doesn’t offer a different function or benefit. The growth and use of robotics in the military is an
irreversible trend. The adaption rate for Assault robots like UAV is high, as they have proven
their value in the last decade. In [1.28] Szabolcsi derives theoretical backgrounds for preliminary
optimal design of the UAV automatic flight control systems. Szabolcsi in [1.29] deals with flight
path design of the UAV systems built by extra-cheap concept. According to Newsweek more
than 40 countries are developing their own UAV [1.30]. The success of UAV is so high that
other interest groups are adopting these technologies as well. In the US certain Police
departments are experimenting with drones for surveillance while in the US the spy agency CIA
(Central Intelligence Agency) is said to operate their own drones, disconnected from the military.
One can only speculate their tasks, apart from the obvious surveillance. Usage of ground
operated unmanned assault robots are still low due to the technical constraints. The opposite is
true for Reconnaissance and Protection Robots. These two groups enjoy wide interest. Their

technical threshold level is low while output is high.
1.3 Conclusions

From the historical analysis of automation I conclude that automation, both for industrial robots
and military robots have common historical roots. They stem from the human desire to control its
environment and to control output by using of mechanical devices while reducing the burden on
humans. Both serve a higher economical objective, where industrial robots aim to reduce direct
manufacturing costs the military robots aim to keep humans out of harms way and to reduce the
economic impacts of warfare. Industrial robots have evolved in 4 major types: Cartesian,
SCARA, articulated (serial link) and delta robots (parallel link). Each of these types fit current
industrial market conditions and develop with technology in new generations. The market for
industrial robots with 12 billion US$ is large. I conclude that industrial robots are in 2012 a key
component of industrial automation. Military robots use similar technology as industrial robots.
The wide spread use of military robots came 35 to 40 years later than the industrial robot, which
were developed in the ‘60s. The broad variety of robots used by the military combined with the

various objectives signifies the still early stages of these robots. The public focus and discussion
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handles mainly around assault robots, following the successes of UAV in the gulf war and the
war on terror in Iraq and Afghanistan. UAV’s are being developed by most industrialized and
military powers around the globe. Depending on their impact on human cost and or impact on an
economic benefit all military robots can be classified as: logistics robot, reconnaissance robot,
prevention robot and assault robots. Military prevention robots have a larger history coming from
the de-mining area and find attention in academic circles. The logistic and reconnaissance robots

are becoming a new growing segment.
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CHAPTER II: ECONOMY AND ROBOTS

In this chapter I will investigate whether a complete new design of industrial robots can be
expected. To establish this I need to proof whether from an economical point of view it is
feasible. For this I investigate the industrial robot market, market densities and I will review the
aging problems within society. In addition I will analyze the impact that robotics has as an
industry on the labor markets. Acceptance factors of robots are included. Literature on flexible
automation does not provide any modeling on the adaptation rate by industrial robots within
companies. This is relevant to understand the penetration of robotics within industry. In chapter

2.2 I will demonstrate a workable model for the growth phases of robots within industry.

2.1 Economics of the past Era

To better understand the economic impact of robots over the last 40 years, I first look at the
position of industrial robots as a group on the PLC (Product Life Cycle). Although the Product

Life Cycle is a hypothetical approach, it serves to provide a good indication of what may happen

in the future. A theoretical PLC is given in Figure 11.
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Figure 11. Theoretical Product Life Cycle [11]
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The Product Life Cycle concept combines the sales volume over time and assumes the stages of
the life of a product/technology [2.1]. Where the start takes a long time for a product to become
accepted, it is followed by a steady growth till it reaches adulthood and eventually fades out due
to new technological solutions. Or if I speak in human terms: birth, growth, maturity, decline and
death [2.2]. In the early stages of the cycle, new products need high advertising and promotional
expenditures, while later when these needs decline due to a decline in need of information prices
typically fall and competition becomes fierce. The cycles of similar technological products like
for instance typewriters, gramophone players, video recorders all followed similar paths like

displayed in Figure 11.

2.1.1 PLC for industrial robots

When I assemble the sales data obtained by the International Federation of Robotics or IFR [2.3],
I can construct a graph of the PLC for industrial robots since their conception in the mid “50s till
the year 2009. This PLC for industrial robots is displayed in Figure 12. It is clear that the real
PLC for industrial robots — or any other product for that matter - does not follow exactly the bell

shape of the theoretical model given in Figure 11.
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Figure 12. Estimated Product life Cycle based on IFR data [12]
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I consider that industrial robots are to be found growing steadily, well in the Maturity phase,
while i.e. service robots are still in their development stage. It is predicted that after economic
crisis the volume of industrial robots will continue to grow [2.4]. So the decline in sales volume
due to the crisis does not conclude a decline in the life of robots. Hence the sharp drop at the end
of the graph is a result of the financial crisis of 2008 and its impact on 2009 sales numbers. The

drop is directly related to this crisis.

The adoption rate of robots in industry will grow and the need for skilled labor in the
industrialized countries is evident. If the position of industrial robots is entering in its maturity
phase, it supports the fact that industrial robots are being transformed into a commodity.
Economies of scale dictate high barriers to entry for new comers into the industry. Prices of
robots will continue to go downward based on their position in the PLC, again economies of
scale being the force to cut product unit cost. I conclude from the Product Life Cycle model that
industrial robots up to the crisis followed a normal path, they went through the stages of
Development (Engelberger), Growth Phase (early adaption by the automobile manufacturers)

and they are now experiencing further growth, entering in the Maturity Stage.

What is true for industrial robots is not necessarily true for other classes of robots, especially
robots for military applications. Military robots in general are in still in their development stage
of the PLC. Exceptions are the UAVs. UAV’s are experiencing a strong growth after a wide
deployment in the gulf wars, the Afghanistan theatre and the war on terror fought world-wide in
areas like Yemen, Somalia and Pakistan. Built as a reconnaissance plane UAV’s can now be
fitted with anti-armor missiles and are used widely as an attack/deterrent weapon and for C3
(Command Control Communications) missions. UAV’s flew over 300 combat missions during
Operation Desert Shield/Storm. Currently there are more than 328 Army UAV deployed in
theater, summing a total of more than one million hours of flight. The US Army will train 2,100
operators in fiscal year 2012, a staggering 800% increase compared to 2003 [2.5]. This data is
typically in line with the early Growth Stage within the Product Life Cycle. Extensive growth

can be expected over the coming 20 years as shows the industrial robot PLC example.
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2.1.2 Concentration Curve Analysis

While the early manufacturers of robots were linked to the car manufacturers, in 2008 some 40+
manufacturers were active in the production of articulated, Cartesian and SCARA robots.
Starting 2007 a strong growth is noticed in new manufacturers of Delta type robots. This is an
important point I need to mention, as there has been an enormous leap growth of delta robots
since 2007. What started as an academic research product, these robots were first introduced in

the market by ABB, called Flexpicker.

The exclusive patent rights ended in the new millennium. Due to its relative easy drive and
motion control structure starting years 2005-2007 many local manufacturers of 3 or 4 armed
delta robots could be found in Europe and USA. In Europe alone in 2005 some 500 units were
sold, only to grow to more than 4,000 in only 3 years [2.6]. In 2008 a total of some 40+
manufacturers can be identified, selling more than 100,000 industrial robots in total. A measure
to better understand the current market position of industrial robots is the degree of
concentration. In the Concentration Curve I measured the cumulative turnover or market

performance versus the number of suppliers.

Figure 13 shows the graph as calculated for 2008 supplier’s market data. The diagonal line
would indicate a complete absence of any concentration; all suppliers would have equal share of
the market. The concentration curve shows the influence of the various suppliers. The
Concentration Curve as shown in Figure 13 displays a clear high degree of market concentration.
Few leaders dominate the market. In fact, the first 4 producers (FANUC, Yaskawa, Kuka and
ABB) of industrial robot arms make up close to 65% of the total market. This is yet another clear
sign that the market for industrial robots is coming to maturity in 2008. With high concentration
the “barriers to entry” are also getting very high, it is difficult for newcomers (i.e. China has no
robot manufacturing capability in 2012) to enter due to the large market positions of the leaders.

Leaders compete on price by their economies of scale
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Figure 13. Concentration curve - Industrial robots 2008 [13]

New comers or smaller producers — followers — have only chance of survival if they focus on
niche markets. In these niches a relative higher margin can be achieved due to the added value or
specific function offered. This is the case of the various small sized manufacturers of Delta
robots. A concentrated market has also the typical inclination to increase the concentration going
to high levels of concentration; small players are being swallowed-up by larger players. This can

have far reaching consequences for the industry and its actors.

2.2 Economics of the New Era

If the automotive industry, as an early adapter of robots in the PLC is the role model, then what
is the underlying growth theory of adaptation of robots by the industry? How do robot and their
use evolve? For this I made a new conceptual framework based on an analysis I provided at an
internal congress on industrial automation organized by the well-known Dutch beer brewer
Heineken to come up with a framework. Hence I named this framework as the “Robotics Growth

Phases” model.
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2.2.1 Growth Process of Robots — Adaption by Industry

This model, see Figure 14, describes the adaption rate of robots in industry, whether it being the
beverage industry, food industry, medical, plastics, metal etc. The adaption rate of robots by
industry is typically following 4 phases: in the first phase a factory starts with robots, where a
robot replaces a worker handling a machine. Or, also where simply a one-to-one exchange of
humans by robots is realized. The benefits are present but not large. The company gains its first
experience with the new high technology and tastes the possibilities of flexible automation. It has
to be said that more often than not high barriers had to be overcome to get the robot accepted,
hence the typical starting point at t=2 years. The amount of robots in phase one is typically small
from 1 to 3 units maximum. The first phase is all about opening up to technology and flexible
automation as a driving force of the production platform. Economic benefits are quantified in
labor cost saving mainly. Return on investment, depending on many factors, is typically
benchmarked at a maximum of 2 years. In the second phase, when time has passed and barriers
to the new technology have been reduced and benefits — direct labor saving and increased
production rate — are becoming more obvious more operators are being replaced by robots. Also
the robots start to do more complex tasks than the operator did, in example the measuring of the
output quality. Up to the economic crisis of 2008 most companies using industrial robots

(articulated, Cartesian and/or delta) were — and still are — positioned in phase 2.

Growth process robots

> Phase 1: Replace human
operator by robot 1:1

> Phase 2: Replace operator +
dedicated equipment by
robotcells with some added
value

> Phase 3: Line systems with
robots

» Phase 4: Flexible lines,
production platforms with robo

/ —Time in
yrs

Phase 1
Phase 2
Phase 3
Phase 4

29 May 2011 FAMUC Robaotics Benelux

Figure 14. Robotics Growth Process [14]
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Often management decides for copying the success of the first flexible automation solution to
multiple production lines, taking benefit of the economic advantages this phase brings, but

holding short of the threshold of phase 3.

The next step, or third phase is characterized by a well-accepted time frame of wide spread use
of flexible automation using robots in production lines — the automotive role model. Robots
typically handle products in its various sub-stages till finished product and packing and
palletizing. The early adopters of flexible automation reach the third level. Most western and
Japanese car manufacturers operate in 2012 in phase 3. In addition the beverage industry, due to
its large volume and uniformity of its products are situated in this phase. Manufacturers of
beers/soda’s like Heineken and Coca Cola use their financial strengths to have their breweries

and plants automated, with robots, from filling to packing and palletizing.

The last phase (number 4) is the ultimate phase: the highest level of flexible automation
reachable. The line production with robots are replaced by flexible lines, or island production
where the manufacturing process of the product (beer, a television, a robot, anything really) is
handled by various disconnected production groups of robots, producing to intermediate
production warehouses. The disconnection of lines implies getting rid of the negative aspect of
line production whilst maximizing the benefits of flexible automation, maximizing throughput
and maximizing product quality while minimizing cost. The factories of FANUC Corp is a good
example, as the world’s largest robot manufacturer, FANUC has more than 1500 robots
employed, while having only approx. 300 factory workers to maintain its production platforms.

With a robot/worker ratio of 5:1, it shows an enormous high degree of automation.

Food industry can be characterized as being in phase 2. Solar industry and pharmaceutical
industry are still in phase 1. Some automotive factories are moving into phase 4. Many metal
transforming factories have been using arc-welding robots — a typical phase 1 operation. Now
they too are trying to move into phase 2 by automation of press brake tending, laser welding with
robots. The conclusion from this modeling is that most companies, and even the development of

economies, follow the growth pattern of the “Heineken Growth Phases” — model. It is the
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underlying process of industrial automation and can be used to establish current position of
companies/sectors and predict future steps and investments necessary. The model can guide
management in determining the type of staff, education levels and required inputs and expected

outputs of the various stages of flexible automation.

2.2.2 Economic Impact of Robotics

The PLC example showed that the number of installed robots, with an average lifetime span of
15 years, is growing. To understand the impact on a nationa<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>