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INTRODUCTION TO THE LESSON 
The era of Industry 4.0 pushed many sectors of industry to transform. Not only is it about 
developing digital technologies of design, but also implementing complementary advanced 
technologies to the manufacturing process and introducing advanced management. This 
approach, so called advanced manufacturing enables fast growth of production capabilities. 
Among others, the modifications to the products may be implemented lean in the rapid 
prototyping cycles, while the whole production remains scalable and affordable. Also, new 
materials and technologies may be developed within this methodology. The lesson presents 
the concept of advanced manufacturing and an overview of the technologies involved. 

LESSON OBJECTIVES OF THE LESSON 
This lesson acquaints students with the main concept of advanced manufacturing; including 
a presentation of the most common technologies involved, and their advantages over the 
conventional approach. Also, four examples of possible applications for advanced 
manufacturing are mentioned. A student should be able to describe the typical technologies 
presented in the lesson and chose the most suitable one for the given case study. 

CONTENT OF THE LESSON 

1 WHAT IS ADVANCED MANUFACTURING? 
Advanced manufacturing is an approach based on the application of innovative technologies 
to improve either products or processes. It is typically used while performing processes with 
high-level requirements or manufacturing cutting-edge products with significant features; 
unobtainable with the traditional approach [1]. 

Using technologies belonging to advanced manufacturing makes cooperation with partners 
of the same level of technological advancement faster. Moreover, it facilitates the 
production of complex elements, as well as it eliminates typical mistakes caused by the 
conventional approach. Furthermore, the outcomes of advanced processes may be far 
superior to solutions offered at the market. Also, their time to market may be reduced, so 
the designs may correspond to the contemporary needs of the target market more rapidly. 

Contemporary companies seek to introduce advanced manufacturing into their production 
chains; so to have a competitive advantage over others. This is especially reasonable while 
parallel implementing advanced business and management methodologies. 

As the whole topic concern on production, the main factor pushing companies to transform 
their technology to advanced manufacturing should be the outcome. This transformation is 
significantly beneficial while the final product is: 

• Complex in design (e.g. machinery including multiple complementary components 
with high-level details); 

• Innovative (e.g. prototypes of products with new features tested); 
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• Affordable and scalable in international production and distribution (e.g. simple 
designs which may be easily manufactured and distributed by the partners, what 
eliminates a need of a worldwide shipping and depending on just a single workshop); 

• Flexible (e.g. a line of products with batches, various just in terms of small details). 
 

2 ADVANCED MANUFACTURING VS TRADITIONAL MANUFACTURING 
Advanced and traditional manufacturing differ mainly in all means of technologies applied 
while their purpose remains the same – obtaining a product. Table 1 contains an overview of 
the main differences between these two. 

 
Table 1 Comparison of advanced and traditional technologies 

Advanced manufacturing Traditional  manufacturing 
Computer-Aided Technologies (computer 
design, simulations and preparation for 
manufacturing) 

Manual drafting and strength calculations 
based on simplified models 

CNC (Computerised Numerical Control) 
machining 

Conventional machining 

Rapid prototyping (e.g. additive 
manufacturing) 

Conventional manufacturing (e.g. 
material-removal processes or injection 
moulds) 

ICT (Information and Communications 
Technology) applications (e.g. Internet of 
Things or Cloud Processing)  

Human-processed local manufacturing 

Advanced automatic and robotised processes 
with intelligent systems 

Manual processes or simple automatic 
processes 

High-precision technologies Less precise technologies 
Control systems monitoring processes Human-supervised systems 
Flexibility and simple customisation of 
production 

Difficult retooling of the production lines, 
typically dedicated to one type of products 

New industrial material technologies (e.g. 
composites or 3D printing materials) and 
conventional materials (e.g. metals or 
plastics) 

Conventional materials (e.g. metals or 
plastics) 

Low emission and application of 
sustainable/green solutions 

Uncontrolled impact on the environment 
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3 OVERVIEW OF TECHNOLOGIES 
3.1 Computer-Aided Technologies  

Computer Aided Technologies applicable in advanced manufacturing mentioned in this 
section are dedicated mainly to designing elements. These contain modelling and drawing, 
testing, and preparing for manufacturing components of all types – mechanical parts, 
electric circuits, pneumatic installations etc.  

These technologies may be distinguished into three main types based on their purposes of 
applications: CAD (Computer-Aided Design), CAE (Computer-Aided Engineering), and CAM 
(Computer Aided Manufacturing) [2]. 

3.1.1 CAD (Computer-Aided Design) 

CAD programs are dedicated to 3D modelling and plain drawing either single parts or 
assemblies. They are typically compatible with CAE and CAE systems; so to further validate 
and manufacture prepared designs. They enable flexible designing process which may be 
partially automated, adjusting parts’ features to features of other components, and easy 
implementation of modifications into projects. 

3.1.2 CAE (Computer-Aided Engineering) 

CAE programs are dedicated to supporting work of engineers by application of simulations, 
such as finite element analysis (FEA), computational fluid dynamics (CFD), multibody 
dynamics (MBD) or optimization. 

3.1.3 CAM (Computer-Aided Manufacturing) 

CAM programs are dedicated to control machine tools based on the geometry designed with 
CAD software. Their purpose of application is to decrease time from scratch to the final 
product and to provide higher precision of machining. 
 

3.2 Additive Technologies 

Additive technologies (sometimes called also 3D printing) include diversity of different 
methods for creating three-dimensional objects from the digital files. On the contrary to 
conventional manufacturing, they are based on laying layers of material one on another, not 
removal of material from its initial block. They may involve numerous techniques such as 
fusion, curing with light exposure, sintering or melting. Regarding this, they may be applied 
with different materials such as plastic filaments, metal powders or resins. Objects built with 
these methods differ in terms of their physical and mechanical parameters, as well as 
precision of dimensions, finish of surfaces, and infill. 

Using additive manufacturing is typical for rapid prototyping. It enables faster, and usually 
also cheaper, building elements to validate their designs and features. Printed elements may 
be also used for moulding, creating models or even as parts of the machinery (many 3D 
printers in FFF/FDM technology are partially printed); dependent on technology and material 
applied [3][4]. 

The most common techniques of additive manufacturing include: 
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• FFF/FDM (plastic filaments fusion); 
• SLA (light exposure resins curing); 
• SLS (laser sintering of plastic powders); 
• SLM (laser melting of metal powders).      

 

3.3 CNC (Computerised Numerical Control) Machining 

CNC is an automatic control over machinery including machining tools (it is also applicable to 
additive manufacturing). These include drills, lathes, mills, cutters, saws, welding torches or 
nozzles for 3D printing, moulding or laying down elements from plastics. The CNC machines 
are following programs affecting motions of their components, so to process a piece of 
material to the desired geometry or to build the desired geometry from the material 
supplied to the head with nozzle. 

The numerical control eliminates the need for an active participation of an operator in a 
process of machining; however, an operator is still needed to set the program on and 
sometimes to retool the device. Nevertheless, they may operate one than just one machine 
and receive more accurate elements in the shorter time [4]. 

Application of CNC technology is typically connected with CAD and CAM software, where the 
element may be designed and afterwards converted to the set of operating instruction for 
the CNC machine.                    

 

3.4 ICT (Information and Communications Technology) 

ICT technologies are not used by themselves, but rather support other mentioned in this 
lesson. They are typically related to the exchange of data between machines and software, 
and processing it [4]. 

 

3.4.1 IoT (Internet of Things) 

IoT is a technology of connecting physical objects equipped with adequate sensors in the 
network. For the industry, it is particularly important to gather data about production. This 
may include counting objects, validating whether they are placed precisely in the sockets at 
the production lines for the next stages of the processes, weighting or scanning marked 
packets. 

Also single machines such as industrial robots or CNC machines may exchange data between 
each other and with computers or main control-devices. This may include signals enabling 
the start/stop of machines or pieces of information affecting the robots’/CNC devices’ 
programs depending on the type of object which is being produced. 

3.4.2 Cloud Processing 

Cloud Processing is a technology transferring computing from the local modules (CPU/GPU) 
to an online on-demand platform. So-called clouds are the data centres accessible via the 
Internet by numerous users. Their application for manufacturing enables the transfer of 
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information between machines and processing data for optimising and automatizing the 
production processes. For combining data gathered by different sensory systems and 
processing it at the high-peak periods, cloud computing is superior to local computing. 

3.5 Intelligent Systems in Robotics 

3.5.1 Software Packs 

More and more producers of industrial robots offer software packs for their devices, which 
may broaden the robots’ capabilities and facilitate programming for certain applications. 
Among others, these include: 

• Robots’ motion tracking to provide safe operation in the defined environment and 
eliminating risk of collision; 

• Integration of more than one robot or a robot with the CNC devices to ensure safe 
and effective collaboration between them; 

• Process optic tracking to adjust the motion of the robot to guarantee the proper 
realisation of process (e.g. for welding applications). 

3.5.2 Collaboration with Humans 

Collaboration with humans is typically desired for partially transformed productions. It is 
realised by the application of collaborative robots (cobots) or other safety devices (such as 
artificial robotic skins) to ensure the safety of operators within the working zone of a robot. 
Thus, no additional physical safety barriers are required. As the flexibility of production is so 
crucial for Industry 4.0, effective cooperating with people becomes a one of the strongest 
trend leading to Industry 5.0 era. Nevertheless, contemporary cobots have relatively small 
payloads and reach, while the artificial robotic skins typically react in too long time [5,6]. 

3.5.3 Mobile Robots 

Mobile robots are typically used to transport manufactured elements, but sometimes they 
are also applied as the mobile platforms for industrial manipulators [7]. They may provide 
the higher elasticity of production and connect stages of a production chain while they are 
not physically connected as one production line. They typically suffer from relatively low 
payloads (many models up to 200 kg), low velocities and poor accuracy of positioning; even 
though, most of them use LIDAR sensors or even 3D cameras. Many companies providing 
mobile industrial robots offer also software to manage fleets of these. 

3.6 Business and Management Methodologies 

Introducing advanced manufacturing into the routine of a company requires parallel 
implementing of an adequate business and management methodologies. These include 
integration of the whole supply/production chain, advanced planning and innovative 
management technologies such as Agile Management, Lean Management or digitalised 
variations of Kanban. 

4 APPLICATIONS OF ADVANCED MANUFACTURING 
4.1 Automotive 
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Automotive sector is one of the most beneficent from advanced manufacturing. Applying 
innovative technologies for production keeps it leaner and enables easier reaction on market 
demands [8]. 

Among others, the automotive sector uses advanced technologies to: 
• Modify the previous designs; so to offer new versions of the same models of cars 

year by year; 
• Machine elements with complex shapes of surfaces, such as bodies, effectively; 
• Provide fast and repeatable production complementary to international standards; 
• Simulate possible crashes, wear and loads appearing during typical driving; thus, the 

cars are safer, more durable and aerodynamic; 
• Guarantee the compatibility of mechanical parts with control systems and software 

by designing all in the digitalised environment; 
• Prepare documentation for patent applications with no additional work needed. 

Real-life example: Tesla company is manufacturing all their electric cars with the advanced 
robots; so to relieve their workers from the most labour-intensive operations. This approach 
makes also the whole production time faster. As the global market of electric cars is growing 
exponentially, Tesla company applies advanced technologies to keep up with its demands 
(such as decreasing prices and extending reach of their vehicles) and remain the unbeaten 
leader. 
 

 
Figure 1 Chassis of the Tesla’s vehicle before geometrical optimisation – made of 70 components [9] 
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Figure 2 Chassis of the Tesla’s vehicle after geometrical optimisation – made of 2 components [9] 

 

4.2 Aerospace Industry 

Aerospace sector is also benefiting from advanced manufacturing by keeping production 
leaner and developing the designs so to meet more and more strict requirements [8]. 

Among others, the aerospace industry uses advanced technologies to: 
• Modify designs with geometry optimisers to make them lighter in terms of weight 

and more aerodynamic. With this approach, the designed vehicles use less fuel while 
operating; 

• Design and run variable simulations to guarantee maximum safety and durability; 
especially, due to the high-costs and requirement of reliability of all aircraft; 

• Design and manufacture high-precision components (e.g. for hardware of control 
systems or surfaces from nanostructures); 

• Creating control system (software) based on the digital models; 
• Test in virtual reality and machine elements with complex shapes of surfaces and 

functionality, such as turbines, effectively; 
• Provide fast and repeatable production complementary to international standards; 
• Guarantee the compatibility of mechanical parts with control systems and software 

by designing all in the digitalised environment; 
• Prepare documentation for patent applications with no additional work needed. 

Real-life example: Boeing company and NASA use nanotechnology, such as Gamma Alloys, 
in their designs are pursue to further develop this solution. Thanks to this, the total weight 
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of their crafts is reduced, so the total reach of machines is increased. Application of 
advanced manufacturing makes it possible, due to the application of complex computational 
models and high precision technologies. 

4.3 Medical devices 

Medical devices sector benefits mostly from applying new materials and rapid prototyping of 
the new designs [1]. 

Among others, the medical devices sector uses advanced technologies to: 
• Modify designs with geometry optimisers and validate them with strength 

simulations to make them correspond to the stiffness and size requirements; 
• Simulate operations of mechatronic devices; 
• Run rapid manufacture-test-improve iteration cycles to test the designs in the real 

working environment; 
• Manufacture from new materials to improve the mechanical capabilities of the 

devices; 
• Design and manufacture high-precision components (e.g. elements of implants); 
• Creating control system (software) based on the digital models; 
• Customise, test in virtual reality and machine elements with complex shapes of 

surfaces and functionality, such as prosthetics, effectively; 
• Provide repeatable production complementary to international standards; 
• Guarantee the compatibility of mechanical parts with control systems and software 

by designing all in the digitalised environment; 
• Prepare documentation for patent applications with no additional work needed. 

Real-life example: 3D printing enables building elements which are sometimes not even 
possible to obtain with conventional manufacturing. Also, application of this technology may 
be more cost and time effective. Ortho Baltic company offers patient specific 3D printed 
implants. They are being manufactured from the variety of biocompatible materials, 
ensuring safe mechanical properties of the elements. 
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Figure 3 Design of the 3D printed implants of a jaw bone [10] 

4.4 Pharmaceutical Industry 

Pharmaceutical industry benefits the most from the scalability, high precision, and quick 
implementation of changes into production [1]. 

Among others, pharmaceutical sector uses advanced technologies to: 
• Run rapid manufacture-test-improve iteration cycles to test the products in the real 

working environment; 
• Scalability of manufacturing after test on small batches (e.g. production of vaccines); 
• Design and manufacture high-precision components (e.g. production of pills); 
• Provide repeatable production complementary to international standards. 

Real-life example: Application of advanced manufacturing is particularly beneficial while a 
new tested medicament is being released and its production needs to be scaled up rapidly. 
Professor Harris Makatsoris from King’s College London is currently working on designing so 
called “factory in box” solution, a method to accelerate production of vaccine against COVID-
19. A single installation of such a machine may produce up to 600 doses per minute. The 
parallel mounted devices can manufacture enough vaccine for the whole nations, though 
[11]. 

5 EXAMPLE 
Łukasiewicz Research Network – Industrial Research Institute for Automation and Robotics 
PIAP has designed and built a set-up cosnsisting of: 

• An industrial manipulator with a quick-tool-exchange module, on a mobile industrial 
robot; 
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• An industrial manipulator with a quick-tool-exchange module,  on a manual trolley; 
• Four workstations with docking stations; 
• A safety system based on optic scanners (no additional physical barriers were used). 

The robots may operate on all the workstations and perform manipulations of the objects 
and following trails (simulating processes like welding). The installation is placed in the 
Centre for Research and Development of Modern Technologies CBiRNT. It is used to train 
specialists in innovative technologies in the automotive sector. Thanks to the application of 
advanced manufacturing technologies, production lines equipped with the solutions such as 
presented in the design, may perform effective, flexible and lean production of even the 
most demanding parts [7]. 

 
Figure 4 Set-up in CBiRNT involving technologies of advanced manufacturing 

Regarding the lesson, the following technologies are implemented in the mentioned 
installation: 

• CAD design (all the stations were designed in the parametric method, and later used 
to be transferred into the virtual reality); 

• Intelligent robotic systems (automatically docking mobile industrial robot); 

• Additive manufacturing (as the installation is developing rapidly, some of their parts 
are 3D printed); 

• IoT (sensors communicating, one with another, while docking; activating optic 
sensors of the safety system). 
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6 ADDITIONAL RESOURCES – VR APPLICATION 
A VR application includes a model of the set-up described in the Example. It is programmed 
in the RobotStudio environment to present the possible manipulation tasks and automatic 
docking to different workstations. A student may observe the practical application of 
advanced manufacturing technologies in the virtual reality. This includes changing view 
angle and zooming in and out the whole environment. 

 
Figure 5 Visual of the set-up from the Example in the VR environment 

7 SUMMARY 
Advanced manufacturing gives many possibilities for developing branches of industry; 
among others: 

• Automotive; 
• Aeronautics; 
• Medical devices sector; 
• Pharmaceutical industry. 

Complex technologies are being used to digitalise designing and simulating processes, as 
well as the whole production. They stick to the concept of Industry 4.0. The most common 
ones are: 

• CAD/CAM/CAE; 
• CNC and additive manufacturing; 
• IoT and Cloud Computing; 
• Intelligent robotic systems; 
• Innovative business/management approaches. 

Thanks to its advantage, advanced manufacturing may be used for the cases, which are: 
• Complex in design; 
• Innovative; 
• Required to be affordable and scalable in production; 
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• Remodelled often. 
 

ASSIGNMENT 
Assume that you have to improve and run a twice more efficient production of a new 
version of a smartwatch with a shape providing better strength parameters. Present the 
concept of work to be performed and list down the technologies of advanced 
manufacturing, which may be beneficial for this. Suggest how the application of these may 
improve the product and affect the works in the factory. 

(The answer should be limited up to 3000 characters and enable assessment of practical 
understanding basing principles of advanced manufacturing by a student. Up to 3 points 
shall be given for this exercise: for an adequate choice of works to be performed on the 
design, for a proper choice of a technologies with supporting arguments – both, for the 
design and the production, and for a reasonable summarizing effects of such a 
transformation) 

SELF-CHECK QUESTIONS 
1. Which of the following companies would benefit from transforming their production into 

advanced manufacturing? 

a) An international company manufacturing mobile vacuum cleaners and introducing 
their new generation into the market year by year; 

b) A local craft of sculptors creating unique designs to orders; 

c) A laboratory performing multiple testing approaches, which require new inexpensive 
testing setups with often modifications; 

d) A start up creating patient tailored orthosis based on the designs generated 
automatically from photos of an extremity; 

e) None of the mentioned above. 

2. Which of the cases below is based on the application of advanced manufacturing 
technologies? 

a) Producing casts for customised dental seals with vat photopolymerization of resins 
(3D printing technology); 

b) Manufacturing big batches of toothpastes with cooperating industrial robots 
communicating one with another and with a wide network of sensors; 

c) Designing components for mobile robots in a raster graphics editor (e.g. Photoshop); 

d) Transforming production of innovative (due to their purpose of work) engines from 
one metal alloy to another, commonly used for years; 

e) None of the mentioned above 

3. Which of the following systems is used to design a simple element as a 3D solid and then 
prepare it for additive manufacturing? 



Multifunctional Innovative Learning Assisting Network for VET  
in Advanced Manufacturing   
Project No. 2018-1-PL01-KA202-050812  

     
 
 

 
17/19	

a) CAD; 

b) CAM; 

c) CAE; 

d) None of the mentioned above. 

4. Which of the following cases may benefit from precision-manufacturing? 

a) Building a big spacecraft, dedicated to long reach expeditions; 

b) Producing robots for colonoscopy; 

c) Manufacturing capsule-endoscopy cameras to inspect digestive systems via 
swallowed pill shaped device; 

d) Building an F1 bolide’s control system (hardware); 

e) None of the mentioned above. 
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QUESTIONS – CORRECT ANSWERS 
 

Question  Answer(s) 

1 a, c, d 

2 a, b 

3 a, b 

4 a, b, c, d 
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INTRODUCTION TO THE LESSON  
While technology is continuously developing, the possibilities of manufacturing are being 
broadened and evolve into new branches. Among others, 3D printing appeared as an answer 
towards the need for rapid creation of elements for tests and their customisation. As 3D printing 
has been quoted by Financial Times as a potential greater than the Internet, it became present in 
most of the fields of professional and every-day life. Additive technologies brought a huge hype 
and entertained both engineers and technical laymen so much that nearly everyone has heard 
about them. Nowadays, people are trying to print nearly everything. Creating toys, board games or 
architectural models with 3D printers are relatively simple applications. The technology 
contributes to the production of complex designs such as pieces of machinery, elements of 
vehicles, houses or even prosthesis. During the pandemic of COVID-19, groups of 3D printers’ 
enthusiasts created various designs of protective face shields for medics and donated it to the 
hospitals. As it is clearly visible, the technology rooted deeply into our lives. However, it is still 
misunderstood by many people, especially when it comes to its purposes and capabilities. Thus, 
what is 3D printing all about? 

LEARNING OBJECTIVES OF THE LESSON 
This lesson acquaints students with the main concept of 3D printing, including a presentation of 
the most common technologies and materials. A student should be able to distinguish between 
different approaches towards additive manufacturing and be able to choose the most convenient 
one for the given case of rapid prototyping or manufacturing of a custom element. 

CONTENT OF THE LESSON 

1 WHAT IS 3D PRINTING? 
3D printing, also often called as additive manufacturing, covers diversity of different methods for 
creating three-dimensional objects from the digital files. However, all of them are based on adding 
layers from a certain material, one on another, and merging them into the solid. The process of 
laying down the trails is similar to plain printing with an inkjet printer. Each of the layer with the 
trails may be seen as a cross-section of an object with a given height. Thus, additive manufacturing 
results in a 3D design directly from the computer design from CAD software.  

Additive manufacturing is based on adding new layers of materials, on the contrary to the 
conventional machining methods involving removing parts of the initial block of metal or plastic. 
Depending on the technology, material, printing parameters and size or geometry of an object, the 
whole process may vary significantly. However, it typically enables faster construction of a part 
than conventional manufacturing. It also decreases costs of the prototypes’ production, reduces 
amount of material needed and enables creating complex shapes easily. 

2 ADDITIVE MANUFACTURING VS CONVENTIONAL MANUFACTURING 
Additive manufacturing is a method of creating a physical object from a digital design. It may 
involve numerous techniques and materials, but generally, it is based on adding additional layers. 
It differs at this aspect from the automated machining (e.g. CNC), which typically remove material 
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from the object. Regarding this aspect, 3D printing should be compared with subtractive 
manufacturing rather than moulding (see Error! Reference source not found.).  

While subtractive manufacturing may be realised with Computer Numeric Control (CNC) it is still 
performed manually in many workshops. This causes a need of preparing plain mechanical 
documentation and increases a risk of mistakes during production. Even if both additive and 
subtracting manufacturing are run with computer aided control their work and thus, final 
outcomes, vary significantly. Therefore, a choice of a proper technology for a design is so 
important. 

As 3D printing typically involves laying down one layer on another it causes rough surfaces with 
visible stepping (the methods with photopolymerization of resins are a bit different in this aspect). 
Afterwards, an application of surface finishing may be necessary which means implementing 
subtracting manufacturing into additive one. However, when it comes to the complex geometries, 
additive manufacturing does not depend on a geometry of its tool, as it is for conventional 
machining. At the same time, it is not as suitable for the designs with elements hanging down. 
Printing such solids requires application of additional supports from applicable material.  

Also, overseeing 3D printing is not required. However, many manufacturers invest in remote 
monitoring which increases a safety and sticks to the principles of Industry 4.0. With such a 
system, basic parameters of the printer may be checked or even modified online so to tune a 
printer to operate better and built an object properly. 

Even though, 3D printers are typically associated with plastics, they do not cause such a harm to 
the environment. Amount of wastes from manufacturing with this method is much smaller than 
from conventional machining. Moreover, many materials are fully biodegradable or may be reused 
after melting again. 
 

Table 1 Comparison of additive manufacturing with subtractive manufacturing 

Additive manufacturing Subtractive manufacturing 

Adding material layer-by-layer Removing material 
Directly from digital model Either from digital model (CNC) or from plain drafts 

(conventional machining) 
Usually visible layers (stepping) – postprocessing required 
to achieve smooth surfaces 

Diversity of possible roughness to be achieved on the 
surfaces 

Achievable difficult geometry, including intricate shapes, 
straight angles without any radius and complex undercuts 

Achievable shapes dependent strictly on the technology 
and limited 

Supports needed for building objects with irregular 
changes in their cross-sections 

Possibility of subtracting material from any side as long as 
an object may be held in a vice 

Dedicated mostly to small elements Applicable for all sizes 
Usually used for single prototypes and customised objects Best – suited for big production batches 
Long process for big objects with complex geometry Relatively fast process 
No operator needed after launching a printer A machinist required either to operate or to oversee the 

machine 
Usually cheap process Typically, more expensive 
Small amount of waste Large amount of waste 

Generally, additive manufacturing makes the process of prototyping of smaller parts faster and 
less expensive. As the parts are manufactured directly from their digital designs, no technical 
documentation is needed at this process. It is particularly important, as, at this stage of works, the 
design is likely to be changed after its validation. 
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3 PRINTING TECHNOLOGIES 
As additive manufacturing became so popular process, various methods of 3D printing appeared 
and evolved one from another. The following section describes the most common or interesting 
ones. However, there are more technologies not mentioned at all. 

3.1 Material extrusion 

3.1.1 Fused Filament Fabrication (FFF) 

Material extrusion is the most common technology of additive manufacturing, especially popular 
among home-users of 3D printing. It is a process of extruding molten thermoplastic material from 
a nozzle moving along programmed path and forming layers from it (see Figure 3-1). The method 
of fused deposit modelling (FDM/FFF) is based on heating a build plate and a nozzle to melt 
thermoplastic filament and build the new object by constructing its layers. The melted material 
solidifies again while it is cooling down. As the layers are being laid down one on another, some 
geometries of printed object may require support structures (see vertical stripes in Figure 3-1). 
These are typically created with dissolvable materials or printing materials but with lower infill. 

 

Figure 3-1 Material extrusion - purpose of work [1] 

Models built with this technology are quite often used for various purposes of rapid prototyping, 
as they are rather inexpensive. However, they may be also relatively brittle. 

3.1.2 Construction of a printer 

FFF 3D printing technology is the most popular one, especially among non-professionals. 
Therefore, this type of printers is the most common one for basic applications. It got so popular 
that FFF printers are more and more often present in our houses. It is forecasted, that in the close 
future they may become a casual household equipment just like inkjet printers. 

3.1.2.1 Axes 

Typically, FFF printers are a sort of Cartesian robots, do they allow motion of a tool along 3 axes 
without the possibility of rotation. Of course, they may vary in terms of association of axes with 
printer’s parts or the way that axes are driven. A popular construction of an FFF printer, applied 
i.e. in Prusa printers, is presented in Figure 3-2. Its X and Z axes move an extruder while Y axis is 
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moving a build plate. As Z axis acts against gravity and requires high precision to maintain the 
correct height of the layers, it is driven by a ball screw. X and Y axes are driven with belts. Both 
screws and belts are directly driven by corresponding stepper motors. Naturally, kinematic pairs 
are not only realised by motors, but also contain linear ball bearings on bearing rods to ensure 
repeatability and precision of motion and increase stiffness of a construction. 

 

Figure 3-2 Parts of an FFF 3D printer [8]: 1 – Z carriage ( screw driven), 2 – X end-stop, 3 – build plate (with optional 

heat bed), 4 – nozzle, 5 – X carriage (belt driven), 6 – extruder, 7 -  extruder stepper motor, 8 – X carriage belt,  9 – Y 

stepper motor, 10 – Y carriage belt, 11 – Y axis bearing rods, 12 – cooling fan, 13 - Z axis stepper motor (driving a 

screw), 14 – hot end, 15 – X axis bearing rods, 16 – Z axis bearing rods, 17 – Z axis screws 

3.1.2.2 Extruder 

Extruders are the parts responsible for melting filaments and laying it down on build plates. They 
may vary in terms of their construction and elements. Typically, filament is being pushed by gears 
driven by a stepper motor through the nozzle heated at the hotend. Depending if extruder is 
mounted on the printer’s frame or on a carriage, extrusion process is either direct or Bowden – 
type. Both types of extrusion use nozzle assembled to the carriage (see Figure 3-3). Differences 
between application of Bowden and direct extruders are presented in  

. 



Multifunctional Innovative Learning Assisting Network for VET  
in Advanced Manufacturing   
Project No. 2018-1-PL01-KA202-050812  

     
 
 

 
-	10	-	

 

Figure 3-3 Bowden extruder (left) and direct extruder (right) schematics [9] 

 

Table 2 Differences between Bowden and direct extruders 

Bowden extruder Direct extruder 

Possible clogging while extruding filament Better extrusion of filament 
Delayed retraction of filament Faster retraction of filament 
More powerful motor Less powerful motor required 
Compatibility with less types of filaments Compatibility with more types of filaments 
Faster motion of extruder Slower motion of extruder 
Better accuracy even for faster movements Possible loss of accuracy while moving dynamically 
Larger build space Smaller build space 

An extruder may also contain of a cooling fan which dynamically decreases temperature of laid 
down layers and make them solidify faster. Its application may be required for some of the 
filaments. 

3.1.2.3 Build plate 

Build plate is an element of every 3D printer which has direct contact with constructed object. It 
guarantees flat surface for laying down the layers and adheres to the first layer so to keep a 
printed part fixed in its frame of reference. During the printing process it may be covered with 
different materials or use bed heating to increase adhesion. 

3.2 Vat photopolymerization 

Vat photopolymerization (see Figure 3-4) is a process of exposing photopolymer liquids (typically 
resins) to the light waves, which make them become solid. It can be realized in stereolithography 
(SLA), masked stereolithography (MSLA), direct light processing (DLP) or continuous DLP (CDLP) 
technology. All of them are based on the same principle of a light flashing the layers on the plate 
moving upwards in a container filled with resin to cure selected regions of the liquid. This 
approach is suitable for accurate elements with smooth surfaces such as dentistry prosthetics or 
jewellery moulds. 
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Figure 3-4 Vat photopolymerization - purpose of work [1] 

 
3.2.1 Stereolithography (SLA) 

Stereolithography is a process of curing resin using a single point laser which moves around the 
shape of a cross-section of an object. SLA printers use mirrors which move along X and Y axes and 
reflect a laser beam to reach intended points of a section. While SLA printing gives smoother 
shapes than DLP, it is also a slower method, as the laser needs to trace within the whole range of 
cross sections. 

 
3.2.2 Direct Light Processing (DLP) 

Direct Light Processing is a process of curing resin similar to stereolithography but using a digital 
light projector to flash the whole image of the cross-section at once instead of tracing along the 
trails within a cross-section with a laser beam. Resin is being flashed from below by LED screens or 
UV source directed to the build surface by an array of micro-mirrors. As the flashed image is a 
bitmap, produced layers are the combinations of small cubes called voxels. Therefore, the 
generated shape is not as smooth as the one produced with SLA, but it may be built in a shorter 
time. 

DLP technology brought its offspring based on a constant motion of the build plate. So called 
Continuous Direct Light Processing (CDLP) works quite the same as DLP, but it is not based on 
flashing step by step, so the printout build time is shorter. 

 
3.2.3 Masked Stereolithography (MSLA) 

Masked Stereolithography is a process similar to Direct Light Processing as it is based on LED array 
as a light source, flashing UV light composed of square pixels. However, it rather uses many small 
lightbulbs than one big light source. The printout’s resolution is dependent just on the number of 
light emitters and does not depend on a resolution of a single light source. Building elements with 
this approach may be faster than with SLA and give smoother shapes than with DLP. 
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3.3 Powder bed fusion  

Powder bed fusion is a process of connecting (by fusion) the particles of metal or plastic powder to 
the layers with a source of thermal energy (see Figure 3-5). This may be realized with selective 
laser sintering (SLS), selective laser melting (SLM) and direct metal laser sintering (DMLS), electron 
beam melting (EBM) and multi-jet fusion (MJF). This approach is suitable for parts with complex 
geometries with higher strength requirements. 

 

Figure 3-5 Powder bed fusion - purpose of work [1] 

 
3.3.1 Selective Laser Sintering (SLS) 

Selective Laser Sintering is a technology used to produce plastic parts by melting thin layers of 
powder placed on a powder bed, with a laser. During this process, the build plate of a printer 
moves downwards, and the next layer of thermoplastic powder is placed on the top of the 
previous layer. A laser is moving around the build surface and selectively sinters powder to solidify 
it. To do so, a laser beam is reflected by two moving micro-mirrors exactly like in SLA. The powder 
which is not sintered remains in its place until the printing process is finished and acts as a support 
structure for the following layers. 

 
3.3.2 Direct Metal Laser Sintering (DMLS) and Selective Laser Melting (SLM) 

Direct Metal Laser Sintering and Selective Laser Melting are based on the same principle as SLS, 
but they are dedicated to the metal parts. The difference between these two is that DMLS is not 
melting the powder but heats it up until it bonds on a molecular level. As SLM requires the whole 
melt of metals in an adequate temperature, it is not suitable for producing parts from alloys. 
Elements built with DMLS and SLM technologies are endangered to warping due to the internal 
stress, as a result of high temperatures. Therefore, printed parts may require heat relieving as a 
part of postprocessing. 

 
3.3.3 Electron Beam Melting (EBM) 

EBM works similar to SLM; however, it requires much higher energy beam from a laser. Thus, it is 
a method much faster than previously mentioned but also connected with smaller residual 
stresses occurring in the produced parts. Nevertheless, EBM is not a universal and easy method as 
it can be realised only in vacuum with conductive materials. 
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3.4 Material jetting 

Material jetting is a process of jetting many small droplets of materials which harden while they 
are exposed to UV light or a certain temperature (see Figure 3-6).  This method allows a multi-
material printing and is excellent for realistic prototypes. As the droplets are being jet (not laid 
down) layer by layer, printing with this method requires additional support constructions, which 
are printed simultaneously from dissolvable materials. This approach is suitable for printouts of 
different colours with smooth and accurate surfaces. 

 

Figure 3-6 Material jetting - purpose of work [1] 

 

4 MATERIALS 
4.1 FFF filaments 

As FFF technology is the most common among printing enthusiasts, filaments became one of the 
most important topics when it comes to 3D printing. They come in a wire-shape wound on spools. 
Their diversity enables building parts with a different appearance and mechanical parameters (see 
Figure 4-1). To do so, a basic knowledge of their typical applications, printing requirements and 
other data is crucial. The following section contains an overview of the most common and 
practically used filaments. 
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Figure 4-1 Printouts from different FFF filaments [6] 

4.1.1 PLA 

Poly–Lactic Acid is one of the most common printing materials. It is a fully biodegradable 
thermoplastic polyester produced from renewable resources. It is relatively easy to print with and 
not expensive. It is resistant towards warping. Thus, its application does not require additional 
enclosures nor special preparation of a heat-bed. PLA melts in around 150-180oC, therefore, it is 
not capable of working in high-temperature environment. The elements built from it may be also 
too fragile to operate under high loads. PLA comes in various colours and variants with different 
physical and mechanical parameters. 

4.1.2 ABS 

Acrylonitrile Butadiene Styrene is another very popular FFF filament, dedicated mostly to parts 
with higher impact resistance and toughness required. It melts around 220oC and may be re-
melted and used again if needed. Thanks to its better strength parameters it is often used for 
prototypes (it is also a popular material for suitcases and toys – LEGO bricks are made of it). It may 
be polished or machined with other methods afterwards without a risk of cracking its structure. 
However, it is a material which generally requires better printing conditions than PLA. Therefore, 
ABS is usually used for printers with enclosures on them. 

4.1.3 PET 

Polyethylene Terephthalate is a relatively inexpensive material easy to print with. It results in 
smooth surfaces, however, may also generate thin hair on them. PET melts in around 230-250oC 
and characterises with average strength parameters. Also, it is nearly not exposed to any warping 
and may be used without additional enclosure of the printer. However, application of a bed 
heating within 75-90oC is recommended. PET is a waterproof material, especially as it is commonly 
used for plastic bottles (of course not manufactured with 3D printing). 
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4.1.4 HIPS 

High Impact Polystyrene is a tough material typically used to create support structures for larger 
models, as it may be dissolved in limonene. HIPS melts around 220–240oC and requires bed 
heating to around 90-110oC. Also, printing with this filament causes toxic fumes. Therefore, a 
proper ventilation system of the printing area is necessary. HIPS may be used to create supports 
for higher-precision printed elements such as bearings. 

4.1.5 PVA 

Polyvinyl Alcohol is another filament typically used for building support structures, as it dissolves 
in warm water. Due to its low strength parameters it does not guarantee precision of the shapes 
created with it. It also tends to clog the nozzles and get damaged by moisture while being stocked. 
PVA melts in around 200oC and it is fully biodegradable. It is also relatively inexpensive, so it is 
especially applicable for amateur use. 

4.1.6 Nylon 

Nylon is a relatively flexible tough material enabling printing elements exposed to beating and 
abrasion. It is a good choice for all parts with high durability required which are not necessary stiff. 
As nylon melts in 220-265oC it is also a heat resistant material. As it is a hygroscopic polyamide it is 
neuralgic to moisture. Therefore, it must be stocked in waterproof cases. Printing with nylon 
requires 70-90oC bed heating. Application of printer enclosure is recommended but not obligatory. 

4.1.7 Polycarbonate 

Polycarbonate (PC) is a transparent, flexible material suitable for parts exposed to heavy loads and 
high temperatures. As it melts in 260-310oC printing with it requires enclosure and heat-safety 
system, as well as 80-120oC bed heating. Polycarbonate is also vulnerable to moisture, so it must 
be stocked in waterproof containers. 

4.1.8 Polypropylene 

Polypropylene is a lightweight material with average mechanical parameters. It is fatigue resistant; 
thus, it may be used for straps or hinges. However, it is rather expensive filament. Polypropylene 
melts in 220-250oC and requires 85-100oC bed heating. 

4.1.9 Flexible 

Flexible filaments (usually TPE or TPU) are made of non-stiff materials such as blends of plastic and 
rubber. Thanks to their mechanical parameters they are difficult to print and may not work with 
some types of extruders. Flexible materials melt in 225-245oC and they are difficult to print but 
does not require neither bed heating nor enclosure. Elements build with flexible filaments may 
contain blobs and strings on their surfaces. 
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4.1.10 Enforced materials 

Enforced materials are composites of thermoplastics with either short carbon fibres, fine metal 
powder or wood dust. They increase strength of the printed objects, add them weight or just 
change the structure and look. This type of materials may be based on different filaments 
mentioned before and typically does not require neither bed heating nor enclosure. Their melting 
point is at 190oC-230oC. Especially metal-filled filaments may be particularly expensive. 

4.1.11 Comparison 

Presented filaments vary in terms of their applications, mechanical and physical parameters and 
storage requirements. Comparison of these is presented in Error! Reference source not found. 
and Error! Reference source not found.. 

Table 3 Comparison of printing requirements for FFF filaments 

Filament 
Nozzle 

temperature 

Heat bed 

temperature 
Heat bed Cooling Enclosure Build surface 

PLA 190-220oC 45-60oC Optional Required Not required Painter’s 
tape, PEI, 
glass plate, 
glue stick 

ABS 220-250oC 95-110oC Required Not 
required 

Recommended Kapton tape, 
ABS Slurry 

PET 230-250oC 75-90oC Recommended Required Not required Glue stick, 
painter’s tape 

HIPS 220-245oC  100-115oC Required Required Recommended Glue stick, 
glass plate, 
Kapton tape, 
PET sheets 

PVA 185-200oC 45-60oC Optional Required Not required Painter’s 
tape, PEI 

Nylon 220-265oC (all-
metal hotend 
may be 
required) 

70-90oC Required Required Recommended Glue stick, PEI 

Polycarbonate 260-310oC (all-
metal hotend 
required) 

80-110oC Required Required Required PEI, 
commercial 
adhesive, glue 
stick 

Polypropylene 220-250oC 85-100oC Required Required Recommended Packing tape, 
polypropylene 
sheet 

Flex (TPE/TPU) 225-245oC 
(direct drive 

45-60oC Optional Required Not required Painter’s 
tape, PEI 
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extruder 
recommended) 

CF filled 200-230oC 
(wear resistant 
hardness steel 
nozzle 
required) 

45-60oC Optional Required Not required Painter’s 
tape, PEI, 
glass plate, 
glue stick 

Metal filled 190-220oC 
(wear resistant 
hardness steel 
nozzle 
required) 

45-60oC Optional Required Not required Painter’s 
tape, PEI, glue 
stick 

Wood filled 190-220oC 45-60oC Optional Required Not required Painter’s 
tape, PEI, 
glass plate, 
glue stick 

 

Table 4 Comparison of characteristics of FFF filaments 

Filament Brittle Stiff Tough 
Heat 

resistant 

Printing 

difficult 

Moisture 

sensitive 

Dissolvable 
Cost 

Possible 

applications 

PLA Yes Yes Yes No No No No Low Simple 
prototypes, 
toys 

ABS No Yes Yes Yes Yes 
(heavy 
warping 
and 
shrinking 
of parts 
appear) 

No No Low Durable 
parts 
resistant to 
wear, toys 

PET No Medium Yes Yes Medium 
(stringing 
appears) 

No No Low Containers, 
casings of 
electronics 

HIPS No Yes No Yes Yes 
(causes 
toxic 
fumes 
and 
warps) 

No Yes Low Support 
structure for 
ABS 

PVA No No Yes No Yes 
(warps) 

Yes Yes High Support 
structures 

Nylon No Medium Yes Yes Yes 
(heavy 
warping 
appears) 

Yes No Medium Gears 
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Polycarbonate No Medium Yes Yes Yes 
(heavy 
warping 
and 
oozing 
appears) 

Yes No Medium Windows 
prototypes 

Polypropylene No Medium No Yes Yes 
(heavy 
warping 
appears 
and does 
not 
adhere 
to bed 
properly) 

No No High Packages, 
hinges, 
straps 

Flex 
(TPE/TPU) 

No No No Yes Yes 
(blobs 
and 
stringing 
appear) 

No No Medium Springs, 
tires, seals, 
bumpers 

CF filled Yes Yes Yes Yes Yes 
(oozing 
appears) 

No No Medium Prosthesis, 
robots’ 
elements, 
automotive 
parts 

Metal filled Yes Yes No No Medium 
(some 
blobs 
may 
appear) 

No No High Jewellery, 
architectural 
models 

Wood filled Yes Yes Yes No No (but 
stringing 
may 
appear) 

No No Low Furniture, 
architectural 
models 

 

4.2 SLA raisins 

On the contrary to solid FFF filaments, SLA resins come in a liquid form. Their prices vary 
depending on desired application. Resins dedicated to dentistry may be even up to ten times as 
expensive as basic materials. Elements built with SLA technology are generally more brittle than 
the ones received from FFF printing. Thus, SLA is typically used for smaller parts with complex 
geometry, not being loaded with high forces. 

4.2.1 Standard and clear 

Standard resins result in smooth surfaces of the printouts. Their colour affects the properties of 
created parts. To receive a transparent solid, a clear resin may be used. However, it requires 
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additional finishing of the surfaces afterwards. These types of resins are relatively cheap but also 
have low heat deflection temperature. They are a good choice for prototypes, art models, 
architectural models or casings for LEDs. 

4.2.2 Engineering 

Creation of engineering parts requires higher stiffness and better durability of materials. Tough 
resin (ABS-like), durable resin (PP-like) and ceramic filled resin may have increased some of the 
mechanical parameters if post-cured with UV light after printing. They are suitable for creating 
functional prototypes of the design, but they are not a good choice for parts with thin walls (rather 
not less than 1 mm).  

4.2.3 Heat resistant 

This type of resin is dedicated to elements which are exposed to temperatures even up to 300oC. It 
also requires post-curation with UV light after printing and it is not a good choice for parts with 
thin walls (rather not less than 1 mm). Heat resistant resins are suitable for mould prototypes. 

4.2.4 Flexible 

This type of resin is dedicated to elements which require flexibility and are intended to look 
rubber-like. Even though flexible resins are relatively soft and characterise with high impact 
resistance, they do not have all the properties of true rubber. They also require post-curation with 
UV light after printing and should not be used for parts with thin walls (rather not less than 1 mm). 
They are suitable for handles, grips or wearable elements. 

4.3 Powders 

4.3.1 Polyamides 

Polyamide powders are typically used in SLS printing. Among others, Polyamide 12 (PA 12) also 
known as Nylon 12 is the most popular one. It has slightly higher price than FFF filaments and may 
be filled with different additives. Also, Polyamide 11 (PA 11) is a material used in SLS technology 
from time to time, as it has a better elasticity than PA 12. However, it is not as popular due to its 
poorer strength performance. 

Polyamides may be generally filled with metal powders to change appearance of printed parts and 
increase their stiffness, glass powder to increase stiffness, durability and temperature resistance 
of built elements, or carbon-fibre to increase stiffness and strength of created details while 
remaining low weight. 

SLS printouts are generally grainy so they require surface finishing. It can be realised with various 
methods such as polishing without risk of breaking the structure of an element. 

4.3.2 Metals 

Metal powders form a wide group of materials used for SLM and DMLS technologies. They are 
usually alloys of steel, aluminium, nickel, cobalt, titanium and chromium. However, also printing 
from precious materials is possible. In general, mechanical and physical parameters of materials 
depend on alloy materials used for powders and vary as much as these parameters for metals in 
their typical forms. An example of yield strength and hardness Vickers of chosen metallic powders 
is presented in Figure 4-2. 
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Figure 4-2 Mechanical parameters of chosen metal powders [12] 

5 SUMMARY 
3D printing became such a popular trend, but it is still a bit of mystery for most of the population. 
Proper understanding of its principles and technologies is crucial to design a process of 
manufacturing adequate to needs, requirements and limitations. Therefore, while creating an 
element, everything from the design, through the choice of technology and up to a selection of 
the material should be dedicated to its further purpose of use. Even though additive 
manufacturing is an amazing tool for rapid prototyping and customisation, it is not the best 
manufacturing technique for many other cases. It is worth remembering that our planned 
application of an element should have a major impact on the choice of connected production 
technologies. 

EXAMPLES 
As researchers from ŁUKASIEWICZ Research Network - Industrial Research Institute for 
Automation and Measurements PIAP were working on a project involving precision gripping in a 
limited operational space, they had to design a high-precision gripping jaws for this purpose. 
Primarily they intended to validate whether their designs are going to fit into the operational 
space and allow opening/closing of a gripper, moving gripped parts out of a storage and place 
them in the casings. For this purpose, created jaws have not had to be durable nor tough, but had 
to maintain undeformed under small loads. Thus, the initial prototypes were printed at the FFF 
technology with PLA and ABS filaments (see Figure 5-1). As soon, as the tests proved that the 
design is geometrically proper, the tests with decreased pressure (so with the smaller gripping 
force) were run [13]. It deduced that such designed jaws are capable of performing desired task, 
but their surface roughness significantly affected the reliability of such tests. Thus, the model 
could be either reprinted with other FFF filaments and its surface could be finished then, or other 
printing technology could be involved. To improve mechanical properties and obtain defined 
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roughness of the gripping surface, the second prototype of jaws was built within SLM technology 
with steel powder. With such a prototype of jaws, the whole robotic installation could be run 
without risk of failure caused by deflection or fracture of a jaw. 

 

Figure 5-1 Examples of tested jaws from PLA 

ASSIGNMENTS 
Assume that you have designed a coat hanger with a Christmas design (irregular shapes) for 5 
coats. As you want to test it and implement modifications in case any of your prior assumptions 
fail, decide on which 3D printing technology and which materials would you like to use. Focus on 
assessing the durability of a solution, its application, and its final look.  Suggest more than one 
prototype/final printout if needed. Support your choice with corresponding arguments. 

(The answer should be limited up to 3000 characters and enable assessment of practical 
understanding basing principles of 3D printing by a student. Up to 3 points shall be given for this 
exercise: for a proper choice of a technology with a supporting argument, for a proper choice of a 
material matching the technology with a supporting argument and for a logical thinking 
considering constraints and application of a designed object) 

SELF-CHECK QUESTIONS 

1. Which of the following statements describe 3D printing accurately? (choose as many 
answers as apply) 

a. It is applicable in the fields of architecture, medicine and automotive. 

b. It is a process of extruding thermoplastic materials through a nozzle to form a solid. 

c. It enables creating customised parts in a shorter time than with conventional 
manufacturing. 

d. It is a technology with a huge forecasted potential which let an engineer build an object 
directly from a digital 3D model. 

e. None of the statements above are true. 
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2. Which of the technologies mentioned involved a building plate moving downwards while 
the layers are added to the design? (choose as many answers as apply) 

a. Vat photopolymerization 

b. Powder bed fusion 

c. Material extrusion 

d. Material jetting 

e. None of the mentioned above 

3. Which of the FFF filaments are the most convenient to build a designed part and does not 
require an enclosure of a printer in order to avoid warping? (choose as many answers as 
apply) 

a. PLA 

b. ABS 

c. PET 

d. PVA 

e. None of them match with the description from the question. 
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ADDITIONAL RESOURCES – AR APPLICATION 

An AR application enabling students to choose one of the designs in .stl format (may be acquired 
from one of the free databases – there is even a database with scans of sculptures from Louvre 
https://cults3d.com/en/tags/louvre) and then to choose a method of 3D printing for it. Afterwards 
an information about main pros and cons of the choice may be presented and the solid could be 
viewed from different perspectives with different cross – sections, to present its inner structure 
(similar to what may be seen in computer slicer – see figure Fig. 1, but giving a possibility of seeing 
from any angle and cross section with any plane). 

 

Fig. 1 Slicer view of a part 

Afterwards the application might be developed for the purposes of the other lessons about 3D 
printing if needed. It could be broadened by the possibility to choose infill of a printout, width of 
layers and geometry of trails of a nozzle/laser/jet. It could practically teach the students how the 
choice of the parameters affects the final product of printing and present its usually not visible 
parts (inside). 

  



Multifunctional Innovative Learning Assisting Network for VET  
in Advanced Manufacturing   
Project No. 2018-1-PL01-KA202-050812  

     
 
 

 
-	25	-	

QUESTIONS – CORRECT ANSWERS 
 

Question  Answer(s) 

1 a, c, d 

2 b, c, d 

3 a, c 
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INTRODUCTION TO THE LESSON 
Robotics is formed as a science that has its object of research, its intentions and goals. It 
enables the humanization of human work, frees people from stressful and stereotypical 
activities and also significantly increases work safety. However, robotics also brings 
important economic aspects, such as increasing the quality and reliability of products, 
increasing the stability of production processes, higher labor productivity and also increases 
the culture of production. 

The introductory lesson focuses on an overview of the development of robotics from the 
first mechanical solutions, which were not called the word robot, but fulfilled the ideas, 
principles or functions of robots as we know them today. 

 

LEARNING OBJECTIVES OF THE LESSON 
The purpose of this lesson is to provide secondary school teachers with an overview of the 
development of the most important moments of industrial robotics in the world and to 
outline further developments in the coming period. 

The aim of the lesson is to give the reader a picture of the development of the first 
mechanical devices with automatic movements, to explain the word robot, when it was first 
used and what it means, when an industrial robot was first manufactured and used, how 
robotics evolved from the first industrial robot to the present, directions of further 
development of robotics. 

The lesson also introduces important personalities in the development of robotics. 

 

GLOSSARY OF TERMS 
Table 0.1 Main terms 

Name Definition 
collaborative robot Robot designed for direct interaction with a human 
humanoid robot Robot with body, head and limbs, looking and moving like a human 
industrial robot Automatically controlled, reprogrammable , multipurpose  manipulator,  

programmable in three or more axes, which can be either fixed in place or 
mobile for use 
in industrial automation applications 

mobile robot Robot able to travel under its own control 
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CONTENT OF THE LESSON 

1 DEVELOPMENT UNTIL 1900 -  AUTOMATA 
In the ancient past, devices capable of independent movements were referred to as 
automatic machines - moving itself. It's easy to assume that robots are a relatively recent 
invention—but in fact, the history of robotics stretches back well over 2000 years. 

In the 4th century BC the mathematician Archytas of Tarentum postulated a mechanical bird 
he called "The Pigeon", Fig. 1, which was propelled by steam. It was the first autonomous 
volatile machine of antiquity. The Flying Pigeon is believed to be the first-ever self-propelled 
flying device. Archytas constructed his robo-bird out of wood. The bird, suspended from a 
pivot bar, was at one point able to fly about 200 meters before it ran out of steam—which 
makes Archytas' experiment not just the first known robot, but was also one of the first 
recorded instances of a scientist doing research on how birds fly. 

 
Figure 1 The steam-powered pigeon of Archytas – the flying machine of antiquity 

 

 Many ancient mythologies included artificial people, such as the talking mechanical 
handmaidens built by the Greek god Hephaestus out of gold, the clay golems of Jewish 
legend and clay giants of Norse legend. Among the first verifiable automation is a humanoid 
drawn by Leonardo da Vinci (1452–1519) in around 1495. Leonardo's notebooks, 
rediscovered in the 1950s, contain detailed drawings of a mechanical knight in armour which 
was able to sit up, wave its arms and move its head and jaw, Fig. 2. 
 

 
Figure 2 Gabriele Niccolai created this automaton from the blueprints created by Leonardo da Vinci 
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Jacques De Vaucanson created some of the most famous automatons in 1737. His most 
famous work was ''The Digesting Duck'' which was capable of imitating a real duck by 
flapping its wings, eat grain, digest it, and defecate and was powered by weights, Fig.3. 

 

 
Figure 3 An American artist's (mistaken) drawing of how the Digesting Duck may have worked 

 

Pier a Henry Jacquet Droz created a writer in 1774.  With some 6,000 parts, it can be 
programmed to reproduce any message of up to 40 characters.  Jaquet-Droz’s great 
achievement with the device was fitting the entire mechanism in the small body of the 
mannequin, Fig.4. The 240-year-old machine is said to be a distant ancestor of the modern-
day, programmable computer. 
 

  
Figure 4 The Writer automaton 

 

In literature,   has often reflected with the idea of creating artificial man. In 1818, Mary 
Shelly wrote Frankenstein, a story about the construction of a human-like creature. For 
Shelly, a robot looked like man but had the ability to function like a machine. It was built of 
human components, which could be held together by nuts and bolts. Robot had to be bigger 
than a regular person and had to have super human strength. 
 

2 DEVELOPMENT SINCE 1900 - ROBOT 
The term "robot" was first used in a play published by the Czech Karel Čapek, Fig. 5, in 1921. 
R.U.R. (Rossum's Universal Robots) was a satire, robots were manufactured biological beings 
that performed all unpleasant manual labor. According to Čapek, the word was created by 
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his brother Josef from the word robota, in Czech language meaning corvée and in Slovak a 
work or labor. (Karel Čapek was working on his play during his stay in Trenčianske Teplice in 
Slovakia where his father worked as a medical doctor.) The play R.U.R, replaced the popular 
use of the word "automaton". 
 
 

 
Figure 5 Karel Čapek 

 

In 1939, the humanoid robot known as Elektro , fig.6, appeared at the World‘s Fair. Seven 
feet tall (2.1 m) and weighing 265 pounds (120 kg), it could walk by voice command, speak 
about 700 words (using a 78-rpm record player), smoke cigarettes, blow up balloons, and 
move its head and arms. The body consisted of a steel gear cam and motor skeleton covered 
by an aluminium skin. 

 
Figure 6 Robot Elektro 

 

In 1941 and 1942, Isaac Asimov, fig.7, formulated the Three Laws of Robotics, and in the 
process coined the word "robotics". 

 
Figure 7 Isaac Asimov 
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Laws of Robotics by Isaac Asimov   

1. A robot may not injure a human being or, through inaction, allow a human being to 
come to harm  

2. A robot must obey orders given to it by human beings, except where such orders 
would conflict with the First Law  

3. A robot must protect its own existence as long as such protection does not conflict 
with the First or Second Law 

 

3 THE HISTORY OF INDUSTRIAL ROBOTICS 
The history of industrial robotics is conventionally set in the 1950’s, although some 
developments in automation had taken place before: namely, a “programmable” paint-
sprayer device invented by Pollard and Roselund in 1938 (Koetsier, 2019), and a tele-
operated “manipulator” invented by Goertz in 1949, for in-stance. However, the turning 
point for industrial robotics was due to the genius of George Devol, who designed in 1954 a 
“Programmable Article Transfer” (this was the name given when the patent request (Devol, 
1954) was filed). Such a device was the base for the development of Unimate that is 
considered the first “true” industrial robot in history. Devol, who was basically a scientist, 
needed an entrepreneurial mate with whom set up in a more concrete way his idea of a 
robotic manipulator which could be used to automatize industrial processes. In 1954 he met 
Joseph Engelberger,Fig.8, an engineer employed in the spatial industry, and they agreed on 
setting up a company which could manufacture robots for industrial applications. This led to 
the foundation of a company named Unimaton, which produced in 1961 the first Unimate 
robot , Fig.9. 
 

 
Figure 8 George Devol and Joseph Engelberger 

 
Figure 9 Unimate, the grandfather of industrial  robots 
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Unimate, which was hydraulically actuated, was immediately installed in an automotive 
company, namely in the General Motors factory located in Trenton (New Jersey, USA), 
where it was employed to extract parts from a diecasting machine.  In the following years, 
several other Unimates were installed in automotive factories, where were mainly employed 
for spot-welding of cars and for handling of work pieces.  In the same years, several robot 
manufacturing companies were born, due to the fact that many entrepreneurs understood 
that this kind of devices had great potentialities, especially in the automotive sector. 
Companies like Ford and General Motors started to consider the automatization of their 
productive plants and needed device such as the new robot to achieve this goal. Thus, there 
was a sudden increase in the orders of robotic devices, which gave the opportunity to thrive 
to many robot manufacturers. One of such companies was, for instance, AMF Corporation: 
in 1962 they manufactured a new robot that was called Versatran (i.e. “versatile transfer”). 
It was a cylindrical robot (Figure. 10 ). 
 

 
Figure 10 Robot Versatran 500 

 

In the meanwhile, other companies developed and manufactured other types of industrial 
robots. For instance, KUKA developed in 1973 the Famulus robot, whose name in Latin 
means “servant”. In 1974 Cincinnati Milacron, a major machine tool manufacturer, 
developed a robot called T3 (an acronym for “The Tomorrow Tool”), Fig. 11, which was 
installed in several automotive plants, and especially in the Volvo plants in Sweden. T3 was 
the first commercially available minicomputer-controlled industrial robot. In 1974, the 
Swedish company ASEA (now ABB) started the production of the robots of the famous and 
successful IRB series, well known worldwide also for their typical orange color, Fig.11. The 
PUMA (Programmable Universal Machine for Assembly, or Programmable Universal 
Manipulation Arm) /1978/is an industrial robotic arm developed by Victor Scheinman at 
pioneering robot company Unimation. Initially developed for General Motors, the PUMA 
was based on earlier designs Scheinman invented while at Stanford University,Fig.11. In 
1978, a novel kinematic structure was proposed by the Japanese scientist Hiroshi Makino 
from Yamanashi University. Such a structure was made of three revolute joints with parallel 
axes and a prismatic joint lying at the end of the kinematic chain. The robot with this 
structure was named SCARA (an acronym from “Selective Compliance Assembly Robot 
Arm”), Fig.11. 
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Figure 11 

 

The idea of employing parallel kinematic chains instead of the classical series kinematic 
chains was put forwarded and led to a type of lightweight robot featuring the capability of 
moving of high speed. The archetype of this kind of robots was the Delta robot, 1992, 
conceived by the Swiss scientist Reymond Clavel. In Fig. 12 is the current fast robot delta. 
 

 
Figure 12 Parallel /delta/ robot 

 

After 1980, the industrial robots gradually began to be equipped with computer vision, 
tactile sensors and other elements that fell into the field of artificial intelligence research, 
Fig.13. 

 
Figure 13 Robot with camera 

 

The constructions of the robots stabilized in the next period and as a new concept comes the 
double-arm robot of the Motoman company in fig. 14. Each arm has 7 degrees of freedom. It 
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has a wide range of action and can lift 20 kg. Its accuracy is in the tenths of a millimeter. 
Both arms can work independently, respectively cooperate in the assembly of components.  

 
Figure 14 Duo-arm robot Motoman 

 

Cobots, or collaborative robots, are robots intended to interact with humans in a shared 
space or to work safely in close proximity. Cobots were invented in 1996 by J. Edward 
Colgate and Michael Peshkin, professors at Northwestern University. A 1997 US patent filing 
describes cobots as "an apparatus and method for direct physical interaction between a 
person and a general purpose manipulator controlled by a computer." , Fig.15. 
 

 
Figure 15 Cobot 

 

4 THE FIRST HUMANOID ROBOT TO GAIN CITIZENSHIP 
In the early 20th century, the notion of a humanoid machine was developed. Today, one can 
envisage human-sized robots with the capacity for near-human thoughts and movement.  

In 1986, Honda began its humanoid research and development program to create robots 
capable of interacting successfully with humans. Sophia is a social humanoid robot 
developed Hong Kong based company Hanson Robotics, 2016, Fig. 16.. She is able to display 
more than 60 facial expressions. In October 2017, Sophia became a Saudi Arabian citizen, 
the first robot to receive citizenship of any coutry. In November 2017, Sophia was named the 
United Nations Development Programmeś first ever Innovation Champion, and is the first 
non-human to be given any United Nation title. 
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Figure 16 Sophia the Robot and Jimmy Sing a Duet of "Say Something" 

 

5 TRENDS IN ROBOTICS 
The development in industrial robotics moves away from its individual and ‘isolated’ 
installation and heads towards group installations and building robot-human workstations, 
Fig. 17. 
 

 
Figure 17 Prediction of development in robotics 

 

Industrial robots on mobile platforms or in other words industrial mobile robots (IMR- 
Industrial Mobile Robot) are presented as a new category of robots. The traditional 
industrial robot acquires a new technical feature, namely mobility, Fig.18. Revealing the 
synergy effects of such integration makes it possible to further increase the degree of 
manufacturing automation. IMRs are mostly applied in manufacturing logistics chains and 
non-manufacturing plants. The integration of an industrial robot and a mobile chassis makes 
it possible to further extend the industrial robot utilisation potential. 
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Figure 18 Development heading towards industrial mobile robots 

 

Similar integration as that of a robot and a mobile platform can be seen in fig.19 showing a 
mobile robot-vehicle. This resulted in a Robocar, the basic function of which is to reach 
autonomous car handling or driving. There are just a few real vehicles capable of 
autonomous operation in this field. Some countries have already modified road traffic rules 
for such type of a robotic car.  

 

 
Figure 19 Car-robot integration 

 
The development of humanoid robots and the replacement of human parts and organs by 
robotic systems, upper and lower limb prostheses, mechatronic heart, as well as other parts 
of the human body are considered to be a very dynamic trend, Fig. 20. 
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Figure 20 Human-robot integration 

 

The basic precondition for the development of industrial robots is the perfection of their 
structure so that a higher mobility and manoeuvrability might be reached as well as to 
increase the degree of their intelligence with the aim to increase their autonomy. The key 
technologies of industrial robots include the use of new material components that are 
harder and lighter and by which the improvement of design, better dynamic features in 
higher load capacity and improved actuators, arms equipped with various sensitivity, and 
vision sensors with guidance to the desired positions can be achieved. 
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SELF-CHECK QUESTIONS 
 

1. The development of automatic devices and robots can be divided into two periods, 
namely: 

a. Until 1900, it was the period of robots, and after 1900, mechanical devices are 
called automata 

b. Until 1900, mechanical devices were called automata, and after 1900, the 
period of robot development began 

c. The period from the beginning of the development of mechanical devices with 
automatic movements to the present is referred to as the era of robotics 

d. The first period of development of automatic devices is until the year 2000 and 
after the year 2000 is the period of service robotics 

 
2. The word robot was first used: 

 
a. Greek mathematician, physicist and inventor Archimedes on the mark of 

moving mechanisms 
b. Mikolaj Kopernik and derived it from the Polish term "ciežki robot", which 

means hard work 
c. Karel Čapek in R.U.R. in 1920. The word robot comes from the Czech word 

robota-work 
d. Isaae Asimov in the collection I Robot in 1950 
e. Esperanto dictionary, in which the word robot is marked as roboto 

 
3. The first industrial robot was built: 

a. In Japan and was called ASIMO 
b. In Germany and it was called KUKA 
c. In the US and was called UNIMATE 
d. In England and was called KENWOOD 

 
4. Trends in industrial robotics include (select one or more): 

a. Development of mechanical devices with automatic cycle 
b. Only robots for the automotive industry 
c. Multi-arm robots, especially duo- with two arms 
d. Cobot-robot for cooperation with humans 
e. Household robots 
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QUESTIONS – CORRECT ANSWERS 
 

Question  Answer(s) 

1 b 

2 c 

3 c 

4 a, c, d, e 
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INTRODUCTION TO THE LESSON 
The lesson provides participants with a basic knowledge of what an industrial robot is and 
what its features are. The participant will know what is the structure of the robot, what the 
individual terms mean in robotics and what is their meaning in different applications. 

Currently, robotics is one of the main directions in the development of Industry 4. Virtually 
every professional lecturer or teacher encounters a robot, knows what the robot looks like 
and sees what the robot is doing. The lesson is focused on the explanation and professional 
view of the robot and its parts. Explanation of terms: how a robot is defined, which means 
terms like teach pendant, arm, elbow, number of axes, end effector, what are the  methods 
of control robot. Explanations of these concepts are important in terms of proper expertise 
and application of the robot. 

LEARNING OBJECTIVES OF THE LESSON 
The aim of this lesson is to provide basic knowledge of: what is robotics and what benefits it 
brings to industrial practice, to explain the similarity of an industrial robot with human 
hands, how an industrial robot is defined according to the ISO standard and how it is defined 
in some countries. However, the main goal is for even a beginner in robotics to understand 
what the main parts of a robot are and what tasks they perform in the structure of a robot. 
After studying this lesson, the reader will gain a comprehensive knowledge of what a robot 
is, what it consists of, how it works, and an understanding of where a robot can be used. 

GLOSSARY OF TERMS 
Table 0.1 Main terms 

Name Definition 
control system Set of logic control and power functions which allows monitoring and 

control of the mechanical structure of the robot  and communication with 
the environment  (equipment and users).   

end effector Device specifically designed for attachment to the mechanical interface to 
enable the robot to perform its task.Examples: gripper, nut runner, welding 
gun, spray gun 

manipulator Machine in which the mechanism usually consists of a series of segments, 
jointed or sliding relative to one another, for the purpose of grasping 
and/or moving objects (pieces or  tools) usually in several degrees of 
freedom 

pendant/ teach 
pendant 

hand-held unit linked to the control system  with which a robot  can be  
 programmed or moved. 

robot sensor Transducer used to acquire internal and external information for the 
control of a robot 

robotic arm Primary axes interconnected set of links and powered joints of the 
manipulator, comprising links of longitudinal shape, which positions the 
wrist 

robotic wrist Wrist secondary axes interconnected set of links and powered joints of the  
 manipulator between the arm  and end effector which supports, positions 
and orients  

the end effector 
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CONTENT OF THE LESSON 

1 WHAT IS A ROBOTICS AND BENEFITS OF INDUSTRIAL ROBOTIC AUTOMATION 
Robotics deals with the design, construction, operation, and use of robots, as well as 
computer systems for their control, sensory feedback, and information processing. These 
technologies are used to develop machines that can substitute for humans and replicate 
human actions. 

Industrial robots have transformed the manufacturing industry for a reason – they come 
with many bottom-line benefits. Their first and most important benefit is their efficiency. 
They complete tasks more quickly than manual labors, and their uptime is significantly 
higher. The combination of speed and uptime leads to higher throughput at lower operating 
costs. 

In addition, industrial robots, when programmed properly, are inherently repeatable. This 
improves the consistency of production dramatically, boosting overall product quality and 
reducing waste. 

Industrial robots typically deliver great return on investment (ROI) despite high initial costs. 
The productivity gains from efficiency, consistency and reduced operating costs add up 
quickly – part of what has made industrial robots so popular among manufacturers over the 
past decade. 

Industrial robots come with many bottom-line benefits, regardless of which type of 
industrial robot is being implemented. As long as a robot is programmed properly and suited 
to fit the unique needs of a certain application, it will almost certainly outperform manual 
labor. 

The market for industrial robots is big and growing quickly. The underlying technology 
changes just as fast. It can be difficult to keep up with the fast pace of change in the robotics 
industry but understanding the  bases of industrial robots and the benefits they provide is a 
great start. 

2 SIMILARITY OF THE STRUCTURE OF THE HUMAN AND ROBOT ARM 
Robots and humans share a common feature. Humans and mechanical robots—as opposite 
as they may seem, they, in fact, share the same underlying structure of links (bones) and 
joints. 

Single-arm industrial robots 

The basic skeleton of industrial robots, of which is made up of mainly robotic arms, is a 
combination of links and joints. Relating it to a human body, parts that can freely bend and 
move about, such as the elbow and shoulder, are the joints, and the bones connecting those 
joints are equivalent to a robot’s links. The principle of moving joints and transmitting power 
through the links is common in both humans and robots, Fig.1. 
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A - Shoulder,   E – Elbow   W – Wrist 

Figure 1 Similarity of the structure of the human and robot arm 
 

Single-arm industrial robots are usually installed at a fixed location on the line to perform a 
given task for large series. 
 
Dual-arm robots 

 In recent years, there has been a growing need for manufacturers to robotize more diverse 
tasks, with demand for products fluctuating sharply, and a growing need to flexibly adapt 
small series and time production (JIT) and replace people with various manual activities. As a 
result of the development of robots for this area, dual robots are almost identical to human 
hands, Fig. 2.  

 
Dual-arm, 15-axis robot with incredible dexterity, freedom of movement in a compact 
footprint. Both arms can work together dramatically simplifying end-of-arm tooling. Superior 
dexterity and best-in-class wrist characteristics make this slim, dual-arm robot ideally suited 
for assembly, part transfer, machine tending, packaging and other handling tasks that 
formerly could only be done by people. 

Dual-arm robots provide efficient approach for automated execution of complex assembly 
operations. With bimanual-manipulation, a dual-arm robot can simultaneously control 
relative motion and interaction of assembly counterparts in a dexterous human-like manner. 
This requires, however, sophisticated programming and control algorithms for arms 
cooperation. 
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Figure 2 Dual robot 

 

Shoulder 
The first or second axis of a robot is sometimes referred to as a shoulder axis as it somewhat 
resembles a human shoulder. This is often used in describing humanoid or dual-arm systems.                               
 

Elbow 

The joint which connects the upper arm and forearm of a robot. 
 
Wrist 
A set of rotary joints between the arm and the robot end-effector that allow the end-
effector to be oriented to the work-piece. In most cases the wrist can have degrees of 
freedom which enable it to grasp an object with roll, pitch, and yaw orientation, Fig 3.  
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Figure 3 A set of rotary joints between the arm and the robot end-effector 

 

Roll involves rotating the wrist about the arm axis 

Pitch up-down rotation 

Yaw left-right rotation of the wrist 
 

3 DEFINITION OF AN INDUSTRIAL ROBOT 
In the literature, the term industrial robot refers to devices that have the ability to 
independently solve various handling tasks. Currently, although an industrial robot is defined 
by ISO, there are a number of other definitions with different interpretations, but they all 
have the same essence. 

 
 

According to Japanese Industrial Standards (JIS), Industrial Robots are defined as “machines 
which have manipulation features or mobility functions that are controlled automatically, 
able to perform various tasks through a program, and are used for industrial purposes”. 
In other words, industrial robots are defined not by shape but according to their broad 
functions. 

 

An industrial robot is also defined as: 
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A re-programmable multifunctional manipulator designed to move material, parts, tools or 
specialized devices through variable programmed motions for the performance of a variety 
of tasks (R15.06). The principle components are: one or more arms that can move in several 
directions, a manipulator, and a computer controller that gives detailed movement 
instructions. 
 

4 STRUCTURE AND COMPONENTS OF AN INDUSTRIAL ROBOT 
An industrial robot consists of “manipulator” which moves and performs tasks, “controller” 
which actuates and controls the manipulator, and “programming pendant” which teaches 
the manipulator movement, Fig. 4. 
 

 
Figure 4 Structure of an industrial robot 

 
 

Components of Stationary Robot are, Fig. 5: 

• Mechanical Structure: 
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- Manipulator 

- End Effector/ Tool 

• Controller  

• Programming Pendant 

• Drives  

• Sensors/ vision system 
 
 

              
Figure 5 Components of industrial robot 

 
 

4.1 Mechanical Structure – Manipulator 

 

Manipulator consists of joints and links, Fig. 6: 

Joints provide relative motion  

Links are rigid members between joints  

Robot manipulator consists of two sections: 

Body-and-arm for positioning of objects in the robot´s work volume 

Wrist assembly for orientation oj objects 
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Figure 6 Robot manipulator 

 

Links are the static material, which connects the joints of an arm together. Thereby a 
kinematical chain is formed. In a human body, the links are the bones. 

Joints are a part of the manipulator system, which allows a rotation and/or translational 
move. 

Industrial robot arms are an interconnected set of links and powered joints comprising a 
robot manipulator that supports and/or moves a wrist and hand or end-effector through 
space. Industrial robot arms can vary in size and shape. The industrial robot arm is the part 
that positions the end effector. With the robot arm, the shoulder, elbow, and wrist move 
and twist to position the end effector in the exact right spot. Each of these joints gives the 
robot another degree of freedom. A simple robot with three degrees of freedom can move 
in three ways: up & down, left & right, and forward & backward. Many industrial robots in 
factories today are six axis robots. 

Axis: A traveled path in space, usually referred to as a linear direction of travel in any three 
dimensions. In Cartesian coordinate systems, labels of X, Y, and Z are commonly used to 
depict axis directions relative to Earth. X refers to a directional plane or line parallel to Earth. 
Y refers to a directional plane or line that is parallel to Earth and perpendicular to X. Z refers 
to a directional plane or line that is vertical to and perpendicular to the Earth’s surface.  
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Axis, Prismatic: Also known as translational axis. An assembly between two rigid members in 
a mechanism enabling one to have a linear motion relative to and in contact with the other.  

Axis, Rotational: Also known as rotatory axis. An assembly connecting two rigid members in 
a mechanism which enables one to rotate in relation to the other around a fixed axis. 
 

4.2 End effector and Tool Changing 

End effector is the device at the end of a robotic arm, designed to interact with the 
environment. The exact nature of this device depends on the application of the robot. Wrist 
assembly is attached to end-of-arm, end effectors is attached to wrist assembly. Function of 
wrist assenbly is to orient end effector  and functions as a hand. This part comes in direct 
contact with the material the robot is manipulating. Some variations of an effector are a 
gripper, a vacuum pump, magnets, and welding torches, Fig.7. There is a vast array of them 
ready for use including hands for lifting up objects, vacuum (suction) types, and tools for 
welding and painting. The robot can perform a very wide range of work by combining the 
flexible movement realized by the robots' shafts and the task-specific end effectors. 
 

 
Figure 7 End effectors of the robot 

Tool Changing: Some robots are capable of changing end effectors and can be programmed 
for different sets of tasks.  In the case of industrial robots, swapping the device attached to 
their wrist make the robots highly versatile and allows them to take on a variety of jobs.  

Tool Changers provide flexibility to robot applications by allowing the robot to automatically 
change end-effectors (e.g., grippers, vacuum cup tooling, pneumatic and electric motors, 
weld guns, and more), Fig. 8. The Tool Changer consists of a Master plate and a Tool plate. 
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The Master plate, installed on the robot arm, locks to the Tool plate with a pneumatically-
driven Locking Mechanism.  Each Tool plate is attached to a unique end-effector. 
 

 
 
 
 
 
 
    
            
 
 
 
 
 
 
 

Figure 8 Tool changing of the end effectors 
 

 

5 CONTROLLER 
In a broad, robot controller is a combination of hardware and software to program and 
control a single or multiple robots. In a narrow sense, robot controller is a servo controller 
which is responsible for controlling servomotors. 

The controller is the "brain" of the industrial robotic arm and allows the parts of the robot to 
operate together. It works as a computer and allows the robot to also be connected to other 
systems. The robotic arm controller runs a set of instructions written in code called a 
program. The program is inputted with a teach pendant. Many of today's industrial robot 
arms use an interface that resembles or is built on the Windows operating system. 

Its role is to plan robot activities on the basis of the information stored in the memory of the 
control computer and the information obtained from the sensors and to decide on the tasks 
to be performed. The block diagram of an industrial robot control is shown in Fig.9. 

It includes all positioning control features and offers the possibility of simultaneous control 
of peripheral devices. Robot control represents a microprocessor system that works in 
accordance with a multitasking method. It is possible to process several sequential control 
processes simultaneously. The input and output levels of control are presented either as 
industrial buses or as discrete inputs and outputs. The serial interface can be configured and 
can also be used to connect intelligent or smart devices such as bar code readers, image 
processing systems, etc.  

Robot control systems are built on the basis of a PC with a processor and are equipped with 
a CD ROM drive. The hard disc is used as an external storage unit on which an operating 
system and a real-time module (for working in real time) is stored. The control system can be 
equipped with a multifunction card, which forms the interface between the programming 
unit, the PC and the security logic. 
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Figure 9 Block diagram of industrial robot control 

 

The control system provides for: 
• Creation, editing and storage of programmes; 
• System diagnostics; 
• Track control; 
• Power servo module control; 
• Communication with external modules; 

 

Methods of industrial robot control: 

 

Limited sequence control: pick-and-place operations using mechanical stops to set positions 

Playback with point-to-point control: records work cycle as a sequence of points, then plays 
back the sequence during program execution 

Playback with continuous path control: greater memory capacity and/or interpolation 
capability to execute paths ( in addition to points( 

Intelligent control: exhibits behavior that makes it seem intelligent, e.g. responds to sensor 
inputs, makes decisions, communicates with humans. Most robots are not artificially 
intelligent. Up until quite recently, all industrial robots could only be programmed to carry 
out a repetitive series of movements which, as we have discussed, do not require artificial 
intelligence. However, non-intelligent robots are quite limited in their functionality. 
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6 PROGRAMMING PENDANT  
A hand-held input device, linked to the control system with which a robot can be 
programmed or moved. (ISO 8373) This enables the human operator to stand in the most 
favorable position to observe, control and record the desired movements in the robot's 
memory, Fig. 10. 

The mapping and recording of the position and orientation of a robot and/or manipulator 
system as the robot is manually moved in increments from an initial state along a path to a 
final goal state. The position and orientation of each critical point (joints, robot base, etc.) is 
recorded and stored in a database for each taught position the robot passes through on its 
path toward its final goal. The robot may now repeat the path on its own by following the 
path stored in the database. 
 

         
Figure 10 Programming pendant 

7 DRIVES 
The drive is the engine or motor that moves the links into their designated positions. The 
links are the sections between the joints. Industrial robot arms generally use one of the 
following types of drives: hydraulic, electric, or pneumatic. Hydraulic drive systems give a 
robot great speed and strength. An electric system provides a robot with less speed and 
strength. Pneumatic drive systems are used for smaller robots that have fewer axes of 
movement. Drives should be periodically inspected for wear and replaced if necessary. 

The drive of the robot converts the power supplied to the grippers into kinetic energy used 
for moving the robot. The basic types of drive systems include (1) electrical, (2) pneumatic, 
and (3) hydraulic [14:31].  

 

Electrical Drive Systems. Electromechanical drive systems have the largest representation in 
today's industrial robots. These systems are servo motors, stepping motors, and pulse 
motors. These motors convert electrical energy into mechanical energy to power the robot 
[2:72].  
 

Pneumatic Drive Systems. Pneumatic drive systems are found in approximately 30 percent 
of today's robots. These systems use compressed air to power the robots. Since machine 
shops typically have compressed air lines in their working areas, the pneumatically driven 
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robot is very popular. Unfortunately, this system does not make for easy control of either 
speed or position--essential ingredients for any successful robot.  

 

Hydraulic Drive Systems. Hydraulic cylinders and motors are compact and allow a high level 
of power and performance along with precise control. A hydraulic actuator converts forces 
from high pressure hydraulic fluid into mechanical shaft rotation or linear motion. Hydraulic 
fluid power is more cost effective for short-stroke, straight-line positioning requiring high 
forces, controlled acceleration, and repetitive motion. No other drive system packs as much 
power into such a small package; no other drive is as safe or as resistant to harsh 
environments.  
 

8 SENSORS 
Sensors allow the industrial robotic arm to receive feedback about its environment. They 
can give the robot a limited sense of sight and sound. The sensor collects information and 
sends it electronically to the robot controlled. One use of these sensors is to keep two robots 
that work closely together from bumping into each other. Sensors can also assist end 
effectors by adjusting for part variances. Vision sensors allow a pick and place robot to 
differentiate between items to choose and items to ignore.  

The assembly robots are equipped with a force sensor, Fig.11. Parts fitting and insertion: 
robot can do precise fitting and insertion of machine parts by using force sensor. Robot can 
insert parts that have the phases after matching their phases in addition to simply inserting 
them. 

 
Figure 11 Force sensor for assembly operations 

 

Eye-in-Hand System: A robot vision system in which the camera is mounted on or near the 
robot gripper, Fig. 12. This arrangement eases the calculation of object location and 
orientation and eliminates blind-spot problems encountered in using a static overhead 
camera. 
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Figure 12 Robot vision system 

 

Typicaly application Eye-in-Hand System is for fast industrial robot picking of randomly 
placed objects from a container – Bin Picking system Superior 3D machine vision system for 
object recognition followed by robot path planning that allows grasping an object without 
collisions, and oriented placing is on the Fig. 13. 
 

 
Figure 13 Bin Picking system 

 

SELF-CHECK QUESTIONS 
 

1. An industrial robot is defined as: 
a. A machine that can do everything 
b. Automatic device designed to perform simple and repetitive handling cycles 

with a high degree of intelligence 
c. An automatically controlled, reprogrammable, multipurpose manipulator 

programmable in three or more axes, which can be either fixed in place or 
mobile for use in industrial automation applications 
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d. Any device capable of moving 
 

2. The basic structure of an industrial robot has (select one or more): 
a. Manipulator 
b. Crane 
c. Teach Pendant 
d. Antenna 
e. Controller 

 
3. The robot has sensors for: 

a. No sensors, works automatically 
b. Only monitoring the movements of the arms, so-called internal sensors for 

path measurement 
c. Sensing of workplace lighting and in case of insufficient lighting the robot 

switches off 
d. It has internal sensors for measuring the movements of the arms and other 

quantities, e.g. temperature in the gearbox and also has external sensors, 
which mainly include visual systems 

 
4. The Bin Picking system means that: 

a. The robot is equipped with an audible signal 
b. The robot has a system for monitoring the inaccuracy of movements 
c. The robot is equipped with a visual system for object recognition with the 

following path planning for object removal 
d. The robot does not need a programming unit called Teach Pendant 
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QUESTIONS – CORRECT ANSWERS 
 

Question  Answer(s) 

1 c 

2 a, c, e 

3 d 

4 c 
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INTRODUCTION TO THE LESSON 
Knowledge of basic functions and parameters of the robot is necessary for correct 
understanding and use of robotics. Each manufacturer characterizes its robot with 
kinematics, range of motion, speed of motion, payload and accuracy. 
 

LEARNING OBJECTIVES OF THE LESSON 
The lesson provides an overview of the basic functions, based on which you will be able to 
choose the right robot for specific applications. The goal is for you to gain knowledge about 
the basic characteristics of the robot, their meaning and importance, based on which you 
will be able to optimize their selection and design of the production workplace. 

GLOSSARY OF TERMS 
Table 0.1 Main terms 

Name Definition 
cylindrical joint Assembly between two links which enables one to translate and rotate 

 relative  to the other about an axis linked to the translation. 
degree of freedom 

DOF 

One of the variables (maximum number of six) required to define the  
motion of a body in space. Remark:  Because of possible confusion with 
axes,  it is advisable not to use the term “degree of freedom” to describe 
the motion of the robot 

forward kinematics Mathematical determination of the relationship between the coordinate  
systems of two parts of a mechanical linkage, based on the joint values of 
this linkage Remarks:  For a manipulator, it is usually the relationship 
between the tool coordinate system  and the base coordinate system  that 
is determined. 

inverse kinematics mathematical determination of the joint values of a mechanical linkage,  
based on the relationship of the coordinate systems of two parts of this 
linkage. Remarks: For a manipulator, it is usually the relationship between 
the tool coordinate  system  and the base coordinate system  that is used to 
determine the joint  values.   

load force and/or 

torque 

At the mechanical interface  or mobile platform  which can be exerted  
along the various directions of motion under specified conditions of velocity  
and acceleration. Remark: The load is a function of mass, moment of 
inertia, and static and dynamic forces supported by the robot 

maximum space Space which can be swept by the moving parts of the robot, as defined by 
the manufacturer, plus the space which can be swept by the end effector 
and the workpiece. Remark: For mobile platforms, this volume can be 
regarded as the full volume that can theoretically be reached by travelling 

pose Combination of position and orientation in space. Remark 1:   Pose for the 
manipulator normally refers to the position and orientation of the end 
effector or the mechanical interface. Remark 2:  Pose for a mobile robot  
can include the set of poses of the mobile platform and of any manipulator 
atached to the mobile platform, with respect to the world coordinate 
system 
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Name Definition 
pose accuracy 

unidirectional 

Pose accuracy difference between a command pose  and the mean  
of the attained poses when visiting the command pose from the same 
direction. 

prismatic joint Sliding joint assembly between two links which enables one to have a linear  
motion relative to the other rotary joint revolute joint assembly connecting 
two links which enables one to rotate relative to the other about a fixed 
axis 

working space Space which can be swept by the wrist reference point) increased by the  
range of rotation or translation of each joint in the wrist. Remark: The 
working space is smaller than the space which can be swept by all the 
moving parts of the manipulator 
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CONTENT OF THE LESSON 

1 FUNCTION AND PARAMETERS OF INDUSTRIAL ROBOT 
The main robot functions include: 

• Handling ability, i.e. the ability to grasp, transfer, orient and position objects, their 
technological tools included;  

• Versatility, it means that a robot does not serve only one purpose but it can also be 
used for other purposes under different conditions and iterative relationships of the 
applied environment following program, end effector or tool changes. 

• Perception, ability to perceive working and operating environments from internal 
and external sensors used to manage the functions of the target program; 

• Autonomy, the ability to execute the required sequence of tasks individually, 
according to the given program or in combination with a certain degree of decision-
making related to the selection of task execution procedure. 

• Integrity, software and hardware capability to focus functional groups and main 
subsystems (and control subsystem) on one compact unit of a robotic workstation, if 
possible. 

 

While implementing industrial robotics and automation into their businesses, one needs to 
understand and select the appropriate type of robot for their operations. The purpose of an 
industrial robot is to repeat over and over the action of “quickly and efficiently moving 
generic tools which are appropriate for a particular task to the location for that task”. For 
example, in an arc welding operation, a welding torch (tool) attached to the tip of a robot 
(manipulator) is required to move quickly and accurately to the welding site from the start of 
the welding work to the position at the finish while instructions are given to the welding 
device.  

As for handling work, a tool for picking up items that is attached to the tip of a robot 
(manipulator) is given instructions to move to the site where the items to be moved are 
placed, pick them up, and move them to a designated spot where the tool releases them in a 
prompt and precise manner.  

For these purposes, industrial robots need to be equipped with the basic capacities of 
speed—for quick movement—as well as accuracy—to stop at the precise position required 
and to ensure that they do not waver while they are on the move, and breadth for workable 
areas. 

Robot manufacturers specify the standard properties of robots and their parameters 
according to Fig. 1: type, model, brief characteristics, picture of the robot and basic technical 
data. 
 



Multifunctional Innovative Learning Assisting Network for VET  
in Advanced Manufacturing   
Project No. 2018-1-PL01-KA202-050812  

     
 
 

8 
	

         KR 20 
The industrial robot KR 20 is designed for light loads and is characterized by its 
versatility and flexibility in the application of several industrial sectors offering the 
required space, reach, load capacity, speed and energy consumption, it has an 
optimal accessibility to small spaces thanks to Its low level of interference contours 
and its wrist of fine design. Efficient for maximum accuracy and short cycle times. 
Floor mounting position. 
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Figure 1 Type, model, brief characteristics 
    

2 THE BASIC PARAMETERS OF THE INDUSTRIAL ROBOT 
 

The basic parameters of the industrial robot are: 
 
2.1 Number of axes  

Two axes are required to reach any point in a plane; three axes are required to reach any 
point in space. To fully control the orientation of the end of the arm(i.e. the wrist) three 
more axes (yaw, pitch, and roll) are required.  

In order to achieve any position, it is necessary to have at least three degrees of freedom. As 
per Fig. 2, these are translatory in the X, Y, Z directions of a rectangular coordinate system. 
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Figure 2 Reaching a position change in space 

 

As per Fig. 3, there are additional 3 degrees of freedom of rotation movement in 
independent axes necessary in order to reach the orientation of a gripped object or an end 
effector.  

 
Figure 3 Reaching a position change in space 

 

These movements are applied to the robot wrist so as to achieve a greater flexibility of the 
arm end. Their names come from aeronautics: pitch, yaw and roll. The term 'roll' represents 
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a rotation around the Z axis, the term 'pitch' a rotation around the X axis and the term 'yaw' 
a rotation around the Y axis. 

 

2.2 Kinematics of industrial robot 

Kinematics in general deals with the analytical study of the geometry of the motion of the 
mechanism: 

• with respect to a fixed reference co-ordinate system,  

• without regard to the forces or moments that cause the motion. 

In order to control and programme a robot we must have knowledge of both its spatial 
arrangement and a means of reference to the environment. 

Mechanics of a manipulator can be represented as a kinematic chain of rigid bodies (links) 
connected by revolute or prismatic joints, Fig. 4.  The actual arrangement of rigid members 
and joints in the robot determines the robot's possible motions. The resulting motion is 
obtained by composition of the elementary motions of each link with respect to the previous 
one. 
 

         
Figure 4 Revolute and prismatic joints 

 
In manipulator robotics, there are two kinematic tasks, Fig. 5: 

Direct (also forward) kinematics – Given are joint relations (rotations, translations) for the 
robot arm. Task: What is the orientation and position of the end effector? 

Inverse kinematics – Given is desired end effector position and orientation. Task: What are 
the joint rotations and orientations to achieve this? 
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Figure 5 Relationship between forward and inverse kinematics 

 
Forward kinematics description of end-effector configuration ( position and orientation ) as 
a function of joint coordinates, Fig. 6. 

Inverse kinematics description of joint angles as a function of the end-effector configuration, 
Fig. 7. 
 

                                                            
 

Figure 6 Forward kinematics      Figure 7 Inverse kinematics 
 

 
2.3 Degrees of freedom 

Robot arms are described by their degrees of freedom.  Number of degree of freedom of a 
robot is defined as the number of independent joint variables required to specify the 
location of all the links of the robot in space. This is usually the same as the number of axes. 

Serial manipulator systems are generally designed to position an end-effector with six 
degrees of freedom, consisting of three in translation and three in orientation. This provides 
a direct relationship between actuator positions and the configuration of the manipulator 
defined by its forward and inverse kinematics. 
 
2.4 Reach 
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Robot reach is the distance from the center of the robot to the fullest extension of the 
robotic arm. As the name suggests, the robot’s “reach” is a measure of how far the robotic 
arm can reach when it’s completely outstretched. In other words, it defines the limits of the 
robot’s workspace. 

The reach is determined by various physical factors about the robot, including: 

• The length of its links. 

• The overall size of the robot. 

• The range of the joints (joints with low movement range can have low reach even if 
the robot is large). 

 
 

2.5 Speed  

How fast the robot can position the end of its arm. This may be defined in terms of the 
angular or linear speed of each axis or as a compound speed i.e. the speed of the end of the 
arm when all axes are moving.  

It is defined as the maximum speed of the robot arm end. It is stated in meters per second or 
radians per second (rad/s). This data is different for industrial robots and varies depending 
on the shape and size of the workspace as well as on the type of robot kinematics (and its 
dynamic effects) or the load applied on the end effector. 

 

In the case of linear joints, the speed of movement of the end point is the same as the speed 
of the motor (linear electric motor, pneumatic or hydraulic cylinder). The linear arm speed 
expressed in [m / s] is as follows: 

  [m/s]        [2] 

 
Where 
n - Motor speed; 
d - Pinion diameter; 
i - Gear ratio. 
 

For rotational joints, the speed of the end point is given by the angular velocity of the arm ω 
[rad/s], motor speed ωm and the rate of its gearing i (gear ratio). 

  [rad/s]                                   [3] 

 

 [rad/s]                                [4] 

 Where 
n - Motor speed. 
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This value is often indicated as the safest speed possible. Some industrial robots make it 
possible to reach the maximum (nominal, 100%) speed, but it is necessary to take into 
account the safety of the environment. Typical speeds range from 1 to 20 meters per second 
or 300 degrees per second. The speed of movement of the robot arm from position P1 to P2 
is shown in Fig. 8. 

 
Figure 8 Development of the speed of single-axis robot's arm movement 

 
2.6 Acceleration 

Acceleration is defined how quickly an axis can accelerate. Since this is a limiting factor a 
robot may not be able to reach its specified maximum speed for movements over a short 
distance or a complex path requiring frequent changes of direction. 
 

2.7 Workspace 
 

The industrial robot workspace can be defined as a set of all end-of-travel positions of the 
arm end, i.e., flanges that can be reached in the end positions of each of the robot axes. It is 
determined by the volume of the space considering the maximum reach of the robot flange 
or the effector attached to the robot flange (gripper, tool, etc.).  

In the terminal positions of the robot workspace, it is usually not possible to have any end 
effector orientation. It is often difficult for the effector to get to the handled object located 
in such position of the workspace. 

Workspace is an important parameter when planning a robot task. All its movements must 
remain inside the workspace, see Fig. 9. It is considered one of the most important 
characteristics for selecting the right robot. 
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The selection of workspace is dependent on the nature of the work operations from which 
the applied kinematic structure of the robot is derived. Typical for the structures with serial 
kinematics is that they perform movement independently of each other. The resulting 
motion is composed of a certain sequence of movements performed by these kinematic 
pairs. 

 
Figure 9 Workspace of an RRR robot 

 

2.8 Robot Load Capacity 
 

Load capacity (effective load) is defined as the maximum weight of the handled object 
carried by the end member of the robot, where catalogue dynamic parameters and 
movement accuracy can still be guaranteed. A critical situation occurs when the robot's arms 
are fully unloaded. Load capacity is in the range of 0.5 kg to 2,000 kg; it is possible that under 
certain conditions it will exceed the maximum capacity of the industrial robot and the robot 
will be still able to function properly. 



Multifunctional Innovative Learning Assisting Network for VET  
in Advanced Manufacturing   
Project No. 2018-1-PL01-KA202-050812  

     
 
 

16 
	

Assuming that the acceleration of the robot will raise dramatically, its effective load is 
reduced. It is influenced by the robot's kinematics, the drive, and the ability of the robot 
effector to firmly grasp the handled object; bear in mind that the weight of the end effector 
alone is included in the total payload. Load capacity is assessed in respect of the static and 
dynamic effects. 

 

Static Effects 
• Deformations caused to the robot arm and its other supporting portions by gravity. 
• Gear mechanisms, toothed racks and wheels cause plays thus causing positioning 

mistakes. 
• Thermal effects (caused by e.g. the operation of the robot) result in robot's arm 

dimensional changes. 

Dynamic Effects 
• The main effects are the effects of acceleration. Inertial forces lead to deformations 

in the structure of the individual parts of the robot. This is usually done at high 
speeds. This effect should be carefully examined when designing a robot. 

 
The guarantee of dynamic parameters at high load weights relates to drive dimensions 
(engine power, limit moments of transmission mechanisms, etc.) while the guarantee of 
accuracy relates to the stiffness of the structure. 
 

2.9 Grip force 

The grip force is the amount of force the end effector applies on an object to hold it as the 
robot moves. Grip force is not the same as payload. Think of the grip strength of a tennis 
player or a rock climber. While the person can use their hand to lift a maximum weight 
(payload), their grip strength also plays an important role in how successful they are at their 
chosen activity. So, not only do you need to consider end effector payload or strength; you 
also need to consider how tightly the end effector needs to hold objects. 
 

2.10 Accuracy 

An industrial robot has many metrology or measurable characteristics, which will have a 
direct impact on the effectiveness of the robot during the execution of its tasks. The main 
measurable characteristics are repeatability and accuracy.  

Accuracy  

– how closely a robot can reach a commanded position. When the absolute position of the 
robot is measured and compared to the commanded position the error is a measure of 
accuracy. Accuracy can vary with speed and position within the working envelope and with 
payload. 
 

2.11 Repeatability 
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I tis define– how well the robot will return to a programmed position. This is not the same as 
accuracy. It may be that when told to go to a certain X-Y-Z position that it gets only to within 
1 mm of that position. This would be its accuracy which may be improved by calibration. But 
if that position is taught into controller memory and each time it is sent there it returns to 
within 0.1mm of the taught position then the repeatability will be within 0.1mm. 

Relationship between the accuracy and repeatability, Fig.10. 

 

 
Figure 10 Relationship between the accuracy and repeatability of a robot 

 

2.12 Accuracy criteria and error sources of the industrial robot 

Accuracy and repeatability are different measures. Repeatability is usually the most 
important criterion for a robot and is similar to the concept of 'precision' in measurement. 
ISO 9283 sets out a method whereby both accuracy and repeatability can be measured. 
Typically a robot is sent to a taught position a number of times and the error is measured at 
each return to the position after visiting 4 other positions. Repeatability is then quantified 
using the standard deviation of those samples in all three dimensions. A typical robot can, of 
course make a positional error exceeding that and that could be a problem for the process. 
Moreover, the repeatability is different in different parts of the working envelope and also 
changes with speed and payload. ISO 9283 specifies that accuracy and repeatability should 
be measured at maximum speed and at maximum payload. But this results in pessimistic 
values whereas the robot could be much more accurate and repeatable at light loads and 
speeds. Repeatability in an industrial process is also subject to the accuracy of the end 
effector, for example a gripper, and even to the design of the 'fingers' that match the gripper 
to the object being grasped.  

Geometrically, the position accuracy of the robot for a given position can be defined as being 
the distance between the desired position and the centroid position (centroid is the mean 
position of all the points in all of the coordinate directions) which is actually achieved after 
repetitive movements of the end-effector toward the original desired position. 
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Mathematically, absolute accuracy is the compilation of the composed errors for each of the 
x, y, z cartesian positional errors. Finally, the robot position accuracy for a specific workspace 
can be described as the maximum composed error available for several positions uniformly 
distributed inside the predetermined workspace or reference frame. 

Repeatability can be defined as the closeness of agreement between several positions 
reached by the robot’s end-effector for the same controlled position, repeated several times 
under the same conditions. Geometrically, the position repeatability can be defined as the 
radius of the smallest sphere that encompasses all the positions reached for the same 
requested position. For more details about the calculation of accuracy and repeatability, 
interested readers are referred to the ISO: International Organization for Standardization: 
Manipulating industrial robots – Performance criteria and related test methods, NF EN 
ISO9283. 

The final accuracy of a robotic system depends on its mechanical inaccuracies, the computer 
control algorithms, and the system resolution. The mechanical inaccuracies are caused 
mainly by backlash in the manipulators joints and bending of the links. The backlash exists in 
gear mechanisms, in leadscrews, and in actuators of hydraulic drives. The minimisation of 
the link bendings is the main design requirement for the link, as any deflection of the link 
due to the load at the robot's end causes positional errors. A higher rigidity of the links, 
however, should not be achieved by a substantial increase in their mass. A larger mass 
causes an increase in the time response of the arm. Control algorithms might cause position 
errors due to round-off errors in the computer. 

Accuracy is affected also by external factors. As torque moment is becoming more important 
on the wrist point with the fully extended configuration, accuracy decrease within the work 
volume, from the closer position of the arm to its base, till positions out of work volume 
range. 

Most robot manufacturers provide a numerical value for the repeatability rather than the 
accuracy of their robots. The reason is that the accuracy depends upon the particular load 
that the gripper carries. A heavier weight causes larger deflections of the robot links and 
larger load on the joints, which degrade the accuracy, while the repeatability value, 
however, is almost independent of the gripper load.   

SELF-CHECK QUESTIONS 
 

1. The basic functions of the robot include: 
a. One object handling capability only 
b. Manipulation ability to operate production machines and sort objects 
c. The robot has several functions, which include: only universality and integrity 
d. The robot has several functions, which include: universality, manipulative ability, 

perception, autonomy, integrity 
 

2. In order to reach a certain point in space and the necessary orientation at this point, it 
is necessary to: 
a. 1 ° freedom to reach a certain point in space and 3 ° rotation for orientation 
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b. 2 ° freedom of linear motion to reach a certain point in space and 2 ° freedom of 
rotation for orientation 

c. Only 3 ° freedom of linear movements is enough to reach a certain point in space 
and only 3 ° freedom of rotation for orientation 

d. 0 ° freedom for linear motions and 3 ° freedom for rotation 
 

3. The robot can manipulate an object with a certain maximum weight within the range 
of the minimum and maximum range of its end point (effector). This range: 
a. is called the maximum load capacity of the robot, which must not be exceeded 
b. is called the working space of the robot, in which the robot can perform a handling 

operation with the prescribed maximum weight of the object 
c. Movements are prohibited if the weight of the object to be manipulated by the 

robot is lower than the permitted maximum weight 
d. The robot does not have a limited range of motion 

 
4. When choosing a robot for a certain application, the following are decisive (select one 

or more): 
a. Maximum load capacity 
b. Accuracy 
c. Robot workspace 
d. Robot color 
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QUESTIONS – CORRECT ANSWERS 
 

Question  Answer(s) 

1 d 

2 c 

3 b 

4 a, b, c 
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INTRODUCTION TO THE LESSON 
While implementing industrial robotics and automation into their businesses, one needs to 

understand and select the appropriate type of robot for their operations.  

Countless manufacturers use industrial robots to automate tasks, enhance worker safety, 

and increase overall production output while reducing waste and operating costs. With 

industrial robots becoming more prevalent in manufacturing environments, there has been 

an increased demand for numerous different types of industrial robots to fit specific 

applications and industries. In this lesson, we will explore what types of industrial robots are 

available on the market, how they work, and what applications or industries they are 

typically used in. 

LESSON OBJECTIVES OF THE LESSON 
The aim of the lesson is to acquaint you with the types of robots and the areas of their use in 

production processes. You will learn what a robot with serial kinematics is and what types of 

these robots exist according to the use of translational or rotary motions, and what a robot 

with parallel kinematics is. 

GLOSSARY OF TERMS 
Table 0.1 Main terms 

Name Definition 
articulated robot Robot whose arm  has three or more rotary joints 
axis direction Used to specify the robot motion in a linear or rotary mode 

Remark:   “Axis” is also used to mean “robot mechanical joint” 
cartesian robot   Robot whose arm has three prismatic joints, whose axes are coincident with 

a Cartesian coordinate system. Example : Gantry robot  
collaborative robot Robot designed for direct interaction with a human 
cylindrical robot Robot whose arm has at least one rotary  joint and at least one prismatic 

joint  and whose axes form a cylindrical coordinate system 
parallel robot / parallel 
link robot 

Robot whose arms have links which form closed loop structures . 
Example:  Stewart platform. 

polar robot / spherical 
robot 

Robot whose arm  has two rotary joints and one prismatic joint  and  
 whose axes  form a polar coordinate system 

SCARA robot Robot which has two parallel rotary joints to provide compliance in a 
selected plane 
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CONTENT OF THE LESSON 

1 ROBOT ANATOMY 
The manipulator of an industrial robot consists of series of joints and links, Fig. 1. Robot 

anatomy deals with the study of different joints and links and other aspects of the 

manipulator´s physical construction. A robotic joint provides relative motion between two 

links of the robot. Each joint, or axis provides a certain degree-of-freedom of motion. In 

most of the cases, only one degree-of-freedom is associated with each joint. 
 

                     
Figure 1 Robot anatomy 

                                                    

Links are rigid parts, joints permit relative motion between links. 

 

2 TYPES OF JOINTS 
It is obvious that in order to achieve different degrees of freedom, different robotic joints 

are needed. The joints in a robot are normally restricted to 1 degree of freedom, to simplify 

the mechanics and control of the manipulator. There are two types of joints commonly 

found in robots, Fig.2: 

• rotary joints, and  

• prismatic joints. 
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Figure 2 Mechanical joints for robots 

 

3 TYPES AND CHARACTERISTICS OF INDUSTRIAL ROBOTS  
Industrial robots are classified according to their kinematic structures. Kinematics refers to 

the spatial arrangement of the axes of motion according to their order and structure in 

relation to each other. The kinematics of industrial robots can have several prismatic or 

rotating joints or a combination thereof.                                  

Robots are roughly categorized into two types according to how their links are arranged: 1) 

serial link and 2) parallel link, Fig.3. 
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Figure 3 Two types of industrial robots 

 

Industrial robots are utilized not only in the automotive industry, but also in a variety of 

other fields such as the electrical & electronic industry and the food industry. They are used 

on-site for a wide array of purposes including welding, painting, assembling, material 

handling and palletizing, and in order to adapt to each operation, these robots come in many 

different types. There are various ways to categorize industrial robots, for instance, by 

operation, industry or size. However, here we will focus on the type of joint and the 

mechanical structure of the robot. 

Based on the mechanical configuration, this means that depending on the location of several 

joints, industrial robots can be divided into six main types, namely: joint robots, Cartesian 

robots, SCARA robots, polar and cylindrical robots, delta robots, Fig. 4. 

However, there are several additional types of robot configurations. Each of these types 

offers a different joint configuration. 
 
 

Principle 
 

Scheme of kinematic 
structure 

Workspace 

 
TTT robot  
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RTT robot 

 

 

 
  

 

RRT robot  
 

   
 

RRR robot 
 

 

 
 

 

SCARA type robot 
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Robot with a parallel 
kinematic structure 

 

 

 

 
 

Robot with two arms 

 
  

 
 

Figure 4 Overview of industrial robots based on their kinematic structures 
                         

4 CARTESIAN ROBOTS 
Cartesian robots are also called rectilinear or gantry robots and have a rectangular 

configuration. These types of industrial robots have three prismatic joints /TTT/to deliver 

linear motion by sliding on its three perpendicular axes (X, Y and Z), Fig.5.  Cartesian robots 

are used in majority of industrial applications as they offer flexibility in their configuration 

which make them suitable for specific application needs. Gantry robot systems provide the 

advantage of large work areas and better positioning accuracy. The main advantages of 

linear motion actuators are customized length （max length up to 6000mm. Gantry robots 

are easier to program, with respect to motion, because they work with an XYZ linear stage 

coordinate system. Another advantage is that they are less limited by floor space 

constraints. 
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Figure 5 Cartesian robot 

Advantages 

• Provides high positional accuracy 

• Simple operation 

• Highly customizable 

• Can handle heavy loads 

• Less cost 

• Rigid structure 

• Easy to program off-line 

 

Disadvantages 
 

• Requires large operational and installation area 

• Requires large floor space for size of work envelop 

• Movement limited to only one direction at a time 

 

Application 

Cartesian robots are useful for table-top assembly applications and, as gantry robots for 

transfer material and cargo. Cartesian robots are a popular choice due to being highly 

flexible in their configurations, giving users the ability to adjust the robot’s speed, precision, 

stroke length, and size. Cartesian Robots are one of the most commonly used robot types for 

industrial applications and are often used for CNC machines and 3D printing. While they are 

unable to perform complicated movements, their precision level is high, and they are easy to 

control, making them appropriate for use in the areas of semiconductors, healthcare, or 

chemicals for tasks such as the assembly of small parts or outfitting electronic circuits. 

Typical applications are: 

• Pick and place operations 

• Loading and unloading 
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• Material handling 

• Assembly and sub-assembly 

• Nuclear material handling 

• Adhesive applications 

 

5 CYLINDRICAL CO-ORDINATE ROBOT 
This robot consists of a base and a column, but the column is able to rotate. It also carries an 

extending arm that can move up and down on the column to provide more freedom of 

movement, Fig. 6. The cylindrical co-ordinate robot is designed for handling machine tools 

and assembly.  

While their field of operation is broad, they aren’t very suitable for complicated tasks that 

require them to make roundabout movements. The arm of cylindrical Robots rotates 

vertically and expands and contracts from the pivotal axis.  

The compact design of the end of the arm allows the robot to reach tight work envelopes 

without any loss of speed and repeatability. 

Cylindrical coordinate robot: The robot with more 50-year history.    

             

 
Figure 6 Cylindrical coordinate robot 

 

Advantages 

• Simple operation and installation 

• Can reach all around itself 

• Requires less floor space 

• Can carry large payloads 

Disadvantages 

• Cannot reach around obstacles 

• Low accuracy in direction of rotary motion 

• Fallen out of favor and not common in new designs 
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Application 

Cylindrical Robots are often used in tight workspaces for simple assembly, machine tending, 

or coating applications due to their compact design. It is mostly used in simple applications 

where materials are picked up, rotated and placed. 

• Transport of LCD panels 

• Assembly applications 

• Coating applications 

• Die casting 

• Foundry and forging application 

• Machine loading and unloading 

 

6 POLAR CO-ORDINATE ROBOT 
Polar Robots, or spherical robots, have an arm with two rotary joints and one linear joint 

connected to a base with a twisting joint, Fig. 7. The axes of the robot work together to form 

a polar coordinate, which allows the robot to have a spherical work envelope. Polar Robots 

are credited as one of the first types of industrial robots to ever be developed.  

 Cylindrical and polar robots consist of structures that were first used for industrial robots in 

the early years. 

 
Figure 7 Polar robot 

Advantages 
• Can reach all around 

• Long horizontal reach 

• Can reach above or below obstacles 

• Large work volume 

• Requires less floor space 

 
Disadvantages 

• Cannot reach above itself 

• Short vertical reach 

• Low accuracy and repeatability in direction of rotary motion 
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• Requires sophisticated control system 

 
Application 
Polar robots are commonly used for die casting, injection molding, welding, and material 

handling. They are used particularly in spot welding. 

• Die casting 

• Glass handling 

• Stacking and unstacking 

• Injection molding 

• Forging 

• Welding 

• Material handling 

 

7 ARTICULATED ROBOT - JOINTED-ARM ROBOT 
The jointed-arm robot resembles a human arm. It usually stands on a base on which it can 

rotate, while it can articulate at the "shoulder" joint, which is just above the base, Fig.8. The 

robot can also rotate about its "elbow" and "wrist" joints.  The jointed-arm robot is the most 

popular type of robot. Articulated robot has highly flexible movement. 

This is the most common type of industrial robots today.  It features a high degree of 

freedom, but at the same time controlling the robot is rather complicated.  

 The arm itself can feature anywhere from two rotary joints up to ten rotary joints which act 

as axes, with each additional joint or axis allowing for a greater degree of motion.  Most 

Articulated Robots utilize four or six-axis. 

Articulated robot is also called anthromorphic robot. 

 
Figure 8 Articulated robot 
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Advantages 
• High speed 

• Large work envelope for least floor space 

• Easier to align to multiple planes 

• Two or four ways to reach a point 

 

Disadvantages 

• Requires dedicated robot controller 

• Complicated programming 

• Complicated kinematics 

 
Application 
 
Typical applications for Articulated Robots are assembly, arc welding, material handling, 

machine tending, and packaging.  

• Food packaging 

• Arc welding 

• Spot welding 

• Material handling 

• Machine tending 

• Automotive assembly 

• Steel bridge manufacturing 

• Steel cutting 

• Glass handling 

• Foundry and forging application 

 

 

8 HORIZONTAL ARTICULATED ROBOTS - SCARA ROBOT 
This is a robot specializing in lateral movements. As all the rotary shafts are vertically 

positioned, the end effector attached to the arm can move only horizontally, Fig. 9. These 

robots work by moving the arm at high speed to a point on flat surface and then raising and 

lowering the effector, thus making them useful for operations on level surfaces.  

SCARA Robots excel in lateral movements and are commonly faster moving and have easier 

integration than Cartesian Robots. 

There are two type of SCARA robot configuration: either the first two joints are revolute with 

the third joint as prismatic, or the first joint is revolute with the second and third joints as 

prismatic. 

SCARA (Selective Compliance Assembly Robot Arm) robots have a donut shaped work 

envelope. 
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Figure 9 SCARA robot 

Advantages 

• High speed 

• Height axis is rigid 

• Excellent repeatability 

• Large workspace 

• Two ways to reach a point 

 
Disadvantages 

• Requires dedicated robot controller 

• Limited to planar surfaces 

• Hard to program off-line 

 
Application 
 
Typically, SCARA robots are used for assembly and palletizing, as well as bio-med application.  

• Assembly applications 

• Semiconductor wafers handling 

• Biomed applications 

• Packaging 

• Palletizing 

 

9 PARALLEL-LINK ROBOTS - DELTA ROBOT 
While the aforementioned articulated robot has serial joint linkages, the parallel link robot 

has parallel joint linkages, Fig.10. 

Parallel link robot: When speed is the key. 

In general, these robots have three arms to control the positioning of the effector.  The work 

range is rather limited, but because each joint has direct control over the effector, the ability 

to achieve high-speed operation is its strength. 
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.  

Figure 10 Delta robot 
 

Advantages 

• Very high speed 

• High operational accuracy 

 
Disadvantages 

• Complicated operation 

• Requires dedicated robot controller 

 
Application 
These robots are generally used for fast pick-and-place or product transfer applications. 

They are usually used in situations such as sorting and selecting food products running along 

on conveyor belts.  

• Food industry 

• Pharmaceutical industry 

• Electronic industry 

• Flight simulators 

• Automobile simulators 

• Optical fiber alignment 

 

10 KINEMATIC STRUCTURE WITH TWO ARMS - DUAL-ARM ROBOT 
Two-arm industrial robots are most commonly given 15 degrees of freedom of movement, 

with each arm having 7 degrees of freedom and additionally added rotation around the 

vertical axis of the robot base, Fig.11. Its parameters predetermine the robot for installation 

or handling applications with a high degree of handling ability, as is the case with humans. 
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Figure 11 Dual-Arm robot 

 

Looking for a sure-fire way to add flexibility and up production? Consider a robot system 

with two robots instead of one. Dual robot systems offer a number of advantages: 

• Flexible fixtures 

• Availability of unlimited approach angles 

• Re-orientation & re-grip of parts 

• Two hand operations –similar to human assembly 

• Cycle time improvement while maintaining safe operation speed 

• Multiple simultaneous tasks 

• Synchronized motion enabling safe handling of larger and heavier parts 

 

SELF-CHECK QUESTIONS 
1. The kinematics of an industrial robot can have several prismatic T or rotary R joints. 

According to their combination, we can get a robot of the type: 

 
combination Robot types 

 a) Cartesian b) Polar c) Cylindrical d) SCARA e) Articulated 

1) TTT      

2) RRR      

3) RRT (vertical)      

4) RTT      

 
2. Cartesian robots have the advantages of: 

a. Provide high positioning accuracy 

Easy operation 

Designed for heavy loads 

Easy programming 
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b. They are highly inaccurate 

They are easy to operate 

They are designed for light objects only 

Easy programming 

c. Provide high positioning accuracy 

They have complex programming 

They are designed for light objects only 

They require only a small floor area 

 
3. Main applications of the SCARA robot: 

a. Assembly, palletizing, biomedical applications 

b. Arc welding, palletizing, assembly 

c. Arc welding, biomedical applications, spraying 

d. Assembly, palletizing, biomedical applications, spot welding 

 
4. The kinematic structure of a dual-arm robot is:  

a. Human-like, but each shoulder must have only a five-finger grip 

b. Human-like and the handling activities of the arms are similar to human handling 

c. These are 2 robots next to each other 

d. It has no resemblance to humans 
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QUESTIONS – CORRECT ANSWERS 
 

Question  Answer(s) 

1 1-a, 2-e, 3-d, 4-c 

2 a 

3 a 

4 b 

 

 



 
 

 

Multifunctional Innovative Learning Assisting 
Network for VET in Advanced Manufacturing 

2018-1-PL01-KA202-050812 

 

 

 
LESSON NO 2.2.3: CONSTRUCTION OF INDUSTRIAL ROBOT MANIPULATORS 
MODULE NO 2.2: INDUSTRIAL ROBOTICS IN ADVANCED MANUFACTURING             

BLOCK NO 2: AUTOMATION AND ROBOTICS IN ADVANCED 
MANUFACTURING 

   

   

  

  

   

  

Document Ref.:   O3 – Lesson Content 

Document Version: Final 
Date: 01.07.2021 
Distribution: MILAN consortium partners 
   

 

 
Project funded by the European Community under the 

ERASMUS+ Programme - Strategic Partnerships 

 
 





Multifunctional Innovative Learning Assisting Network for VET  
in Advanced Manufacturing   
Project No. 2018-1-PL01-KA202-050812  

     
 
 

 
	3/21	

 
 

Table of Contents 
 

List of Figures .................................................................................................................................. 4 
List of Tables ................................................................................................................................... 4 
Introduction to the Lesson ............................................................................................................. 5 
Learning Objectives of the Lesson .................................................................................................. 5 
Abbreviations ................................................................................................................................. 5 
Glossary of Terms ........................................................................................................................... 5 
Content of the Lesson .................................................................................................................... 7 
1 Robot Driving Systems ............................................................................................................. 7 
2 Basic Requirements Concerning Robot Drives ........................................................................ 7 

2.1 Electric Drives ................................................................................................................................................. 9 
3 Robot Transformation Systems - Transmission Systems ....................................................... 12 

3.1 Hydraulic Drives ............................................................................................................................................ 14 
3.2 Pneumatic Drives .......................................................................................................................................... 16 
3.3 Advantages and disadvantages of individual drives ..................................................................................... 17 

References .................................................................................................................................... 19 
Questions ...................................................................................................................................... 20 
Questions – Correct Answers ....................................................................................................... 21 

 

 



Multifunctional Innovative Learning Assisting Network for VET  
in Advanced Manufacturing   
Project No. 2018-1-PL01-KA202-050812  

     
 
 

 
	4/21	

LIST OF FIGURES 
 
Figure 1 Basic classification of motors ....................................................................................... 7 
Figure 2 Location of electric drives and their functions for the movement of the arms ........... 9 
Figure 3 Structure of the drive chain of a robot arm ................................................................. 9 
Figure 4 Drives are placed on the robot outer side ................................................................. 10 
Figure 5 Position of drives inside individual parts of the robot and demonstration of a DLR 
robot ........................................................................................................................................ 10 
Figure 6 Compact driving unit - scheme .................................................................................. 11 
Figure 7 Compact driving unit – real ....................................................................................... 12 
Figure 8 Basic types of transmission systems .......................................................................... 13 
Figure 9 Joint drive using a harmonic gearbox and a planetary gearbox ................................ 13 
Figure 10 Principle of optical encoder ..................................................................................... 14 
Figure 11 Hydraulic robot arm /3D CAD Model/ ..................................................................... 15 
Figure 12 Connection layout of a hydraulic robot ................................................................... 15 
Figure 13 Examples of a four-axis pneumatic handling device [10] ........................................ 16 
Figure 14 Pneumatic scheme of a manipulator ....................................................................... 17 
 

 

LIST OF TABLES 
 
Table 0.1 Main terms ................................................................................................................. 5 



Multifunctional Innovative Learning Assisting Network for VET  
in Advanced Manufacturing   
Project No. 2018-1-PL01-KA202-050812  

     
 
 

 
	5/21	

  

INTRODUCTION TO THE LESSON 
Real industrial robot manipulators are sophisticated machines that basically function as 
position and motion controllers. They have a sufficiently powerful control and programming 
environment and good communication devices which, in terms of their ability, control the 
arm drives so that they perform human-like tasks.  

Since the beginning of development, industrial robots have consisted of several 
components, including motors, cylinders, cables and bearings. Various drive systems are 
used to move the joints. Robot arms are usually made of raw materials such as steel, 
aluminum, composites and cast iron. Some special robots, such as those used in clean 
rooms, are made of titanium. 

The task of robotic drives is to move the arms of the robots in a prescribed manner so as to 
get into a specified state of movement so that the operating mechanism (effector) performs 
the required handling or technological operations with the prescribed accuracy. 

The robot can be driven by hydraulic, pneumatic or electric means. Even robots with a 
combined drive arrangement are used. These drives are capable of performing rotary or 
translational motion. 

LEARNING OBJECTIVES OF THE LESSON 
The aim of the lesson is to present methods of design and second robot drives. After 
studying the lesson, you will gain knowledge about what types of drives industrial robots 
use, what their advantages and disadvantages are. You will gain important knowledge in the 
field of transformation mechanisms, whose task is to reduce the high speed of electric 
motors at the output to the required movement of the arms. 

ABBREVIATIONS 
 
AI Analogue Input 
AO Analogue Output 
CAD Computer Aided Design 
PLC Programmable Logic Controller 
 

GLOSSARY OF TERMS 
Table 0.1 Main terms 

Name Definition 
adaptive control Control scheme whereby the control system parameters are adjusted from  

conditions detected during the process 
axis direction Used to specify the robot motion in a linear or rotary mode. Remark:   

“Axis” is also used to mean “robot mechanical joint” 
control system Set of logic control and power functions which allows monitoring and 

control of the mechanical structure of the robot  and communication with 
the environment  (equipment and users). 
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Name Definition 
industrial robot system System comprising industrial robot end effectors and any machinery,  

equipment, devices, external auxiliary axes or sensors supporting the robot 
performing its task    

manipulator Machine in which the mechanism usually consists of a series of segments, 
jointed or sliding relative to one another, for the purpose of grasping 
and/or moving objects (pieces or  tools) usually in several degrees of 
freedom 

robot sensor Transducer used to acquire internal and external information for the 
control of a robot 

robot actuated 
mechanism 

Programmable in two or more axes  with a degree of autonomy, 
 moving within its environment, to perform intended tasks 

robotic arm Primary axes interconnected set of links and powered joints of the 
manipulator, comprising links of longitudinal shape, which positions the 
wrist 

servo-control Process by which the robot control system  controls the actuators of a robot 
with the effort to make the attained pose  match the command pose 
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CONTENT OF THE LESSON 

1 ROBOT DRIVING SYSTEMS 
The drives of robots are mostly formed by electric servo motors. Hydraulic motors are used 
for extremely high loads and for the deployment in an explosive environment. Pneumatic 
motors are mostly used for manipulators or handling devices performing simple and 
repeated movements. 

Fig. 1 shows the basic classification of the motors used in industrial robot (IR) drives. 
 

 
Figure 1 Basic classification of motors 

 

2 BASIC REQUIREMENTS CONCERNING ROBOT DRIVES 
The goal of robot drives is to ensure a smooth, continuous and impact-free course of 
handling or technological activities.  Another goal is a high precision of positioning.  To 
achieve the above, a low weight and small dimensions are required due to high inertia forces 
and speeds.  Basic robot drive requirements include: 

1. Smooth start-up and braking 
Impact-free running is necessary for several reasons.  The first one is the safe holding of the 
object carried.  Should the running be impact-free, less grasping force is required than in the 
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case of a jerky movement.  The second is to eliminate any oscillation of operating heads 
around the end position, which might occur due to small stiffness.   

2. High precision of positioning  
The precision of operating head positioning depends on the kinematic structure applied, 
stiffness of head design, drive control precision and method of position registration.  There 
are two basic principles of drive control related to movement control.  Control of movement 
in the direction of individual axes - open system, movement control with a feedback - closed 
system (the position of the end element is controlled by feedback). 

3. Sufficient position stiffness 
It is required from the drive of a movement unit that is at standstill to maintain the reached 
position despite the influence of external forces (to a certain extent).  Under the term 
'position stiffness' the ability of the drive to maintain the reached position is then 
understood.  Such stiffness is achieved thanks to the design of the bond between the motor 
and the output of the movement unit. High position stiffness is, for instance, typical for 
hydraulic motors.  The minimum position stiffness can be seen in electric and pneumatic 
motors.  This problem is, for example, solved by placing a brake between the output of the 
motor and the output of the movement unit.   

 
4. Minimum weight/mass 

The drive weight has an impact on the total weight of the movement unit, especially in series 
concepts of kinematic structures where drives might be placed directly in the space of 
individual movement units thus influencing the dynamic behaviour of the entire robot or 
manipulator structure.  The requirement of the drive minimum weight helps to achieve the 
minimum inertia forces of structural moving parts in consideration of dynamics and energy 
intensity.  

5. Minimum dimensions 
Minimum dimensions relate not only to the minimum weight requirement but also to the 
creation of preconditions for the achievement of the best handling properties possible.   

6. Appropriate spatial arrangement 
An appropriate spatial arrangement of drives has an impact on the entire robot and 
manipulator structures.  It also influences the operating possibilities of the entire structure 
in the environment with different obstacles etc.   

There are other preconditions to be fulfilled by the motors used in robot drives:  
• High output per weight unit, sufficient regulation qualities;   
• High efficiency, quiet and even running also at small speeds;   
• Long service life, minimum effect on the environment;  
• Stable motor output or output overload capacity; 
• Scope and preciseness of the position, speed and moment control;  
• Securing the equipment, operator's protection and safety; 
• Maintenance, operating reliability, service life and diagnostic; 
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• Economic indicators;  
 

 

2.1 Electric Drives 

By gradual extension of direct-current and, lately also alternating-current motors in 
combination with harmonic and cycloid gear boxes the electric drive the preferred drive for 
robot construction purposes.  Servo drives with large speed control scales and, in relation to 
control systems, with great preciseness of position set-up in a closed loop are used.  An 
example of the location of electric drives and their functions for the movement of the arms 
is shown in Fig.2. 

The drive chain (system) of a robot comprises a motor, a mechanism of transformation such 
as transmission systems and a control system.  An example of the drive chain system of a 
robot arm can be seen in Fig. 3. 

 
Figure 2 Location of electric drives and their functions for the movement of the arms 

 

 
Figure 3 Structure of the drive chain of a robot arm 
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There are two standard drive positions used for industrial robot design purposes.  As regards 
the first type, the drives are placed on the robot outer side, see Fig. 4. The positive side of 
this placement is better accessibility for servicing, better heat removal and possibility to use 
bigger motor types.   

As regards the second type, the drives are placed inside individual parts of the robot, see Fig. 
5. The advantage of this solution is that the cables required for the transmission of control 
signals ensuring robot movements can be led inside the robot.  Another alternative is the 
combination of the both types of drive positions.   
 

 
Figure 4 Drives are placed on the robot outer side 

 
 

 
Figure 5 Position of drives inside individual parts of the robot and demonstration of a DLR robot 
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The development of modern robot driving units focuses on compact driving units of 
mechatronic types.  They comprise a reduction gear, the sensors of position, speed, 
acceleration, temperature, magnetic flow and torque, a servo motor with an integrated 
power converter, a control unit and a communication interface, see Fig. 6 and Fig. 7.  
Compared to traditional drives, the advantage of the above concept of the driving unit is its 
larger scale of application.  This consists in the possibility to use the drive in different types 
of equipment without any need to provide additional sensors for the drive as it already 
contains them.  One of its disadvantages is its higher procurement price.   

The software for the assembly of these compact driving units is designed so as to achieve 
autonomy and auto-identification of parameter changes. The development in this field 
focuses on the application of new management methods such as plug & produce.  
 

 
Figure 6 Compact driving unit - scheme 

BR-    reduction gear                      SV-     Vibration sensor 

Servo M -    Servomotor                 B-    brake 

SO- Output position sensor           MC-   Motion controller 

SI - Input position sensor                PS-    Power voltage 

ST1, ST2 -    Thermal sensors         SM-    Torque sensor 

SM-   Torque sensor                        SW-   software 
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Figure 7 Compact driving unit – real 

 

3 ROBOT TRANSFORMATION SYSTEMS - TRANSMISSION SYSTEMS 
The transformation systems of the robots allow us to transmit and adjust the movement 
that we have available at the output of the motor to the movement we need on the 
individual arms of the robot. 

The transmission system can be included among one of the most important nodes of the 
robot, because it allows transforming the value of input speed from the motor (servomotor) 
to the required value of output speed to the robot arms. The speed of the servomotors is 
about 3000 rpm. However, the speed of rotation of the robot arms about the rotary axes is 
only about 30 rpm. Therefore, the rotation of the motors must be reduced by a ratio of 
about 100: 1. To reduce the speed, it is possible to use gear systems of various types and 
constructions, according to the specific requirements of the robot manufacturer. 

The transmission systems used in the construction of robots must ensure accurate, reliable 
and unpretentious operation, where maintenance intervention is minimal. 

Among the basic types of transmission systems - gearboxes used in robotics, Fig. 8 include: 
• gear systems with gears, 
• special transmission systems, 
• belt transmission systems, 
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• screw transmission systems. 

 
Figure 8 Basic types of transmission systems 

 

When selecting a suitable transmission system, it is necessary to evaluate the range of usual 
transmission ratios, rigidity, transmission efficiency as well as installation and connection 
dimensions. 

Transmission systems in robotic devices can be divided into two types according to the type 
of motion change. The first type is the change of speed from rotary input to rotary output 
(planetary, harmonic, cycloidal gearboxes, gear transmission - gear wheel - pinion) and the 
second type is the change of rotary input to translational output (toothed rack - pinion, 
toothed belt, ball screw, roller screw) ) or vice versa. 

Examples of the solution of the movements of the robot joints by electric drives are shown 
in Fig. 9. 
 

 
Figure 9 Joint drive using a harmonic gearbox and a planetary gearbox 
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Encoder 
An encoder is a device that indicates the position (angle) of a motor's rotational shaft, Fig. 
10. Having an encoder, it can provide tangible data about in what direction and how much 
the robot moves. General optical encoders have a disk attached to the rotating shaft of the 
motor. The disk has slits at regular intervals to let light passes and on both sides of the disk 
are light-emitting-diode (LED) and light receiving elements (photodiodes) to discriminate the 
light intensity (light and dark).  
 

 
Figure 10 Principle of optical encoder 

 

When the motor rotates, the light either passes through the slits or is blocked, so the 
rotation angle and speed can be determined by reading the signals. This allows servo motors 
to precisely control positioning and speed. 

 

3.1 Hydraulic Drives 

These drives are used for the robots working with extreme loads (load-bearing capacity) or 
for the working activities performed in dangerous explosive environments. 

Linear hydraulic motors with/without any additional gears and radial piston motors that 
have a gear between the rotary movement of the shaft and the linear movement of the 
piston in either the form of a central eccentric shaft or circumferential ring are mostly used 
to drive industrial robots.   

An example of equipping a robotic arm with hydraulic drives can be seen in Fig. 11, where 
hydraulic drives ensuring an even and balanced lift of robotic arms are used to move arms 
No. 1, 2 and 3.  

There is an example of the connection layout of a hydraulic robot with three drives in Fig. 12.  
Similarly to that, other drives might be connected and might form a multiple-axis hydraulic 
robot. 
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Figure 11 Hydraulic robot arm /3D CAD Model/ 

 

Figure 12 Connection layout of a hydraulic robot 
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3.2 Pneumatic Drives 

These drives are used for simple handling devices performing simple and repeated 
movements such as object movements.  

The advantage of pneumatic drives is their low price, easy maintenance and availability of 
compressed air at most of the workplaces.   These advantages caused that pneumatic drives 
have become one of the basic means of technological and handling activity automation and 
have been applied in handling device designs.  

A disadvantage of pneumatic drives is their reduced precision of positioning due to air 
compressibility, larger dimensions of force bodies and limited number of positions to set up 
per one axis of movement.  The pneumatic cylinder is usually connected directly to the arm 
of a handling device.   

To create devices (manipulators, robots etc.) using pneumatic elements is mostly possible 
due to a modular structure of individual axes of movement (translatory, rotary), Fig. 13 
shows a four-axis pneumatic handling device.   
 
 

 
Figure 13 Examples of a four-axis pneumatic handling device [10] 

 

The pneumatic scheme of the manipulator can be seen in Fig. 14. 
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Figure 14 Pneumatic scheme of a manipulator 

 

3.3 Advantages and disadvantages of individual drives 

Compared to hydraulic drives, the advantage of electric drives can also be the simplicity of 
power supply to the motor, simplicity of connection to control elements, easy maintenance 
and clean operation.  Compared to hydraulic drives the electric drives are less noisy and do 
not require such intensity of cooling and such a large space for installation in general. They 
also show reduced initial, operating and maintenance costs.  

Their disadvantage lies in their worse weight-output ratio in comparison with hydraulic 
drives and in the risk of electric shock.    

The following advantages of pneumatic drives may be stated: 
• Cheap;  
• Easy to control;   
• Reliable, possible use in a dangerous environment;  
• No environmental pollution;  
• Medium does not have to be discharged;   
• Potential for performing fast movements;   
• Potential for performing heavy lifts;  
• 'Soft characteristics'; 

Basic disadvantages: 
• Reduced output power;   
• More difficult to reach the desired speed due to medium compressibility;  
• More difficult to reach the desired precision of positioning;   
• Need to clean air;   
• Need to lubricate. 

 

Advantages of hydraulic drives:  
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• Low weight per performance unit;   
• High dynamics; 
• Sufficient regulation qualities (smooth running, full load even at ω=0);  
• Possibility to perform linear or straight movements; 

 

Disadvantages of hydraulic drives:  
• Changes in motor qualities related to modifications of temperatures and operating 

times;  
• High demands laid on operating medium properties;  
• Potential environmental pollution;   
• Noisiness of the generating unit;   
• Quite difficult reaching of high speeds.  
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QUESTIONS 
1. Arm drive robots may use: 

a. Electric drive only 

b. Electric and pneumatic drive only 

c. Pneumatic and hydraulic drive only 

d. Electric, pneumatic and hydraulic drive 
 

2. Transformation systems of robots for arm drive: 

a. They provide conversion from 220V to 110V 

b. Transforms the output motor speed (3000 rpm) to approximately 30 rpm arm 

c. Transform analog signals to digital 
 

3. The robot with hydraulic drive is suitable for use: 

a. For handling light objects 

b. For handling heavy objects 
 

4. Pneumatic driven robot represents: 

a. Complex machine suitable for machining 

b. Handling equipment especially suitable for welding 

c. Simple handling device that uses compressed air 

d. Easy handling equipment as it has electric motors 
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QUESTIONS – CORRECT ANSWERS 
 

Question  Answer(s) 

1 d 

2 b 

3 b 

4 c 
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INTRODUCTION TO THE LESSON 
The robot can only be operated by a worker familiar with its functions. 

Operation and programming of robots is a complex process in which it is necessary to 
program, in addition to the position of the robot, also the orientation of the tool or grip and 
the speed of movements, as well as relations to other devices or. with the environment in 
which they work using inputs and outputs. The device with which the programmer navigates 
the robot and enters commands to the PC is called the Teach pendant. Teach pendant 
belongs to the most widespread form of manual manipulation with a robot resp. online 
robot programming. 

Coordinate systems are used to recognize positions, with the help of which we determine 
the relative positions of robots, workplace objects and objects that are moved or machined 
by the robot. A common coordinate system is usually used. Calibration (adjustment) of 
robots is performed in order to set the correct positions of individual arms (axes) of the 
robot relative to the basic coordinate system. This part of the lesson is focused on issues 
related to the calibration of industrial robots, its importance for the accuracy of TCP point 
positioning in the robot's workspace and calibration methods that are applicable to 
industrial robots. 

LEARNING OBJECTIVES OF THE LESSON 
The aim of this lesson is to provide the basic knowledge necessary to operate a robot. From 
the previous lessons, you know the basic knowledge of the kinematics and functions of the 
robot, and in this lesson you will learn how and how to control the robot. A programming 
unit called Teach Pendant is explained, with which you can move and program the robot 
online. Next, you will learn in which coordinate systems the robot works and the relationship 
between them and how the robot is calibrated, i. how to set the default coordinates of the 
robot arms. 

After studying this lesson, you will be able to control the robot with a pendant and prepare 
the robot for operation. 

GLOSSARY OF TERMS 
Table 1 Main terms 

Name Definition 
base coordinate 
system 

Coordinate system referenced to the base mounting surface 

command pose/ 
programmed pose 

Pose specified by the task program 

joint coordinate 
system 

Coordinate system referenced to the joint axes  the joint coordinates of  
which are defined relative to the preceding joint coordinates or to some 
other coordinate system 

off-line programming Programming method where the task program is defined on devices  
separate from the  for later entry into the robot 
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Name Definition 
pendant/ teach 
pendant 

Hand-held unit linked to the control system  with which a robot  can be  
 programmed or moved 

tool centre point TCP Point defined for a given application with regard to the mechanical 
interface coordinate system 

tool coordinate 
system TCS 

Coordinate system referenced to the tool or to the end effector  
attached to the mechanical interface  

world coordinate 
system 

Stationary coordinate system referenced to earth, which is    
independent of the robot motion 
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CONTENT OF THE LESSON 

1 ROBOT CONTROL USING FLEX PENDANT 
Before attempting to run the robot, make sure all emergency stop equipment is correctly 
installed and connected. 

The responsibilities of a robot operator involve the setup, operation, and maintenance of a 
machine. Duties include entering preprogrammed instructions that a robot uses to 
manufacture a product or component.  

The device with which the programmer navigates the robot and enters commands to the PC 
is called Teach Pendant. The operator uses a flex pendant to manipulate the real robot 
manually. Teach pendant belongs to the most widespread form of manual manipulation with 
a robot resp. online robot programming. 

It is a device resembling a tablet, which is used to control the individual joints of the robot 
and all its available functions, Fig.1. Using the Pendant, the programmer moves the robot to 
individual positions and saves them in the program. Many manufacturers supply Teach 
Pendant as an accessory for robots, making this method easily accessible to the 
programmer. The robot can be programmed very precisely, as it is possible to enter exact 
coordinates in any coordinate system as well as to rotate the individual joints of the robot as 
needed. 

 
Figure 1 Control Panel KUKA smartPAD pre KRC4 

The FlexPendant consists of both hardware and software and is a complete computerin 
itself. t is connected to the robot controller by an integrated cable and connector. The hot 
plug button option makes it possible to disconnect the FlexPendant in automatic mode and 
continue running without it. 

1.1 Teach Pendant button and function 

An example of a Teach Pendant (Flex Pendant) is the KUKA Control Panel, here in after 
referred to as KCP. It is used for simple and undemanding operation of the "KR C4" robot 
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system. Except for the main switches, all elements for control and programming are located 
on the KCP. 

The high-resolution color graphic LCD display is used to visualize operating and programming 
tasks. Prepared macros lead to fast and safe elaboration of the program. In FIG. 2 shows the 
most important buttons on the front of the KUKA smartPAD. 

 

 
Figure 2 Position of the buttons on the front of the Kuka smartPAD  

 
1. Button for disconnecting the smartPAD 
2. Keyswitch for calling the connection manager. The switch can only be turned if the 

key is inserted.The operating mode can be changed by using the connection man-
ager. 

3. EMERGENCY STOP button. Stops the robot in hazardous situa-tions. The EMERGENCY 
STOP button locks itself in place when it is pressed. 

4. Space Mouse: For moving the robot manually. 
5. Jog keys: For moving the robot manually. 
6. Key for setting the program override 
7. Key for setting the jog override 
8. Main menu key: Shows the menu items on the smartHMI 
9. Status keys. The status keys are used primarily for setting param-eters in technology 

packages. Their exact function depends on the technology packages installed. 
10. Start key: The Start key is used to start a program. 
11. Start backwards key: The Start backwards key is used to start a program backwards. 

The program is executed step by step. 
12. STOP key: The STOP key is used to stop a program that is run-ning. 
13. Keyboard key: Displays the keyboard. It is generally not necessary to press this key to 

display the keyboard, as the smartHMI detects when key-board input is required and 
displays the keyboard automatically. 

 

FIG. 3 shows the most important buttons and elements on the back of the KUKA smartPAD. 
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Figure 3 Position the buttons and elements on the back of the panel 

1 Enabling switch          4 USB connection 
2 Start key (green)        5 Enabling switch 

                                               3 Enabling switch          6 Identification plat 

 

1.2 Operating modes for robot control 

The basic modes of robot operation control include: 
• Manual mode 
• Manual mode with reduced speed 

What is the manual mode? 

In manual mode the manipulator movement is under manual control. 

The three-position enabling device must be pressed to activate the motors of the 
manipulator, that is, enabling movement. The manual mode is used when programming and 
for program verification. 

There are two manual modes: 
• Manual reduced speed mode usually called manual mode. 
• Manual full speed mode 

 
What is the manual reduced speed mode? 

In manual reduced speed mode the movement is limited to 250 mm/s. In addition, there is a 
limitation on the maximum allowed speed for each axis. These axis limitations are robot 
dependent and cannot be changed. The three-position enabling device must be pressed to 
activate the motors of the manipulator.  

WARNING  
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Wherever possible, the manual mode of operation shall be performed with all persons 
outside the safeguarded space. 

 

Tasks normally performed in manual reduced speed mode. 

The following tasks are normally performed in manual reduced speed mode. 
• Jogging the manipulator back on its path when returning to operation after an 

emergency stop 
• Correcting the value of I/O signals after error conditions 
• Creating and editing  RAPID programs 
• Starting, stepping, and stopping program execution ,for examplewhile testing a 

program 
• Tuning programmed position 

Tasks normally performed in manual full speed mode 

As per the standard,ISO 10218-1:2011, the following tasks can be performed in the manual 
full speed mode. 

• Starting and stopping program execution for final program verification 
• Stepping program execution 
• Setting speed(0–100%) 
• Setting program pointer (to Main, to routine,to cursor,to service routine,etc.) 

The following tasks cannot be performed in the manual full speed mode: 
•   Changing system parameter values ande diting system data. 

 
 

1.3  Programming the robot with the Teach-in method using the teach pendant 

To program the robot, the operator moves using the pendant the robot from one point to 
another and saves each position individually, Fig.4. The operator also has the option of 
testing the program during programming. Since it works with a real robot, it is possible to 
test the functionality and efficiency of the program directly during programming and 
possibly fine-tune some parts of the program. 
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Figure 4 Teach-in programming 

The second step is to program the logical part of the gripper control and peripherals. In this 
part, the speeds of movements of individual robot paths are also entered. The positions of 
the individual important points and the tool orientation at these points are automatically 
entered according to the manual setting in the teach-in method. Other functions of the 
robot are programmed using a PC or directly in the editor of the programming unit. 
Programming units enable monitoring of inputs / outputs and system information, writing 
programs in the editor, allow access to production data (average cycle time, number of 
production cycles, ...), setting of working parameters e.g. for welding directly from the 
pendant. More modern units have analytical functions to optimize the robot's work. 

The operator works in a real physical environment, which provides him with an overview of 
the location of the robot, obstacles in the workplace and the location of individual machines 
and equipment. Thanks to this, it can quickly detect possible collisions and problems in 
planning the robot's movements. 

1.4 Setting the speed of the robot's movement from the pendant (override) 

In cases of precise adjustment of points, it is necessary to reduce the speed of movement of 
the robot to achieve the desired goal. The "Manual override" status key is used for this 
purpose, which is only available in the "Space-Mouse" operating mode or "Operation key". 
You can change the value for "Manual override (HOV)" using the "Override" status key at the 
bottom right of the display. Press the +/- key to change the value. The set value is also 
displayed in the HOV symbol in the right bar of the status keys and in the status bar, Fig.5. 
 

 
Figure 5 Display of HOV settings in the status bar and in the icon 
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2 COORDINATE SYSTEMS OF ROBOTS 
2.1 Types of coordinate systems and their meaning 

The  motion  of  robot’s  manipulator  joints,  the  tool  or  the  gripper  can  be  described  in  
different coordinate systems. These coordinate systems are used for the realization of 
several control  functions,  including  off-line  programming,  program  adjustment,  
coordination  of    the  motion  of  several  robots  or  a  robot  and  additional  servodrives,  
jogging  motion,  copy  of  programs from one robot to another, etc.  The coordinate 
systems, used to make jogging and off-line programming easier. 

The main coordinate systems used to describe the motion of a robot are shown in Fig. 6. 
• The world coordinate system defines a reference to the floor, which is the starting 

point for the other coordinate systems. Using this coordinate system, it is possible to 
relate the robot position to a fixed point in the workshop. The world coordinate 
system is also very useful when two robots work together or when using a robot 
carrier. 

• The base coordinate system is attached to the base mounting surface of the robot.  
• The tool coordinate system specifies the tool’s centre point and orientation. 
• The user coordinate system specifies the position of a fixture or workpiece 

manipulator. The object coordinate system specifies how a workpiece is positioned in 
a fixture or workpiece manipulator. 

 
Figure 6 Coordinate systems of an industrial robot 

 

In the  motion  control  the  control  of  the  gripper  or  tool  motion  is  the  most  important.  
Because  different types of grippers and tools have different dimensions, a special point, not 
depending on the type of the tool and called tool centre point (TCP) is selected. This point is 
the origin point of the tool coordinate system. A similar point can be used to describe the 
gripper or  the wrist  coordinate  system.  The  mutual  connections  of  a  tool,  a  wrist  and  
other  coordinate  systems are shown in Fig 7. .  This  is  also  the  point  that  moves  along  a  
given  path  at  a  given  velocity. 
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Figure 7 Tool and wrist coordinates 

 

Jogging  is  a  low  speed  manually  controlled  motion.  The  jogging  motion  of  a  robot  
can  be  manually controlled in the following ways: −motion axis-by-axis, i.e. one axis at a 
time −linear motion. The tool centre point is moving linearly in the coordinate system  
−modified motion around the tool centre  In  the  case  of  incremental  jogging  the  step  
size  can  be  selected.  The  incremental  jogging  movement  allows  an  exact  positioning  
of  the  TCP  because  during  manual  control  by  the  joystick of the robot the manipulator 
moves very slowly with very short steps.  During  manual  control  with  FlexPendant, 
location  information  can  be  displayed  for  the  manipulator as well as for additional servos 
of the robot system. 

2.2 Coordinate systems on Kuka robots 

When manually guiding the robot using the operating keys (JOG) or via the Space-mouse, 
the so-called 6D mice, it is necessary to choose the coordinate system. 

The setting of the required coordinate system is performed by pressing the status key 
according to Fig. 8. 

 

 
Figure 8 Coordinate system selection key 

 

The Kuka robot has the following coordinate systems at its disposal, Table 2: 
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Table 2 Kuka robot coordinate systems 

Icon Meaning 

 

 

 
1. 
Axis specific coordinate system 
Each robot axis can be moved separately in a positive or negative direction 
 

 

 

2. 
WORLD coordinate system 
A rectangular coordinate system, the beginning of which lies at the foot of the 
robot. 
 

 

 

3. 

BASE coordinate system 

A rectangular coordinate system whose origin lies on the machined part. 

 

 

4. 

TOOL coordinate system 

A rectangular coordinate system, the beginning of which is located on the tool. 

 

 

2.2.1 Axis specific coordinate system 

In an axis-specific coordinate system, it is possible to move each axis of the robot individually 
in a positive or negative direction, FIG. 9. This is done using the operation keys or the Space-
Mouse, with the Space-Mouse allowing simultaneous operation of 3 or 6 axes. 

 

   
Figure 9 Axis specific coordinate system 

When moving the individual axes, the following operating keys and Space-Mouse movement 
directions are available, Fig. 10. 
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Operation keys                  Space-Mouse 

Figure 10 Operation keys and Space-Mouse for movement in an axis-oriented system 
 

2.2.2 WORLD coordinate system 

The WORLD reference coordinate system is an absolute rectangular coordinate system, the 
beginning of which lies inside the base of the robot. The zero point of the reference system 
remains in position during the movements of the robot, i. does not move at the same time 
as the robot, Fig. 11. 

  
Figure 11 WORLD coordinate system 

The following operating keys or Space-Mouse directions are available for moving the 
individual axes, Fig. 12. 
 

  
                                                    Operation keys                   Space-Mouse                  

Figure 12 Operation keys and Space-Mouse to move in the WORLD system 
 

2.2.3 BASE coordinate system 

The reference coordinate system BASE is a rectangular (Cartesian) coordinate system, the 
beginning of which lies in an external tool, Fig. 13. These can be e.g. welding pliers. If you 
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work in this reference coordinate system, the coordinate system of the external tool is 
decisive, ie. that it moves the workpiece around or along the respective coordinate axes. 
When the robot is delivered, the origin of the BASE coordinate system lies at the foot of the 
robot. 

 
Figure 13 BASE external coordinate system 

 
For the movement of the individual axes, the operating keys or the Space-Mouse movement 
directions are available, Fig. 14. 
 

  
Operation keys                  Space-Mouse 

Figure 14 Operation keys and Space-Mouse for moving in the BASE system 

 

2.2.4  TOOL coordinate system 

The TOOL coordinate system is a rectangular, Cartesian coordinate system, the beginning of 
which lies in the tool. The orientation of this coordinate system is generally chosen so that 
its X axis is identical to the working direction of the tool. The TOOL coordinate system still 
monitors the tool movement, Fig. 15. When the robot is delivered, the origin of the TOOL 
coordinate system lies in the center of the robot flange. 
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Figure 15 TOOL coordinate system 

The following operating keys or Space-Mouse movement directions are available for moving 
the individual axes, Fig. 16. 
 

  
Operation keys                  Space-Mouse 

Figure 16 Operation keys and Space-Mouse to move in the TOOL system 

 

3 ROBOT CALIBRATION 
3.1 Definition and meaning of robot calibration 

Robot calibration is a process used to improve the accuracy of robots. Robot calibration can 
remarkably improve the accuracy of robots programmed offline. A calibrated robot has a 
higher absolute as well as relative positioning accuracy compared to an uncalibrated one; 
i.e., the real position of the robot end effector corresponds better to the position calculated 
from the mathematical model of the robot. Absolute positioning accuracy is particularly 
relevant in connection with robot exchangeability and off-line programming of precision 
applications. Besides the calibration of the robot, the calibration of its tools and the 
workpieces it works with (the so-called cell calibration) can minimize occurring inaccuracies 
and improve process security. 

Robot calibration is the definition of zero positions of individual joints of the robot. It can be 
described as a process whose task is to ensure that the data from the sensors in the 
individual joints correspond to the actual position of the robot arm. The term calibration is 
also used in connection with the setting of the TCP point of the robot, the aim of which is to 
improve the accuracy of determining the position of the TCP point of the robot in its 
workspace. In serial kinematics, where the individual kinematic pairs are arranged in series, 
any deviations in the individual joints of the robot are calculated, which will ultimately cause 
a different (incorrect) position of the TCP point, compared to the position corresponding to 
the values from the sensors. This state is shown in the Fig. 8, where TCP 1 represents the 
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actually acquired position of the robot arm and the position of TCP 2 corresponds to the 
data from the sensors. 
 

 
Figure 17 Actual position and position from sensors 

 
Calibration methods: 

As already mentioned, the purpose of the calibration is to ensure that the data from the 
encoders correspond to the actual position of the robot arm. Calibration is performed by the 
robot manufacturer in the final phase of its assembly and usually does not need to be 
repeated during normal operation. However, in industrial practice, there are situations that 
require calibration to be performed: 

• Unwanted collision in the workplace - e.g. a blow or impact to the robot manipulator, 
• Replacing a motor or encoder in one of the controlled axes, 
• Replacement of internal cabling, 
• Discharge of backup batteries and therefore loss of calibration data. 

There are several calibration procedures that differ in part from robot to robot. A common 
and simple method is calibration using reference marks. This technique is based on the 
visual adjustment of each robot axis to the 0 ° position, using reference marks located on the 
individual robot axes. They are e.g. labels, notches, etc., Fig.18. 
 

 
Figure 18 Reference marks 

 

After setting the robot to the reference position, the control system automatically corrects 
the values from the encoders for each of the controlled axes. The accuracy of this calibration 
method depends on the visual setting and is therefore a less accurate method. 
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This disadvantage of visually setting the zero positions of the axes in robots is eliminated by 
the use of electronic devices, for the precise determination of the reference position with 
correction conversion algorithms and the automatic setting of the reference positions. 

 

3.2  Calibration of the Kuka robot 

Calibration (adjustment) of Kuka robots is performed in order to set the correct positions of 
individual arms (axes) of the robot relative to the basic coordinate system. The method of 
calibration on individual types of robots is different, depending on the kinematics of the 
robot as well as on the preferences of its manufacturer. 

The calibration method used in KUKA industrial robots uses two types of measuring devices, 
namely: 
 

1. Measuring deviation meter - during calibration they are fixed above the measuring 
tip by means of a thread. Before that, it is necessary to adjust the auxiliary lines so 
that they overlap. By gradually moving the arm at the lowest speed of the basic value 
to the negative one, the measuring tip moves, which can be observed on the hand of 
the measuring watch. When the tip reaches the bottom of the groove and the hand 
begins to rise, the measurement is complete. 

2. EMD - electronic measuring device - works on a similar principle as a measuring 
watch, with the difference that it is equipped with a connecting cable for connecting 
the robot to the calibration device. Information from the EMD device is transferred 
to the robot, where after reaching the calibration position, the robot is automatically 
switched off, Fig. 19. 

 

               
Figure 19 EMD digital measuring instrument for robot calibration 
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A resolver is used to determine the position, which is a cyclic absolute measurement. During 
calibration, the positions of the individual axes of the robot, Fig. 20 in the following values:  

A1 = 0 °, A2 = - 90 °, A3 = 90 °, A4 = 0 °, A5 = 0 °, A6 = 0 °  

.  
Figure 20 Robot axis positions 

Calibration procedure for EMD: 
1. Calibration is performed only in manual mode using the axis coordinate system. 
2. Each axis must be set separately. 
3. It is necessary to start at the first axis and proceed ascending. 
4. The movement performed must be from a positive value (+) to a negative value (-). 
5. There are auxiliary lines and movable measuring tips on the bodies of the individual 

axes, which must fit exactly into each other during the measurement, Fig. 21. 
 

 
Figure 21 Position of EMT before measurement and measurement procedure 
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For robots with serial kinematics, a set of buttons is used, with which each of the drives can 
be released separately. The exact coordinates for calibrating a specific robot are given on the 
calibration label. 

SELF-CHECK QUESTIONS 
 

1. The device with which the programmer programs the robot is called: 
a. Controller 
b. Wi-fi 
c. Teach pendant 
d. Manipulator 

 
2. The movement of the robot can be described in various coordinate systems. The basic 

coordinate systems of robots are: 
a. World coordinate system 

Base coordinate system 
User coordinate system 

b. World coordinate system and tool coordinate system 
c. Base coordinate system 
d. World coordinate system 

Base coordinate system 
Tool coordinate system 
User coordinate system 

 
3. Robot calibration is used to: 

a. Accuracy improvements 
b. Load capacity increases 
c. Speed increases 
d. To achieve an increase in load capacity while increasing speed 

 
4. TCP means 

a. Three cycles of programming 
b. Tool centre point 
c. Tool change point 
d. Time closed pendant 
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QUESTIONS CORRECT ANSWERS 
 

Question  Answer(s) 

1 c 

2 d 

3 a 

4 b 
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INTRODUCTION TO THE LESSON  
The aim of the lesson is to familiarize students with industrial robots programming 
principles, use of robot programming approaches in industry. The different building blocks 
and considerations of an industrial robot program is discussed and widely used brand 
specific robot programming approaches introduced. It is discussed the specifics of the 
industrial robot programming and limiting factors in industry. Advantages and shortages of 
offline and online programming are shown and future directions in industrial robot 
programming are outlined and shown as an example. 

LEARNING OBJECTIVES OF THE LESSON  
This lesson presents an approach towards programming of industrial robots. The students 
will understand the main principles and types of industrial robot programming as well as 
most widely used programming approaches and tools. 

ABBREVIATIONS 
 
AI   artificial intelligence 
CAD   computer-aided design 
COBOL, ALGOL, Fortran, SIGLA, ROL, FUNKY, ERF, CIRCA   

early robot programming languages 
CPU   central processing unit, also called a central processor 
l/O    input/output, communication between an information processing system 
OEE   overall equipment efficiency 
OLP   offline programming 
PLC   programmable logic controller, an industrial digital computer 
RAP    reactive action package 
ROS   Robot Operating System 
RTS   real-time system 
TAP   test action pair 
TCP   transmission Control Protocol 
WFH   work from home 
 
 

GLOSSARY OF TERMS 
Table 0.1 Main terms 

Name Definition 
Analogue input A part of a signal module, which receives continuous (analogue) signal from 

sensor, switches etc. and converts it into digital signal (binary value), which 
can be used in PLC program. 

Analogue output A part of signal module, which converts digital signal (binary value) created 
by PLC program into continuous (analogue) signal, which is send to 
automated system actuator(s). 

Data block (DB) A block created in programming tool STEP 7. DB includes one or more data 
items. The values of data items are defined by user or PLC program. Some 
DBs are used by FBs for storage of their output data. 
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Name Definition 
Digital input A part of signal module, which receives two-state (digital) signal from 

sensor, switches etc. and converts it into a single bit binary value, which is 
used in PLC program. 

Digital output A part of signal module, which converts one-bit binary value created by PLC 
program into two-state (digital) signal, which is sent to automated system 
actuator(s). 
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CONTENT OF THE LESSON 

1 EARLY ROBOT PROGRAMMING  
1.1 Starting robot programming 

The first real "robotic programming" arrived along with the first industrial robot. The 
Unimate was invented by George Devol in 1954. The robot used a very low level of 
programming, which involved "teaching" the robot. The user commanded the robot to a 
position then stored the positions of all the joints. When the program was played back, the 
joints would move between positions comparing them to its current position. There was no 
"language" as such, but this process still happens at the low level of modern robot 
programming languages [1]. 

The first robot language was MHI, which was developed in 1960 for the control of a robotic 
hand at MIT. However, it wasn't until the 1970s when the first general purpose, robot 
programming languages really came onto the scene. This was followed by an explosion of 
programming languages in the next several years. This is where the complication begins. It's 
impossible to cover every single robot language, because there are so many of them. A 
common way to make sense of them is to focus on the three "generations" of robot 
programming languages [1,2]. 

1.2 First generation languages: Programming by teaching 

The VAL programming language was developed in 1973 at Stanford University for use with 
the Vicarm small research robots. However, it wasn't until 1977, when Vicarm was bought by 
Unimation that the language moved into industry. This was the era of the first-generation 
languages. First generation languages accessed the robot at a very primitive level and were, 
therefore, suited to highly repeatable tasks. Most of them were based on existing 
programming languages that had been developed in the 1950s, such as COBOL, ALGOL, or 
Fortran. The languages could describe robot functions and motions in a simple way. They 
were limited in terms of sensor input and communication with other robots. Other examples 
of first-generation robot languages include SIGLA (1974), ROL (1976), FUNKY (1977), and 
SERF (1978) [1,2] 

2 MAIN ROBOT PROGRAMMING PRINCIPLES  
2.1 Four scenarios for robotic offline programming 

While robotic automation can accelerate production output, it also can cause significant 
downtime if robot programming is not planned appropriate. To facilitate robot uptime – for 
manufacturing companies that cannot afford to interrupt production while a robot program 
is being written point by point from a teach pendant – offline robot programming platforms 
increasingly are being used to accommodate complex system layouts. 

Using a 3D representation of a robotic workcell that visually demonstrates how a robot 
moves along a programmed path, offline programming (OLP) can be accomplished through 



Multifunctional Innovative Learning Assisting Network for VET  
in Advanced Manufacturing   
Project No. 2018-1-PL01-KA202-050812  

     
 
 

 
-	7	-	

original equipment manufacturer (OEM) -specific software platforms or third-party options. 
OLP gives experienced and novice robot programmers the ability to create, test and adjust a 
robot program or job from the convenience of a PC-based virtual programming environment 
before it is implemented on the factory floor. There could be differentiated the four 
following situations [1]. 

2.1.1 SCENARIO 1: Restricted access on the floor 

The whirlwind of new health concerns and regulations has prompted businesses to 
implement social distancing, along with work from home (WFH) policies. This has caused 
restricted access to robots on the factory floor, making it difficult to program/re-program 
jobs. 

2.1.2 SCENARIO 2: Adapting to changing demand 

An uptick in demand for general use products has workers striving to complete high-mix, low 
volume runs at a record pace. To deal with the changeover required, a greater focus has 
been given to smart technologies, such as OLP software, to reduce programming downtime 
and optimize overall equipment efficiency (OEE). 

2.1.3 SCENARIO 3: Adding automation quickly 

Like scenario two, the increase in demand for products companies need to integrate new 
robots or redeploy old ones. Either way, to facilitate a smoother transition to the 
manufacturing of these essential products, using OLP software has been suggested. 

2.1.4 SCENARIO 4: Testing a new approach 

Companies decide to tackle tough challenges through creative and collaborative approaches 
to robotic automation. Either current robots are being redeployed or new robots are being 
purchased. Robotic automation might be introduced to the factory for the first time. 
Regardless of the approach, a viable method for setting up new, more complex, robot jobs 
with offline programming. 

2.2 Four key features of robotic offline programming 

Most users seek offline programming platforms that have an extensive model library and 
offer these four key features [1]: 

2.2.1 Robot collision detection 

If several robots are working in proximity, they should be programmed to work as a team. 
During the offline programming process, the collision detection feature signals potential 
interference hazards, allowing the programmer to make cost saving adjustments before the 
program is introduced to the factory floor. 

2.2.2 Robot path planning 

While a robot is programmed to move from point to point, it is imperative to plan around 
specific items like fixtures for holding parts. With path planning, programming a robot to 
manoeuvre around fixed points is made easier, as it activates collision detection to help 
avoid interference. 
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2.2.3 Robot conveyor tracking 

When parts are in different positions, conveyor tracking can help the robot align those parts, 
as needed. 

2.2.4 Robot cam path 

If performing a welding application, dispensing application or other complex task, the cam 
path feature can help automate the process. Instead of manually teaching points to the 
robot, cam path provides these points automatically. These features can help to test a robot 
scenario such as, “How fast can a robot go with a particular application?” or “Can a robot 
weld a specific part?”, etc. 

2.3 Four robotic offline programming benefits for manufacturers 

The proper and effective use of OLP software can help manufacturers achieve production 
goals including [1]: 

2.3.1 Execute fast integration with robots 

Offline programming provides a way of creating a robot program while a workcell is still in 
the construction phase. This process speeds up integration time, as data files can be 
transferred once the workcell is complete and installed on the shop floor. 

2.3.2 Perform quick changeover of robots 

If a robot is being used to process multiple parts, offline programming enables the ability to 
program the robot for “part B” while “part A” is being run. Once “part A” is complete, the 
programmed files can be downloaded to the robot controller to run “part B.” 

2.3.3 Set up functional safety for robots 

OLP allows for items like arm interference, speed limits and safety zones to be established. 
This includes the ability to graphically overlay the safety zones (robot range limits) during 
simulation, allowing visual confirmation and testing with motion in the simulation. 

2.3.4 Achieve quick cycle times for robots 

When extremely fast cycle times are required, OLP platforms can help users monitor the 
duty cycle of a robot so the life of the motor can be monitored. 

3 ARCHITECTURE AND STRUCTURE OF A TYPICAL ROBOT PROGRAMME  
3.1 Robot program architecture 

One of the first steps towards the integration of reactivity and deliberation was the reactive 
action packages (RAPs) system created by Firby [3] using the first integrated, three-layer 
architecture. The middle layer of that architecture is the RAPs system. 

While three-layered robot architectures are very popular, various two-layered architectures 
are used too. The cooperative intelligent real-time control architecture (CIRCA) is a two-
layered architecture concerned with guaranteeing reliable behaviour [4,5]. It embodies the 
notion of bounded reactivity – an acknowledgement that the resources of the robot are not 
always sufficient to guarantee that all tasks can be achieved. CIRCA consists of a real-time 
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system (RTS) and an artificial intelligence (AI) system (AIS) that are largely independent. The 
RTS executes a cyclic schedule of test action pairs (TAPs) that have guaranteed worst-case 
behaviour in terms of sensing the environment and conditionally acting in response. It is the 
responsibility of the AIS to create a schedule that is guaranteed to prevent catastrophic 
failures from occurring, while running in hard real time. 

 

Fig.1 The multirobot architecture [1] 

3.2 Task Descriptions 

Programming cannot instruct a robot in the same way that one would instruct a human 
worker how to carry out a task. With skilled workers knowing the applications, devices, 
processes, and the general requirements on the product to be manufactured, we would only 
need to summarize what needs to be done. In practice, since it is difficult to encode much of 
the required background knowledge, we aim for programming principles that resemble 
instructing a (totally) unskilled worker, telling precisely how every aspect of the task is to be 
performed. Therefore, we would like to program robots by [1] 

• manually guiding the robot to the positions of interest, or even along the desired 
paths or trajectories if human accuracy is enough 

• having simple ways to make use of CAD data whenever available 

• using different complementary modalities (paths of communication between the 
human and the robot), such as speech and gestures 

• choreographing the task movements, for instance loops and conditions, without 
requiring extensive programming competencies 

• means of describing acceptable variation, e.g., as expected, or normal deviations 
from the nominal path 

• specification of how external sensing should be used for new types of motions or for 
handling unknown variations. There were some painting robots in older times, that 
could be programmed by manual guidance. 

It is sometimes referred to as an inevitable problem that there are singularities to be 
handled within the workspace though todays OLP systems manage these problems. The 
robot programming task should include descriptions of the factors given in Tab.1. 
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Tab. 1 Robot task related factors [1] 

 

Product: Description of the final shape and assemblies of the 
workpieces, in terms of that product; the robot system plans the 
operations. 

Process: Based on known sequences of specific manufacturing 
operations, each of these is specified in terms of their process’s 
parameters. 

Tool: The motion of the robot-held tool is specified in terms of 
programs or manual guidance; the user knows the process it 
accomplishes. 

Arm: The robot arm and its endplate for tool mounting is programmed 
how to move in Cartesian space; the user knows the tool. 

Joint: For each specified location the joint angles are specified, so 
straight-line motions are difficult; the robot provides coordinated servo 
control. 

• A product-centric system would generate configurations and robot programs and instruct 
the operator for whatever manual assistance that might be needed (e.g., clamping and 
fixturing). The system would determine the welding data such as the type of welding and 
how many passes for each seam. 

• A process-centric system would instead accept input in terms of the welding parameters to 
use, including the order of the welds. The system would select input signals to the process 
equipment (such as what output voltage the robot controller should set such that the 
welding will be done with a certain current), and robot programs specifying the motions of 
the weld pistol would be generated. 

• A tool-centric way of programming would require the operator to set up the process 
manually by configuring the equipment in terms of their native settings, and appropriate 
tool data would be configured such that the robot controller can accomplish the 
programmed motions, which are specified by giving coordinates and motions data referring 
to the end-effector. 

• An arm-centric system is like the tool centric approach in that Cartesian and straight-line 
motions can be (and need to be) explicitly specified/programmed by the programmer, but 
extra work is needed since the robot does not support a general tool frame. 

• A joint-centric style would be needed if one of the very early robot systems is being used, 
requiring a straight line to be programmed by lots of joint space poses close to each other. 

3.3 Robot Control Systems 

The robot controller has some important tasks it should perform in order to execute the 
program, move and control the robot manipulator, provide means for inter-controller and 
computer communications, enable a sensor interface, and offer the necessary mechanisms 
and features that allow robot programming, a robot-user interface and program execution. 
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Fig.2 Basic architecture of a robot control system [2] 

Motion control involves several different tasks and stages, as resumed in Fig.3. 

  

Fig.3 Main robot control stages [2] 

The path planner's basic task is to prepare the robot's path and feed the relevant data to the 
path interpolator. Moving a robot means specifying an origin position/orientation {Ti} and a 
final position/orientation {Tf} of the robot's TCP {tool center point). The path interpolator 
takes the planner data and computes the intermediate points in each interpolation interval, 
using the specified velocity and acceleration. The outputs of the interpolator are the basic 
inputs for the servo loops, i.e., they constitute the target points (references) that must be 
achieved by the servo controllers. The data from the interpolator is filtered by the path filter, 
before being passed to the servo controllers, to provide smoother accelerations / 
decelerations and keep the motor torques in the range of the servomotor. A complete 
definition of the motion parameters, including velocities and accelerations, is also necessary. 
Sometimes it is necessary to define intermediate position/orientation points (also called ''via 
points'') between the initial and final configurations. This procedure will better define the 
requirements and contribute for the final path. Furthermore, to obtain smooth paths the 
path planner must be a continuous function, with a continuous first derivative and hopefully 
also a continuous second derivative [2]. For example, the path generator can be 
implemented by a 5th order polynomial. The use of a high-order polynomial is motivated by 
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the fact that a quintic polynomial is needed to be able to specify the position, velocity, and 
acceleration at the beginning and end of each path segment. 

One of the most basic things that a robot control system must do is to implement PLC-like 
functions. Robots are used in manufacturing cells where digital/analog and logic controllers 
govern the way things happen, namely controlling the systems responsible for material 
handling, transportation, detection, etc. To interface with those systems, the robot 
controller needs to "speak" the same language and act as a logic controller, or at least have 
the same functionality available. Consequently, the robot controller and program must be 
able to perform following functions. 

3.3.1 Accommodating digital signals with variable and configurable electric levels.  

The robot must be able to read from digital input lines (with different electric levels) and 
implement basic logic functions on the obtained data: block reading, logic functions, shifting, 
counters, timers, edge detection, etc. The robot controller must also be able to act on digital 
outputs changing their state (ON/OFF), applying timed pulses, etc. 

3.3.2 Accommodating analog signals.  

The robot must be able to read from analog inputs, providing the necessary electronic 
circuits for multiplexing and analog-to-digital conversion, the mathematical functions to 
handle the results, and the necessary circuits and digital-to-analog converters to act on 
analog output signals. 

3.3.3 Implementing manipulating functions. 

The robot controller programming language must implement advanced mathematical 
functions, and data structures, that can be used within the robot's program to enable the 
user to coordinate the robot's motion, reading information or acting on lines (open/close 
grippers, regulate pressure of pneumatic actuators, regulate the velocity of external motors 
driven by power inverters or external servo controllers, start/stop equipment, etc.) 

The communication between commanding and supervising computers and the robot 
controllers, and even the communication between robot controllers itself, it is usually 
supported through a TCP/IP Ethernet based network. The functions associated with this type 
of communication include the exchange of files and programs, the execution of remote 
operations like backup and system maintenance, etc. The typical robot program 
communicates with lO Digital Signals (Fig.4 and Fig.5) 
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Fig.4 Robot program I/O communication [2] 

The I/O procedure has the following exceptions: 

1. The robot only accepts commands when in automatic mode. In manual mode or error 
state the robot ready signal is never activated. 

2. When in manual mode, the system always returns the offline state status. 

3. On an error situation, the system returns error state status and requires the user to issue 
a release error command. 
 

      

 
Fig.5 Example of graphic interface for robot program I/O communication [6] 
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4 PROGRAMMING LANGUAGES  
4.1 Software Development Tools 

While significant benefit accrues from designing systems using well-defined architectural 
styles, many architectural styles also have associated software tools that facilitate adhering 
to that style during implementation. These tools can take the form of libraries of functions 
calls, specialized programming languages, or graphical editors. The tools facilitate the 
development of software in the given style and, more importantly, make it impossible (or, at 
least, very difficult) to violate the constraints of that architectural style. The result is that 
systems implemented using such tools are typically easier to implement, understand, debug, 
verify, and maintain. They also tend to be more reliable, since the tools provide well-
engineered capabilities for commonly needed control constructs, such as message passing, 
interfacing with actuators and sensors, and handling concurrent tasks. 

Robot programming languages and environments have traditionally been separated into 
online programming (using the actual robot in situ) and offline programming (using software 
tools without occupying the robot). Online programming is now unusual, except to verify 
and manually adjust programs generated offline. Robot programming languages and 
software tools must provide for both methods of programming. Even though robot 
languages from different manufacturers look similar, there are many semantic differences 
that have to do with both the meaning when programs are running (the robot performing its 
operations) and the way the robot is instructed. Features such as backward execution (at 
least of motion statements) and interactive editing during interpretation by the robot (in 
combination with restrictions to make the programming simpler) make robot languages 
different from conventional computer programming languages. 

During the last decade and in current developments, the trend has been to focus on the tool 
(robot end effector) and on the process knowledge needed for the manufacturing process, 
and to let the operator Express the robot task in such terms. This development results in a 
need for an increased level of abstraction to simplify the programming, reflecting the fact 
that the so-called robot programmer knows the production process very well, but has quite 
limited programming skills. Built-in inverse kinematics permits tool motion to be specified in 
Cartesian coordinates, which is clearly a great simplification in many applications. That is, 
the robot user could focus more on the work to be carried out by the robot and less on the 
robot itself. However, robot properties such as joint limits cannot be neglected. There are 
increasing opportunities to raise the level of abstraction to simplify the use of robots even 
more by encoding more knowledge about the robot, tools, the process, and workcells into 
control systems.  

Thus, the user could simply tell the robot what should be done, and the robot would know 
how to do it, but it would require extensive knowledge about the environment and so-called 
machine intelligence. The need for extensive modelling of the environment of the robot is 
well known. Sensing of the environment is costly, but in an industrial environment it should 
only be needed occasionally. Modelling must encompass full component dynamics and the 
limitations of the manufacturing process. With these difficulties, task-level programming is 
not yet achievable in practice. it is now common practice to generate robot programs from 



Multifunctional Innovative Learning Assisting Network for VET  
in Advanced Manufacturing   
Project No. 2018-1-PL01-KA202-050812  

     
 
 

 
-	15	-	

geometric data in CAD files. That is, the CAD application could be the environment used for 
specifying how the robot should perform the required operations on the specified parts. CAD 
software packages are powerful 3-D tools and are now very common among manufacturing 
companies. Consequently, using those tools for robot programming is desirable since the 
operator may start the offline programming of the necessary manufacturing operations 
using the 3-D model of the product. There are two possible approaches: 

1. Use the CAD interface to parameterize predefined robot programs, tailoring their 
behaviour by using geometric information [7,8]. This means defining motions, adding 
process parameters, deciding on what to do with data from devices, etc. 

2. Generate the entire robot code from the information extracted from a CAD file, including 
the interface code to handle cell devices [9,10]. Basically, it enables a user to program a 
workcell composed for instance by a robot and a bending machine. The robot is used to feed 
and handle the sheets of metal to the bending machine, and to palletize the final product. 

The Teach Pendant Unit (TPU) (Fig.6) can also be used to program and parameterize the 
system. These devices are basically computer units running a local operating system 
{Windows CE, for example) that offer to several types of users the possibility to program, 
parameterize, and operate the robot manipulator. The actual robot controllers are also 
multitasking systems, which enable the user to develop and run multiple tasks 
simultaneously. This allows new levels of functionality, offering new possibilities to the 
system developer. Using the available and common inter-task communication mechanisms, 
along with the ability to regulate task priorities (percentage of CPU time), it's possible to set 
up applications to handle all the challenges posed by the industrial manufacturing cells. 

 

Fig.6 Teach pendant, example of developed process graphic interface 

Use of teach pendant for robot programming is demonstrated and functionality discussed in 
supplemented video in the case of ABB YuMi robot. 

4.2 ROS programming language 

The open source Robot Operating System (ROS) has been around for over ten years and 
today there are thousands of developers building packages for it. A 2019 report from ABI 
Research, stated that, by 2024, almost 55% of the world's robots will include a ROS package.  

Developed in 2007, at the Stanford University Artificial Intelligence Laboratory, ROS is a layer 
of middleware that can run on several operating systems or without one. Although it is not 
an operating system (OS) ROS delivers the services that would be expected from an OS – 
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such as hardware abstraction, low-level device control, implementation of commonly used 
functionality, message-passing between processes and package management. 

The software in ROS offers flexibility. Organised in packages, it can contain nodes, datasets, 
configuration files or anything that constitutes a useful module. This makes it useful for 
several robotic applications and even has the potential to advance its capabilities on already 
established industrial hardware in factories. 

For example, it is applied to automated guided vehicles (AVGs) to avoid collisions with 
nearby machinery in warehouses, and pick-and-place robots for changeable motions to 
manipulate objects and execute preprogramed tasks. However, these adaptive 
functionalities are often quite limited. 

Open-source software benefits are it gives users full access to the source code. If a plant 
manager wants to customise a robot’s programme, then the developer not only has access 
to the code but is able to edit it within the licensing agreement. It has been developed for 
instance a module that lets two robots collaborate on a handling task. The function of these 
robots is based on point-cloud data from cameras imparting stereo vision and depth 
perception for environmental understanding. Therefore, the robotic application’s 
possibilities with ROS-based code is endless, as manufacturers could, for example, install 3D 
cameras around a work cell to gather data on interactions between robots and the parts 
being worked on. Minimising obsolescence is also an important advantage of using ROS (ROS 
uses the internet’s standard Transmission Control Protocol/Internet Protocol (TCP/IP)). This 
means that new robotic hardware can be installed on a production line without rendering 
other parts of the system obsolete, and that all the equipment will still ‘talk’ to each other, 
without the need for costly reprogramming.  

In general ROS is: 

• Communication System (Publish Subscribe and Remote Method Invocation), 

• Framework & Tools (Build system & dependency management, Visualization, Record 
and Replay) 

• Ecosystem (Language bindings, Drivers, libraries, and simulation (Gazebo)). Robot 
Operating System (ROS) is a set of open source algorithms, hardware driver software 
and tools developed to develop robot control software.  

ROS includes mature open source libraries to be used for navigation, control, motion 
planning, vision, and simulation purposes, etc. (Fig.7). 
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Fig.7 ROS 2 content [11] 

 

For production purposes there is a specific ROS-Industrial modification available, which 
contains many specific industry adapted software packages. General information about the 
packages can be found by following links to the package specific-wiki. 

5 BRAND-SPECIFIC ROBOT SIMULATION AND PROGRAMMING TOOLS 
5.1 Compatibility 

Robot controllers from each vendor perform motion planning differently, so there’s no 
guarantee that a simulated robot will move the way a real one does. However, even if the 
motion of individual axes differs from the simulation, the defined motion of the TCP in 
cartesian space will be the same. In general, However, whatever OLP solution you choose, 
it’s safe to say the robot you need to simulate will be supported. In most cases, the specific 
robot model you need can be added to the simulation from a library (for instance KUKA, 
Fanuc, ABB, etc). If working with a smaller or lesser-known robot vendor, it may be more 
challenging. In OLP software, programs created in simulation can be generated in the 
proprietary languages for the specific desired robot brand. 

Tools and end effectors, such as welding guns, grippers or dispensers can be more 
challenging to simulate accurately. The tool’s parameters are required, as well as the offset 
of the TCP from the robot language. A CAD Model of the tool can be used in many cases, but 
it’s not strictly required [12]. 

If the tool is integrated properly into the robotic cell, I/O calls in the simulation can be done 
according to the I/O required by the tool manufacturer. In the simulation, and on and of 
command with a specific I/O can be executed, which will correlate to an arc on/arc off in 
welding, or plasma on/off for a plasma process, or spray on/off. 

When you program a robot manually, the robot is typically calibrated to a specific frame of 
reference, as well as being calibrated to the precise position of its joints. When teaching 
points, the programmer jogs the robot to a precise location to teach a point. The 
programmer can visually confirm that the programmed point is calibrated to the desired 



Multifunctional Innovative Learning Assisting Network for VET  
in Advanced Manufacturing   
Project No. 2018-1-PL01-KA202-050812  

     
 
 

 
-	18	-	

physical location. Some points can also be programmed by inputting coordinates directly. In 
a program designed to dispense glue along a 10 mm joint, the programmer may teach the 
robot. Using sensors, some robots can make up this calibration difference. For example, a 
robot performing an insertion task may use a touch probe to perform a search routine to 
and a hole, rather than relying on a highly precise point. Depending on the customer’s 
process, these or other types of sensors can help to match the real-world part to the 
theoretical CAD model in addition to compensating for the lack of accuracy of the robot [2]. 

5.2 Widely used brand specific programming tools 
Most brand-specific offerings do not support robots of other makes and models, so ensuring 
compatibility may be hard. In addition, users of used robots may find difficulty in finding 
support for old controller versions within new brand specific software. Some widely used 
robot programming tools are given in Tab.2. 
  

Tab. 2. Industrial robot simulation and programming tools 

 

Siemens Process Simulate 

This allows users to tie their 
robot simulation into the 
entire product lifecycle 
management system, along 
with other types of 
manufacturing data, including 
designs and processes. 
However, this connection is 
not required to run 

 

Robotmaster 

Robotmaster features a click-
and-drag interface for creating 
and modifying robot positions 
and trajectories. Like most 
other universal solutions, 
Robotmaster is robot agnostic, 
working with all brands and 
models of robots and end 
effectors. 
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VisualComponents 

a hardware neutral simulation 
platform, hosting models from 
more than 30 robot brands. 

 

OCTOPUZ 

OCTOPUZ also runs on the 
Visual Components simulation 
platform. On top of that 
platform, OCTOPUZ provides 
process-specific add-ons to 
teach process-specific paths 
and programs supports 15 
brands of robots 

 

RoboDK 

RoboDK is the ability to import 
a CAM toolpath and convert it 
into a robot program for 
applications such as robot 
machining. 

 
Other Major Robot Simulation tools 

• Autodesk PowerMill (https://www.autodesk.ca/en/products/powermill/overview) 
• Delmia (https://www.3ds.com/products-services/delmia/) 
• Energid Actin (https://www.energid.com/actin) 
• SprutCam Robot (https://www.sprutcam.com/home/sprutcam-robot) 
• Artiminds (https://www.artiminds.com/) 
• Kuka.SIM (https://www.kuka.com/en-ca/products/robotics-

systems/software/simulation-planningoptimization/kuka_sim) 
• FANUC RoboGuide (https://www.fanucamerica.com/products/robots/robot-

simulation-software-FANUCROBOGUIDE) 
• ABB RobotStudio (https://new.abb.com/products/robotics/robotstudio) 
• Yaskawa Motoman MotoSim EG 

(https://www.motoman.com/products/software/default) 
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5.3 Brand specific ROS robot programming 
ROS-Industrial provides supporting software for many vendor platforms. Each platform 
requires different setup and configuration steps to be used with ROS-Industrial. 
The ABB software package (http://wiki.ros.org/abb) contains drivers and supporting 
packages for ABB industrial robots. Respective tutorials 
(http://wiki.ros.org/abb_driver/Tutorials) 
The Fanuc software package (http://wiki.ros.org/fanuc) contains drivers and supporting 
packages for Fanuc industrial robots. 
 

5.4 Robot programming example with ABB RobotStudio 

Use of offline simulation environment for robot programming is demonstrated and 
discussed on the base of ABB YuMi robot in the supplemented video and illustrated in the 
Tab.3. 

Tab. 3 Robot programming example (ABB RobotStudio [13]) 
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SELF-CHECK QUESTIONS 

1. When it would be appropriate to use robot offline programming? 

a. Engineers in production and in the company does not have good programming 
skills 

b. Robot operator is well experienced programming guy and robot needs direct 
testing 

c. The robot and whole production system need testing various configurations 

2. Why it is needed robot to be calibrated before launching a program? 

a. To be sure the physical location and coordinates match the programmed 
coordinates 

b. Only in the case of two or more robots collaborating in production 

c. To easy programming 

d. To assure robot operations safety 

e. It is robot producer requirement 

3. Robot teach pendant is used for 

a. Visual monitoring robot operations 

b. Offline robot programming 

c. Easy programming tasks and immediate operations testing 

d. As a computer mouse for selecting items on the screen 

e. Data storage during robot operations 
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QUESTIONS CORRECT ANSWERS 
 

Question  Answer(s) 

1 a, c 

2 a, d 

3 c 
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INTRODUCTION TO THE LESSON 
The complexity of the robot gripping process is often underestimated because it looks very 

simple to humans. In the lesson, you will learn that what a human hand does, it is for robot 

an end effector. In the definition of the end effector, you will learn that the end effector is 

part of a robot that interacts with the environment. Like human hands, a robot needs the 

means to manipulate objects. This end effector is usually connected to the end of the robot's 

wrist. The end effector may vary depending on the current job. You will also learn that the 

main goal of the end effector is to perform the task of manipulation accurately, safely and 

quickly without damaging the object. 

 

LEARNING OBJECTIVES OF THE LESSON 
In this lesson you will learn what types of effectors are used for manipulation operations and 

which for technological operations, to understand the operation of the gripper, a detailed 

manipulation process is given in graphical terms. Furthermore, the lesson provides a basic 

division of grippers and introduces the areas of application of multi-finger grippers and the 

mechanical principles used for the movement of the fingers of the grippers. In separate sec-

tions, the grippers using vacuum and electromagnetic forces are listed. 

 

GLOSSARY OF TERMS 
Table 0.1 Main terms 

Name Definition 
automatic end effector 
exchange system 

Coupling device between the mechanical interface and  the end effector 
enabling automatic exchange of end effectors 

end effector Device specifically designed for attachment to the mechanical interface to 
enable the robot to perform its task 

gripper End effector designed for seizing and holding 
industrial robot Automatically controlled, reprogrammable , multipurpose  manipulator,  

programmable in three or more axes, which can be either fixed in place or 
mobile for use in industrial automation applications. 
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CONTENT OF THE LESSON 

1 DEFINITION END-EFFECTOR AND MANIPULATION PROCESS 
End effector is a generic term that includes all the devices that can be intalled at a robot 

wrist. End of Arm Tooling, often being referred as EOT, is one of the most important periph-

eral of robotic arm. Common types are welding devices, spray guns and grippers. 

End effectors are defined as: 

• Device that attaches to the wrist of the robot arm and enables the general-purpose 

robot to perform a specific task. 

• The end-effector means the last link (or end) of the robot 

• In a wider sense, an end-effector can be seen as the part of a robot that interacts with 

the environment. 

Robot effectors are divided into two types: 

Type 1: Type 1 are grippers that are designed for manipulating objects. Their function is to 

grab the object, move it to another location and release the object. Grippers are the most 

common type of end effector. They can use different gripping methods and control styles. 

Robot grippers use a human finger mechanism to interact with an object, Fig.1. 1. 

 

 

Fig. 1.1 Human and robot finger mechanism to interact with an object 

Type 2: Type 2 of robot effectors are technological tools with which the robot performs a 

certain technology. Tools for performing the process, such as spot welding, spraying, paint-

ing, 3D printing, milling, cutting, measuring. 

The grasping process of the robot, Fig. 1.2, can be divided into following steps: 

i. Approaching the object: This step is the one during which gripper is positioned nearby 

the object. 

ii. Coming into contact: The contact of gripper with work-piece is achieved by this time. 

In cases of contactless handling, work-piece is in the range of force field of gripper. 

iii. Increasing the force: This force increment should be within certain limits such that the 

prehended parts neither gets damaged nor slips out of the jaws. 

iv. Securing the object: When sufficient force is applied total degree of freedom of the 

object are removed and the object stops moving independently from the gripper. 
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v. Moving the object: This step involves moving the object to desired location. 

vi. Releasing the object: At macro - scale usually releasing of object is accomplished by 

gravity 

 

 

 

Fig. 1.2  Steps included in a grasping process   
 

Grippers Classification 

 

Grippers can be broadly classified as per various means in following manner, Fig.1.3: 

 

 
Fig. 1.3 Broad classification of robotic grippers 
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Classification on basis of number of fingers 
On the basis of number of fingers, grippers can be classified into two, three, four, and 

more number of fingers, Fig. 4: 

One Finger Grippers 
Basically a hook. This is probably the simplest way to put a gripper on your robot. Even if 

you think it sounds ridiculous, some applications simply need a hook or probe to achieve 

what they need to do. In terms of precision and repeatability it is probably not very accu-

rate, but it is also the cheapest you can get, no power needed, no maintenance. 

Two finger grippers 
Two finger grippers only have two fingers by which they grasp the object. These types of 

grippers have generally area contact because they generally due to the shape of the fin-

gers cannot give more than two points of contact. 

Three finger grippers, Due to the fact that the gripper has three fingers, it can have both 

area and surface contact. But the usage of three fingers in grasping also increases the de-

sign complexity and the complexity of the control that must be developed for it. 

Three finger grippers are second common type used in industrial applications.  Three fin-

ger grippers have three jaws placed in 120º angle to each other. These grippers are spe-

cialized for griping cylindrical objects. 

Four finger grippers 
Four Finger Grippers are sometimes a combination of two finger grippers and at other 

times a combination of independent fingers working together. These grippers are used in 

relatively high cost and precision demanding applications. 

Five finger grippers, Anthromorphic hands 
These grippers are developed purely on research basis to make the grasping dexterous (clos-

er to human hand gripping approach). 

There are grippers with more than five fingers as well. The reason why there are a lot of dif-

ferent grippers out there is because there are a super wide range of applications that each 

does best at. 

 

 

Fig. 1.4 Multi-finger grippers 
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Force required to grip an object 
Though there are numerous forces acting over the body that has been lifted by a robotic 

arm, the main force is the frictional force. The gripping surface can be made of a soft ma-

terial with high coefficient of friction so that the surface of the object is not damaged. The 

robotic gripper must withstand not only the weight of the object but also acceleration and 

the motion that is caused by frequent movement of the object. To find out the force re-

quired to grip the object, the following formula is used 

 

 

 

Where  

F  -  

is 

 

the force required to grip the object, 

 m - 

is 

the mass of the object, 

 a  -  

is 

the acceleration of the object, 

 mi -  

is 

the coefficient of friction and 

 n   - 

is 

the number of fingers in the gripper. 

 

2 ACTIVE GRIPPERS WITH A TRANSFORMATION MECHANISMS 
2.1 Lever transformation mechanism 

It is the most commonly used mechanism, especially thanks to its simplicity and sufficient 

gripping precision. Grip force development depends on changes in the opening angle. The 

load of individual elements, see Fig. 2.1, also changes in accordance with the above. 

 

 
Fig. 2.1 Lever transformation mechanism 

 

2.2 Toothed Transformation Mechanism 

This type of block is heavier than lever transformation mechanisms. Their advantage lies in 

the fact that instead of full toothed wheels they only use toothed segments, see Fig. 2.2. 

They are precise and provide very well synchronized jaw movements. Thanks to different 
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rates of transmission it is possible to achieve various speeds of jaw opening. This can help to 

save one movement of the robot and thus save some time. 

 

 

 
Fig. 2.2 Toothed transformation mechanism 

 
2.3 Cam Transformation Mechanism 

Its advantage lies in an exact or precise adjustment of grip force progress. There are disc, 

drum or front cams, see Fig. 2.3. 

 

 
Fig. 2.3 Cam transformation mechanism 

 

2.4 Template Transformation Mechanism 

It is similar to the previous mechanism mentioned. Unlike the cam transformation mecha-

nism, however, its input motion is straight, see Fig. 2.4. 
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Fig. 2.4 Template transformation mechanism 

 

 

2.5 Screw Transformation Mechanism 

This mechanism is most commonly used if there is a need to reach high transmission be-

tween the input motion (drive) and the jaws. Heads equipped with this transformation 

mechanism are able to grip heavy objects and maintain constant work forces thus contrib-

uting to safety, see Fig. 2.5. 

 
 

Fig. 2.5 Screw transformation mechanism 

3 TYPE OF CONTACT WITH OBJECT 
There are three basic types of grippers on the basis of type of contact: 

• Point Contact 

• Line Contact 

• Area Contact 

 
Point contact 
As the name indicates, point contact gripping takes place when the gripping fingers and the 

object to be grasped come in contact at some particular points. In this type of gripping there 
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are at least three to four points of contact between the gripping fingers and the object to be 

grasped. 

Line contact 
In line contact the contact between the gripper jaw / finger takes place in the form of a line 

which is dependent on the shape of the object. In Line Contact one has to make sure that the 

hypothetical lines which are formed during contact are parallel or as close to parallel as pos-

sible otherwise proper grasping becomes far too difficult. 

Area contact 
Instead of points or lines, there is a whole surface area of the fingers that is coming in contact 

with the object. Generally in area contact, contact of two surface areas from opposite sides is 

enough to completely constrain the object. 

The active surface of a gripper is what actually is in contact between the jaw and the object 

and it is related to the geometric shapes used in the designs of jaws. It is designated as: A 

point contact, B line contact, C surface contact, D circular contact, and E double line contact, 

Fig. 3.1. 

 

Fig. 3.1 Contact between the jaw and the object 

 

4 MAGNETIC GRIPPERS 
There are two types of magnetic grippers, permanent-magnets and electro-magnets. The 

magnetic grippers are only suitable for picking up ferrous objects and are very easy to con-

trol for picking and releasing. A permanent-magnet is an object that is made from a magnet-

ized material. The permanent magnets require a mechanism for releasing the gripped object 

as shown in Fig.4.1. 
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Fig. 4.1 Magnetic gripper 

 

In addition to permanent magnets, a magnetic field can be electrically generated. The mag-

netic field is generated by a wire wounded into a coil. When the electricity is passing through 

the wire the magnetic field becomes active and the field disappears when the electricity is 

gone. The electromagnetic lifters are often used for picking up various iron and steel scraps. 

They are common in the manufacturing industries. Some objects can be magnetized when 

picking with electromagnets but that problem can be reduced by connecting the electro-

magnets to alternating current. The electromagnetic grippers can pick up and release objects 

in few seconds which is beneficial when the time matters. Other benefits with electromag-

netic grippers are that they can be dimensioned for very big forces. 

 

5 VACUUM GRIPPERS 
Vacuum-grippers become in suction cups, the suctions cups is made of rubber. The suction 

cups are connected through tubes with under pressure devices for picking up items and for 

releasing items air is pumped out into the suction cups. The under pressure can be created 

with the following devices: 

• Vacuum pumps 

• Ejectors 

• Suction bellows 

• Pneumatic cylinders 

Vacuum grippers work when the difference between atmospheric pressure and the vacuum, 
or negative pressure, is enough to provide the ability to lift, hold, move and more. This oc-

curs when one side of a part is large enough and flat enough for a vacuum gripper to create 

enough difference in pressure. 

The vacuum grippers use suction cups (vacuum cups) as pick up devices. There are different 

types of suction cups and the cups are generally made of polyurethane or rubber and can be 

used at temperatures between -50 and 200 °C. The suction cup can be categorized into four 



Multifunctional Innovative Learning Assisting Network for VET  
in Advanced Manufacturing   
Project No. 2018-1-PL01-KA202-050812  

     
 
 

 
-	14	-	

different types; universal suction cups, flat suction cups with bars, suction cups with bellow 

and depth suction cups as shown in Fig. 5.1. 

 

Fig. 5.1 Different types the suction cups 

The universal suction cups are used for flat or slightly arched surfaces. Universal suction cups 

are one of the cheapest suction cups in the market but there are several disadvantages with 

this type of suction cups. When the under pressure is too high, the suction cup decreases a 

lot which leads to a greater wear. The flat suction cups with bars are suitable for flat or flexi-

ble items that need assistance when lifted. These types of suction cups provides a small 

movement under load and maintains the area that the under pressure is acting on, this re-

duces the wear of the flat suction cup with bars, this leads to a faster and safer movement. 

Suction cups with bellows are usually used for curved surfaces, for example when separation 

is needed or when a smaller item is being gripped and needs a shorter movement. This type 

of suction cups can be used in several areas but they allow a lot of movement at gripping 

and low stability with small under pressure. The depth suction cup can be used for surfaces 

that are very irregular and curved or when an item needs to be lifted over an edge. 

An example of the use of a vacuum gripper on a robot is shown in Fig.5.2. 

 

 

Fig. 5.2 An example of the use of a vacuum gripper 

 

6 END-EFFECTOR – TOOLS 
 

- Material Removal Tools 

  This category includes cutting, drilling and deburring tools installed as robot tools. 

- Welding Torches 
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Welding is a very popular robotic application. Welding torches have thus 

become very efficient end effectors that can be controlled in a sophisticated 

way for optimized welding. Some torches also come with wire feeder for an 

even better control of the process. 

- Welding guns 

- Spray paint guns 

- Spindle for drilling and milling 

- Screw drivers 

- Heating torch 

 

7 EFFECTOR CHANGERS 
Effector changers are used when many different end effectors need to be used in sequence 

by one robot. They are used to standardized the interface between the robot flange and the 

base of the tool. They can be manual or automatic, see Fig. below. 

 

 

8 EXAMPLE OF A MODULAR EFFECTOR WITH AN INTERCHANGEABLE MECHANISM 
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SELF-CHECK QUESTIONS 
1. What is the possible contact between the gripper and the object? 

a. only point contact 

b. Point and line contact 

c. Only area contact 

d. Point, line and area contact 
 

2. To classification grippers on basis of number fingers belongs: 

a. One finger grippers and welding torch 

b. Three finger grippers and glue gun 

c. One finger and two and more number of fingers 

 

3. What types of contact with the object can be: 

a. Point contact only 

b. Point and line contact 

c. Area contact only 

d. Point, line and area contacts 

  
4. Which step DO NOT belong to the operation  - manipulation with the object? 

a. Releasing the object 

b. Coming into contact 

c. Approaching the object 

d. Securing the object 

e. Moving the object 

f. Increasing the force 

g. Point welding 
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QUESTIONS CORRECT ANSWERS 
 

Question  Answer(s) 

1 d 

2 c 

3 d 

4 g 
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INTRODUCTION TO THE LESSON 
The aim of the lesson is to familiarize students with collaborative robots (Cobots) and 
seamless operation of robots in collaborative environments, e.g. Level 5 autonomy which is 
expected to prevail in future production. Over the last decade a tremendous growth in 
utilization of robots has been experienced. Manufacturing has been impacted by the growth 
in collaborative robots. There is no longer a need for physical barriers between robots and 
humans on the factory floor. Collaborative robots, or Cobots, are a relatively recent 
development with a promising future in making possible safe human-machine interaction. 
By allowing a direct collaboration between a worker and robot, they are adding a dimension 
to our understanding of how automation can be integrated into industry. Collaborative 
robots, otherwise known as Cobots, have been designed to work safely alongside humans in 
a shared workspace. These robots, with their increased flexibility and dexterity, can 
complete more delicate tasks that conventional robots cannot and therefore it is considered 
as one of the future trends in robotics in industry. 

LEARNING OBJECTIVES OF THE LESSON 
This lesson presents an idea and functionality of collaborative robots introducing the student 
to collaborative robots. The aim is to acquaint the trainees with the definition of Cobots, to 
get acquainted with parameters and capabilities of Cobots and present different aspects of 
Cobots applications in different fields of industry and their respective functionalities. The 
general aim is to give knowledge about the potential of collaborative robots and 
collaborative functionality to use this potential in practice to increase the efficiency and 
effectiveness of the manufacturing process. 

ABBREVIATIONS (OPTIONAL) 
 
Cobot  Collaborative robot 
SLP  Safe limited position  
STR  Safe torque range 
SRMS  Safety rated monitored stop 
SSM  Speed and Separation Monitoring 
PFL  Power and Force Limited 
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CONTENT OF THE LESSON 

1 BACKGROUND AND DEFINITIONS 
1.1 Background 

Mitsubishi Electric has coined the term ‘cooperative robotics’ to encompass this wider 
definition of collaboration we can further extend the definition of Cobots to look at 
environments where humans are not working alongside the robot but require regular access 
to the robot cell. In such applications adjustable safety zones (for example using safety 
scanners) combined with functions such as safe limited speed (SLS), safe limited position 
(SLP) and safe torque range (STR) progressively limit the position, speed and torque of the 
robot as the human approaches. 

In manufacturing safety is always a major objective. The introduction of collaborative robots 
around 2005 changed the setup of factories. Prior to that there was typically a physical 
barrier between robots and humans on the factory floor. The new collaborative robot 
systems allow for a more flexible cooperation between humans and robots. They can exist in 
the same space and it is possible to dynamically interact through careful design. Today 
collaborative robots are almost exclusive used for smaller payload tasks. Safety will remain a 
major focus as the possible set of applications is expanded. 

1.2 What is a collaborative robot? 

The term “collaborative robot” is often a misnomer. In fact, although a collaborative robot is 
designed to work alongside humans, the device itself is not necessarily force limited. This 
means that the robotic cell is monitored, is safe for human co-workers, and relies on at least 
one of the four collaborative modes. The term “collaborative robot” is unique in that it 
describes the fact that humans and robots work with each other, not whether the robots are 
force limited. “Cobot” is a slang term used to describe a collaborative robot. Once again, the 
term “Cobot” is mostly used when talking about force limited robots. So, you can basically 
say that a force-limited robot is a Cobot. 

To use Cobots one should understand: 
• Why is the difference from a “traditional” robot? 
• What should be considered a COBOT? 
• Basics of HRC (Human-Robot Collaboration) and their workspaces 
• New speed and separation monitoring techniques that can further improve safety of 

Cobot applications 
• Are COBOTS really as safe as you hear? 

Collaborative robots are designed to work with humans. They’re built with safety features 
such as integrated sensors, passive compliance, and overcurrent detection. The integrated 
sensors will feel external forces and, if the force is too high, lead the robot to stop its 
movement. Most collaborative robots can be easily taught by demonstration, rather than 
requiring deep programming knowledge. Thanks to their ease of implementation and the 
fact that no additional safety features are required (like fences or switches), they can be 
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brought on-line much more quickly. Most collaborative robots can also be moved around the 
factory floor to perform different tasks at other stations. Being more dexterous and flexible, 
they can perform more tasks and even do whatever a human can do [1]. 

2 HUMAN - ROBOT COLLABORATION 
Humans and robots are working in a factory floorspace and usually they need to share some 
workspace. The collaborative workspace has a clear delineation of the restricted space and 
collaborative workspaces. Traditional industrial robots have some restricted space, or they 
must be stopped if sharing a kind of collaborative workspace. On the other hand, Cobots can 
share the same workspace without any external safety means (Tab.1) 

 
Tab. 1 Restricted workspace vs. collaborative workspace [1] 

 

 

 

Consideration has been given to the need for 
clearances around obstacles, such as 
fixtures, equipment, and building supports 
and access routes. 

Industrial robots’ workspace is fully restricted 
Methods of Collaborative Operation 
Safety rated monitored stop (SRMS): 
PERSON ENTERS 

2016 Section 5.5.2 (ISO/TS 15066: 
Access to the restricted space outside the 
collaborative workspace shall be prevented. 
A protective stop is activated if a person 
enters the collaborative workspace [2] 

Speed and Separation Monitoring (SSM) 
2016 Section 5.5.4 (ISO/TS 15066:2016) 
If the separation distance between a 
hazardous part of the robot system and any 
operator falls below the protective separation 
distance, then the robot system shall initiate a 
protective stop. 

Collaborative Operation 

 

Collaborative Operations 
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Power and Force Limited (PFL) 
2016 Section 5.5.5 (ISO/TS 15066: 
The robot system is designed to adequately 
reduce risks to an operator by not exceeding 
the applicable threshold limit values for 
contacts [2] 
Contact exposure to sensitive body regions, 
including the skull, forehead, larynx, eyes, 
ears, or face shall be prevented. 

 
 

 
Fig. 1 Human-Robot collaboration [3] 

 

3 INDUSTRIAL VS. COLLABORATIVE ROBOT 
Comparison of the industrial and collaborative robots is summarized in Tab.2. 
 

Tab. 2 Typical differences between industrial and collaborative robots 

Industrial Robots Collaborative Robots 
• Large, fixed equipment 
• Typically requires safety cage 
• High volume, high speed production 
• Complex integration and programming 
• Difficult to change/redeploy 
• High deployment costs 

• Small & flexible 
• Similar speed as human 
• Fast set up 
• Easy to use 
• Safe alongside workers 
• Low upfront costs and fast ROI 
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4 INDUSTRIAL VS. COLLABORATIVE ROBOT 
Because of their flexibility, and relative ease of use compared to fully automatic robotic 
systems, Cobots are generally considered to be an affordable and attractive choice for small 
and medium-sized businesses. These manufacturers can benefit from the traditional value 
proposition of robots — they can carry out repetitive or unsafe tasks, freeing up human 
workers to add value for much lower cost of entry. 

4.1 Cobot functionality 

The ISO 10218-1 safety standard [4] classifyes the four types of collaborative robot 
operation. 

4.1.1 Safety Monitored Stop 

Safety monitored stop pauses a robot’s motion while an operator is in the collaborative 
workspace. The robot maintains power but cannot move. This workspace is the shared space 
where a human and a robot perform tasks. While the workspace is clear of operators, the 
Cobot works at high speeds. This results in a faster cycle time. 

4.1.2 Hand Guiding 

Hand guiding allows a Cobot to move through direct input from an operator. The Cobot stays 
in a safety monitored stop until an operator actuates the hand guiding device through an 
enabling switch. Such assists are easier to maneuver than traditional designs. 

4.1.3 Speed and Separation Monitoring 

Speed and separation monitoring are often referred to as a fenceless robot system. The 
collaborative robot can move concurrently with the operator if they maintain a pre-
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determined distance apart. Often a safety-rated laser area scanner monitors this Cobot 
application. 

4.1.4 Power and Force Limiting by Inherent Design or Control 

Limitations on power and force require a special robot that has power or force feedback 
built in. This system lets the Cobot detect contact with a person. This is the most popular 
type of Cobot. It requires an extensive risk assessment because the operator can remain 
within reach of the Cobot. 

4.2 Implementation 

4.2.1 Design phase 

A plug-and-play solution that fits mechanically, electrically, and software-wise on your robot 
is easier to implement. This will greatly simplify the designing part of the process and allow 
engineers to get back to their daily routine as soon as possible. 

4.2.2 Integrate phase 

Once have received your a Cobot, one must program it. Programming is usually 
timeconsuming and complicated step requiring specific skills. This is one reason why to 
choose a robot with a simple drag-and-drop interface, software wizard, or corresponding 
app one with short introduction cn manage. 

4.2.3 Operate phase 

It might be neccessary to make sure the robot doesn’t stand for long. As soon as the robot 
stops, someone should be nearby to debug what just happened. Software that can track 
these actions and warn of the state of the robot is crucial to get back to production faster. 
Cobot’s software is usually inexpensive compared to industrial robots software. 

Tighter Cobot-machine integration is easier with built-in digital I/O controllers or Ethernet-
based communication protocols such as Ethernet IP. To keep complexity at a minimum, limit 
machine interaction to basic commands such as cycle-start and cycle-complete. 

4.3 Cobot specific implementation parameters 

4.3.1 Inherently Safety 

Cobots use all types of sensors, but their main distinction is that they’re incapable of hurting 
you. Whereas a robot with a 35 kg payload could potentially cause an injury if something 
goes wrong, the inherently safe robots are simply too weak to hurt you. 

4.3.2 Skin Sensing 

This type of force-limited robot is less widespread in the industry, but it is probably the 
safest option out there. These robots use various tactile sensing methods to sense impact. 
The sensor measures the conductivity of the body and stops the robot automatically once it 
reaches a certain threshold. 

4.3.3 Force Sensor Base 

These types of force-limited robots have a different way of feeling the force applied on their 
body: a large force-torque sensor at the base of the robot monitors the different forces. If 
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the robot is programmed to go in each direction but something prevents it from moving, the 
force sensor will sense an abnormal force vector and will stop the robot. This technique is 
often used by companies who transform their industrial robots into collaborative robots. The 
point of fitting an industrial robot on top of a force-torque sensor and under a soft skin is to 
allow the robot manufacturer to reuse a well-established robot design to build a 
collaborative robot. 

4.3.4 Joint Sensing 

Joint sensing is the most common type of force-limited robot. In fact, this type of Cobot uses 
its joints to monitor the forces applied on its body. Some robots use their motor’s power 
input, and some use force-torque sensors embedded in their joints. This type of sensing is 
easy for the end user: you only must set one or two safety settings in the controller, and you 
are ready to run your safe robot. 

4.4 Standardized functionalities 

The Technical Specification ISO/TS 15066 ‘Robots and Robotic Devices - Collaborative 
industrial robots’ describes four types of collaboration as protection principles and safety 
requirements as follows: 

• Power and force limiting 
• Hand guiding 
• Speed and separation monitoring 
• Safety-rated monitored stop 

The first step in the evaluation as required by ISO/TS 15066 is to perform a risk assessment 
in accordance with EN/ISO 12100. This risk assessment should consider the entire 
collaborative workspace, access, clearances, and how an operator will interact with the 
robot. Each reasonably foreseeable contact situation between the operator and robot must 
be considered. It is important to consider if any stationary structures are involved and other 
aspects like the end-effector and workpiece. 

Once each potential contact situation has been classified and the limits established, each 
must be tested or evaluated. The method used depends on the specific type of impact. 

Cobots are limited in speed and payload, which disappoints some users looking for a 
conventional robot that doesn’t require expensive safety protection. The greatest value of 
Cobots is where they can free a skilled employee from the menial aspects of their job to 
concentrate exclusively on the high value aspects.  

The ISO 10218-1 safety standard classifies four types of collaborative robot operation safety 
functions. 

4.4.1 Power and force limiting 

Robot’s ability to exert force is limited. Application: 
• Small or highly variable applications 
• Conditions requiring frequent operator presence 
• Machine tending 
• Loading/unloading 
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4.4.2 Hand guiding 

Operator guides robot through movements. Application: 
• Robotic lift assist 
• Highly variable applications 
• Limited or small batch productions 

4.4.3 Speed and separation monitoring 

Robot detects obstruction and reduces speed. Application: 
• Simultaneous tasks 
• Direct operator interface  

4.4.4 Safety rated monitored stop 

Robot stops in the presence of an operator or obstruction. Application: 
• Direct part loading or unloading 
• Work in process inspections 
• Speed and separation monitoring standstill function 

4.5 Do and Don’t Do with Cobots 

4.5.1 Don’t put into production with default values 

• Know which of the four predefined safeguarding modes you will use. 
• Perform force, speed, pressure, energy calculations, enter correct values. 
• Third party validation is recommended. 

4.5.2 This needed to be 20 N, but 100 N is minimum value allowed for this robot 

• Don’t oversize the robot. 
• Minimum sized robots provide better control of limits. 

4.5.3 Don’t guard by distance when you really need to guard by Power and Force Limiting 
(PFL) 

• Know which of the four predefined safeguarding modes you will use for each 
application. 

4.5.4 Don’t design sharp tooling or tooling without minimum surface areas 

• All surfaces must be rounded and have minimum surface areas. 

4.5.5 Don’t allow pinch/crush points with adjacent surfaces 

• Clearly define the collaborative workspace and consider pinch point surface areas. 

4.5.6 Setting and adjusting collaborative safety paraments shall be password protected 

4.5.7 Operator shall have means to: 

• Stop robot motion at any time by a single action, or 
• Have an unobstructed means of exiting the collaborative workspace 

4.5.8 Emergency stop devices shall be readily accessible to the operator 

4.6 Selection of Cobots 
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4.6.1 Standard Cobots and their characteristics 

Ensuring safe teaching. Since the operator is responsible for the robot’s motion, he or she 
must always be aware of surrounding equipment and safety concerns (Figure 2). It is 
possible to enforce limits in motion, such as space and soft axis limits, to help keep the 
operator safe. 

Enabling safe operation. The operator must first vacate the safeguarded space. This can be 
detected by safety sensors or additional operator verification. To re-enable the robot for 
operation, intentional mode selection must be provided. 
 

Tab. 3 Cobot functionalities to be considered 

Operational Features Representative Technologies 
Relatively low cost / rapid ROI 
Programmed easily / quickly 
Rapid deployment and integration 
Lightweight systems / small footprint 
Human scale size and operating range 
Work safely and effectively with humans 
Lower power/maintenance requirements 
Versatile, supports multiple automation tasks 
Operated by workforce with range of 
education levels 

6 or 7 DoF articulated arms 
Force sensing / force control 
No pinch points / sharp edges 
Programming by demonstration 
Lightweight construction / new materials 
Non-Aggressive Appearance / Cool Colours 
Integrated sensors (torque, vision, sonar 
etc.) 
Software centricity / intelligence / 
”perception” 
Compliant / gravity compensated /back 
drivable arms 

 

 
 

Fig. 2 Variety of standard Cobots 
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Tab. 4 Some Cobots with their parameters 

 
 
As rule Cobots have an option for visual programming and in most cases for functional 
simulation. 

            
Fig. 3 Programming Cobots in industry 

 

4.6.2 Cobot YuMi (ABB) 

There are many collaborative robots in the market and ABB YUMI IRB14000 was selected as 
an example. ABB YuMi IRB14000 is a first-generation dual arm collaborative robot by ABB 
robotics [5]. The name YuMi is derived from the “You and Me“, which as the name suggests 
developed to work closely with humans in industries [6]. YuMi robot is lightweight and does 
not need to be covered using any protective area resulting in a safer working environment 
for both worker and the robot.  

Each arm of the robot has 7 axes offering more flexibility of movement. The overview of the 
arms and the positive and negative directions of the YuMi robot are shown in the Fig.4. Each 
arm has movements of approximately 664 mm along the Y axis, 1018 mm along Z axis and 
681 mm along X axis. These values are important in determining the boundaries when 
matching the movement of the human arm with the robot arm. 
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Fig. 4 ABB YuMi Collaborative robot and YuMi Axis overview [6]. 
 

5 USE OF COBOTS 
Use of Cobots should start with planning the Project Cycle including following steps. 

 

 
 

Fig. 5 Cobot use cycle [1] 

To plan the use the following information, must be included: 

1. instructions and information specific to the collaborative application regarding 
proper handling, installation, and commissioning, commissioning tests, start-up 
procedures, system information, etc. 

2. information specific to the robot, tooling, and workpiece, including the effective 
payload and the total mass of the moving parts of the robot 

3. Anticipated and reasonably foreseeable contact situations between the robot system 
and the operator 

A Cobot is flexible and can quickly learn to adapt to a variety of tasks – from picking and 
placing to machine tending (Fig.6) 
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Fig. 6 Cobots use areas [7]. 

 

5.1.1 Pick and Place 

Manual pick and place are one of most repetitive tasks performed by human workers today. 
The mundane nature of the task can often lead to mistakes, while the repeated physical 
motions can lead to strain or injury. A pick and place task is any in which a workpiece is 
picked up and placed in a different location. This could mean a packaging function or a sort 
function from a tray or conveyor; the later often requires advanced vision systems. Pick and 
place functions typical require an end-effector that can grasp the object. It could either be a 
gripper or vacuum cup effector. 

5.1.2 Machine Tending 

Machine tending requires a person to stand for long hours in front of a CNC machine, 
injection-modelling machine, or another similar device and tend to its operational needs. 
This could be tool changes or replacement of raw materials. The process is long and 
tiresome for the human operator. Not only do Cobots free up the human operator, but a 
single Cobot can also tend to multiple machines, leading to increased productivity. 

5.1.3 Packaging and Palletizing 

A subset of the pick and place is the packaging and palletizing of products. Products before 
leaving the factory floor need to be properly prepared for shipment. This may include shrink-
wrapping; box assembly and loading; and box collating or placing onto a pallet for shipping. 
These tasks are repetitive and involve small payloads, making them ideal for Cobots. Rapid 
product changeover is key for any business running a high to low mix of volume production. 
Conveyor tracking is required for this application to synchronize robotic movement with a 
conveyor. 

5.1.4 Process Tasks 

A process task is any that requires a tool to interact with a workpiece. Common examples 
are a gluing processing, dispensing, or welding. Each of these process tasks requires a tool to 
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go down a fixed path repeatedly. These process tasks take a significant time to train new 
employees to obtain the required finish. By using a Cobot, the programming can be 
performed on one unit and copied to others. The Cobot also solves the problem of having a 
worker performing precise and repetitive movements. 

The benefit of many Cobot systems are the ease of programming either through place and 
position record methods or traditional CAD/CAM programming, easing the robotic 
programming and allowing anyone with welding experience to program a Cobot. 

5.1.5 Finishing Tasks 

Finishing tasks performed by human operators require a manual tool and large amount of 
force. The vibration from the tool can cause injury to the operator. A Cobot can provide the 
necessary force, repetition, and accuracy required for finishing jobs. These finishing jobs can 
include polishing, grinding, and deburring. The robot can be taught manually or via computer 
programming methods. Cobots that have force control can help make the robot more 
robust. This allows the robot to deal with different dimensioned parts. This is achieved 
through force sensing. 

5.1.6 Quality Inspection 

The quality inspection process usually involves full inspection of finished parts, high 
resolution images for precision machined parts, and part verification against CAD models. 
Mounting multiple high-resolution cameras onto Cobots can automate the process for faster 
results. The inspection can also be captured digitally and digitize the comparison to 
computer generated model process. Using Cobots for inspection can result in higher-quality 
inspection, resulting in more accurate production batches. 

6 DEVELOPMENT TRENDS  
The Cobots use growth rate was slightly higher (23%) as compared to traditional robots for 
reasons including the lack-of-awareness, change-management and lack of effective 
technology use-case performance or business ROI evaluations. Shipments and revenues of 
collaborative robots are forecast to grow rapidly over the next five to 10 years [8]. Until 
relatively recently, the supply of Cobots has been limited to a handful of suppliers. Most of 
major industrial robot vendors are now pursuing this sector with its own Cobot solution. 
Cobots face an increasing number of challengers, and the leading industries remain 
fragmented rather than taking share from traditional industrial robots. Collaborative robots 
are enjoying success in new markets and applications that haven’t been well covered or 
serviced by traditional industrial robots. As a result, the total Cobot market is increasing 
overall because of the following factors: 

• The overall cost of installation and system integration is lower for Cobots. 
• Cobots can be used in standalone and individual workstations and do not need to be 

integrated more deeply into a total production line. 
• Less training and engineers are needed for Cobot programming 
• Bigger payloads and heavy-duty applications 
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SELF-CHECK QUESTIONS 

1. What does it mean - Speed and Separation Monitoring (SSM) 

a. The robot system is designed if the separation distance between a part of the 
robot system and any operator falls below the protective separation distance 

b. The robot system is designed to stop if a person enters the collaborative 
workspace 

c. The robot system is designed to stop if the operator moves very fast 

2. Which of these statements describe advantages of Cobots over Industrial robots? 

a. Small & flexible 

b. Typically requires safety cage 

c. High volume, high speed production 

d. Similar speed as human 

e. Fast set up 

f. Easy to use 

g. Complex integration and programming 

h. Safe alongside workers 

3. Name the four Cobot operation types according to ISO 10218-1 standard and safety 

a. Power and force limiting 

b. Hand guiding 

c. Speed and separation monitoring 

d. Safety-rated monitored stop 

4. Which information must be included in the Cobot use documentation? 

a. Cobot certification procedures and latest certification dates 

b. information specific to the collaborative application regarding proper handling, 
installation, and commissioning tests 

c. Safety lights location and their colour and blinking rate 

d. information specific to the robot, tooling, and workpiece, including the effective 
payload and the total mass of the moving parts of the robot 

e. Reasonably foreseeable contact situations between the robot system and the 
operator 
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f. List of spare parts 
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QUESTIONS CORRECT ANSWERS 
 

Question  Answer(s) 

1 a 

2 a, d, e, f, h 

3 a, b, c, d 

4 b, d, e 
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INTRODUCTION TO THE LESSON 
This lesson provides a glossary of basic concepts, definitions and terms  for service robots in 
their various applications. All terms are sorted alphabetically. 

LEARNING OBJECTIVES OF THE LESSON 
The aim of this lesson is to familiarize students with the vocabulary and terms used in service 
robotics. Learning the vocabulary will help students to further, independently study and 
understand issues related to the use of service robots in various areas of life. 

 

ABBREVIATIONS 
 
AGV Automated Guided Vehicle or Automatic Guided Vehicle   
AI Artificial Intelligence 
 

GLOSSARY OF TERMS 
Table 0.1 Main terms 

Name Definition 
Frame of reference (or reference frame) the coordinate system in space relative to which the 

position or change of position of a given body is determined. 
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CONTENT OF THE LESSON 

1 DIFFERENT DEFINITIONS CONNECTED WITH SERVICE ROBOTS 
Agriculture Robots  - Agriculture robots are  mobile robots used to automate traditionally 
labor-intensive agriculture practices, with some being fully autonomous and some being 
semi-autonomous. Agriculture robots help address specific societal problems surrounding 
our growing human populations by: 

• improving crop yields, 
• monitoring environmental footprints, and 
• easing a widespread labor shortage. 

They also help farmers to increase efficiency, reduce operating costs and enable the latest 
precision agriculture techniques. 

Agriculture robots rise in popularity. They’ve been equipped with advanced vision sensors to 
successfully account for   various applications for: 

• robotic spraying for weed control; 
• automated smart harvesting of crops; 
• robotic planting and seeding; and 
• robotic pruning and thinning. 

Another important robotic technology is nursery automation. 

 

AGV - an Automated Guided Vehicle or Automatic Guided Vehicle is a mobile robot that 
can follow along marked long lines or wires on the floor, or uses radio waves, vision cameras, 
magnets, or lasers for navigation. They are used to transport heavy materials around a large 
industrial building, such as a factory or warehouse.  

 

AI -Artificial Intelligence - It is the study of methods for making computers behave 
intelligently. A computer is intelligent to the extent that it does the right thing rather than 
the wrong thing. The right thing is whatever action is most likely to achieve the goal, or, in 
more technical terms, the action that maximizes expected utility. AI includes tasks such as 
learning, reasoning, planning, perception, language understanding, and robotics. 

 

Autonomous  robot -  also known as an autorobot or autobot. Is a robot that can work for 
an extended period without human intervention.  Autonomous robots are usually 
considered to be a subfield of artificial intelligence. Is a robot that performs behaviors or 
tasks with a high degree of autonomy (without external influence). To function, autonomous 
robots require core technical elements -- such as: 

• a locomotion system, 
• mapping, 
• navigational algorithms,  and 
• environmental-sensing technology.  
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Autonomy  -  is  freedom from external control or influence; independent. In the world of 
autonomous mobile robots, it means that it carries out its mission with zero to minimal 
involvement from people.  

The autonomy features of the service mobile robot enables: 
• Autonomous exploration. The algorithm of the robot can identify the not yet 

explored area and defines an optimal exploration strategy. 
• Path finding. The algorithm looks for the optimal path of travel. 
• Simultaneous Localization and Mapping with respect to its surroundings. With the 

lidar, the robot can recognize its nearby surroundings and use the sensors’ data to 
localize itself on a map that will be completed during the course of its movements. 

• Automatic path following 
• Obstacle detection and avoidance  
• Real time path re-planning. If the obstacle avoidance lead to a significant gap with 

the initially planned path, this feature will look on the established map for a new 
path allowing the robot to reach its final goal. 

• Object classification in categories through:  visual recognition, learning  and 
recognition algorithm. 

 

Construction Robots  -  these  robots are professional service robots  used in the 
construction of new buildings. Like most robots, construction robots prove their worth by 
providing major operational cost-savings through increased uptime and decreased labor 
costs.  

Construction robots are still in their first stage of development.  

 A few new uses of construction robots are used for: 
• 3D printing of large structures using a robotic arm and additive manufacturing 

techniques; 
• robots for bricklaying 
• dual-arm robotic heavy equipment for disaster relief situations; 
• climbing robots for construction of tall structures; and 
• wearable exoskeletons to assist workers performing laborious tasks. 

The construction robots are still relatively new.   
 

Classification of service robots - Service robots are categorized according to personal or 
professional use. 
 

• Personal service robot or a service robot for personal or domestic use,  
• Professional service robot or a service robot for professional use.  

 

Customer Service Robots - they are professional service robots intended to interact with 
customers. These robots can have the humanoid and non-humanoid forms and automate 
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much of the most basic of tasks in customer service. Their value lies in labor savings, 
efficiency and uptime. 

Most customer service robots are used to assist customers in finding an item or completing a 
task. They’re being deployed in the retail industry to guide customers around a store, as well 
as in the hospitality industry.  

Customer Service Robots can be found in: 
• banks, 
• shopping malls, 
• family entertainment centers and  
• more. 

The value of customer service robots lies not only in their ability to interact with customers 
more cost-effectively than human staff, but their ability to collect customer data during face-
to-face interactions.  Customer service robots have major potential for developing 
interactive marketing and rebranding strategies and for the tracking and analytics of 
customer behavior. 

 

Defense Robots  - these  robots are professional service robots that are deployed by the 
military in combat scenarios. They are often intended to enhance an existing capabilities  of 
soldiers while keeping them out of harm’s way as much as possible. One of the group of 
defense robots are the exoskeletons for defense applications, which were built to enhance 
soldiers’ endurance and agility. They have come in the form of: 

• full body exoskeletons; 
• lower body-powered exoskeletons; 
• passive military exoskeletons; 
• energy scavenging exoskeletons; and 
• stationary military exoskeletons. 

Another form of defense robot, are the field robots. These robots perform a variety of 
functions, including: 

• carrying heavy equipment; 
• operating in dangerous situations to keep soldiers at a safer distance; and 
• rescuing wounded soldiers in combat zones. 

They exist field robots in defense applications that are equipped with weapons for offensive 
capabilities. 

 

Degree of autonomy-  According to ISO 8373 service  robots require “a degree of 
autonomy”, which is the “ability to perform intended tasks based on current state and 
sensing, without human intervention”. For service robots this ranges from partial autonomy 
- including human robot interaction - to full autonomy - without active human robot 
intervention.  
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Exoskeleton Robots -  exoskeleton robots are  deployed in a wide range of applications, 
intended to mimic, augment or enhance the body’s own movements. These robots provide 
essential support for human motion, with potential uses ranging from consumer products to 
military deployment. 

The primary applications for exoskeleton robots today’s market are  focused  on 
rehabilitation services in the medical field – training muscle movements and assisting in 
injury recovery in a more accurate and efficient way than was previously possible. They’re 
also used in the military to fight fatigue and injury for soldiers in combat. Partial 
exoskeletons can provide ergonomic support for laborers in industry who perform repetitive 
or stressful work. 

Development of these robots outside of the military and healthcare sectors focuses mostly 
on lower or upper body exoskeletons with a specific application in mind.  

 

Haptic device -  enables users to feel whether they reach a surface by providing tactile 
feedback. The amount of feedback may be adjusted to the different tissue types and the 
angle between cursor movement and surface normal. Tactile feedback must be provided 
very fast, since the tactile sense has a high temporal resolution. While an update of the 
geometric model with a frequency of 50 Hz is sufficient for purely visual feedback, a much 
higher frequency of 1000 Hz is required to faithfully represent touch sensations. T 

 

Human robot interaction -  means information and action exchanges between human and 
robot to perform a task by means of a user interface. 

 

Humanoid Robots -  these  robots are professional service robots built to mimic human 
motion and interaction. Humanoid robots are a relatively new form of professional service 
robot.  

Humanoid robots are being used in the inspection, maintenance and disaster response at 
power plants to relieve human workers of laborious and dangerous tasks. Similarly, they’re 
prepared to take over routine tasks for astronauts in space travel. Other diverse applications 
include providing companionship for the elderly and sick, acting as a guide and interacting 
with customers in the role of receptionist, and potentially even being a host for the growth 
of human transplant organs. 

 

In-door robots - this type of robot does operate inside homes  and rooms  in covered 
buildings. 
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Figure 1-1 Examples of In-door robots: a) iRobot Roomba 675 (https://www.irobot.com/) ; b) Cobalt 

Robotics’ autonomous indoor security robot (https://www.cobaltrobotics.com/)  

 

Industrial Cleaning Robots -  they are typically mobile, application-specific robots that 
automate industrial cleaning processes. These robots automate routine, dangerous or dirty 
work for the sake of safety and efficiency. Tasked with a variety of chores such as 
disinfecting a space and removing toxic paint, they also function to make a work space more 
aesthetically pleasing and to keep operations running smoothly. Industrial cleaning robots 
can be used in many different ways. 

Their applications usually include: 
• fully automatic glass cleaning systems for large structures; 
• mopping, vacuuming and cleaning of industrial sites and for building maintenance; 
• wall climbing robots for boiler wall cleaning; 
• cleaning, polishing and paint removal for vessels and tanks; 
• robotic hull cleaning of large ships; and 
• robotic barn cleaners. 

Industrial cleaning robots can autonomously clean just about any industrial surface or work 
site.  

 

Inspection Robots  - These robots are mobile service robots with advanced vision sensors, 
typically used for the inspection of critical and high-value infrastructure. Inspection robots 
are either semi-autonomous, where they’ve been taught established paths, or fully 
autonomous, able to navigate themselves. Inspections are more accurate when performed 
by robots, and because robots can operate for long periods of time without breaks, they 
provide more comprehensive inspections than manual processes, especially in dangerous 
settings. 

Inspection robots are used as: 
• mobile and aerial robots are being used for remote visual and ultrasonic inspection of 

pipes; 
• inspection of ferromagnetic structures in nuclear and energy applications; 
• quick visual inspection of tanks, pipes, vessels, large plates and structures; 
• mobile and remote automated inspection of onshore oil and gas levels, leakage, 

surface conditions and acoustic anomalies; 
• autonomous sewer inspection; and 
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• robotic inspection of wind turbine rotor blades. 

Inspection robots give many benefits over manual inspection processes, especially in 
dangerous scenarios. 

 

Logistics Robots - they automate the process of storing and moving goods as they make 
their way through the supply chain. They are often used in warehouses and storage facilities 
to organize and transport products. Logistics robots offer far greater levels of uptime over 
manual labor, leading to major productivity gains and profitability for those deploying 
logistics robots. 

The primary application of logistics robots is the use of mobile automated guided vehicles 
(AGVs) in warehouses and storage facilities to transport goods.  

Other examples of logistics robots include robotic arms that sort items from bins or from 
assembly lines.  There are some forms of logistics robots that are used for delivery of 
medicine and lab specimens in the hospitals and laboratories. 

 

Mobile robot - is a machine controlled by software that use sensors and other technology to 
identify its surroundings and move around its environment. Mobile robots function using a 
combination of artificial intelligence (AI) and physical robotic elements, such as wheels, 
tracks and legs. 

 

Navigation of the robot  -  it  means the robot's ability to determine its own position in its 
frame of reference and then to plan a path towards some goal location. In order to navigate 
in its environment, the robot or any other mobility device requires representation, i.e. a map 
of the environment and the ability to interpret that representation.  

Navigation can be defined as the combination of the three fundamental competences:  
• Self-localization 
• Path planning 
• Map-building and map interpretation 

Some robot navigation systems use simultaneous localization and mapping to generate 3D 
reconstructions of their surroundings.  

• Robot localization denotes the robot's ability to establish its own position and 
orientation within the frame of reference.  

• Path planning is effectively an extension of localization, in that it requires the 
determination of the robot's current position and a position of a goal location, both 
within the same frame of reference or coordinates. 

• Map building can be in the shape of a metric map or any notation describing 
locations in the robot frame of reference. 
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Odomerty -  is the use of data from motion sensors to estimate change in position  of the 
robot over time.  It is used in robotics by some legged or wheeled robots to estimate their 
position relative to a starting location. 

 

Out-door robot -  Weatherproof, all terrain and able to carry heavy payloads robot. Those 
outdoor robotic platforms can be used for research tasks in the following fields: exploration, 
security, farming,   military or even the mining industry. 

 

Personal service robots - service robots for personal/domestic use    

These robots are divided into following groups: 
A. Robots for domestic tasks:  

1. Robot companions/assistants/humanoids, 
2. Vacuuming, floor cleaning,  
3. Lawn-mowing,  
4. Pool cleaning, 
5. Window cleaning  

B. Entertainment robots  
1. Hobby robots 
2. Multimedia/remote presence 
3. Education and research 
4. Others 

C. Elderly and handicap assistance 
1. Robotized wheelchairs  
2. Personal aids and assistive devices  
3. Other assistance functions  
4. Personal transportation (AGV for persons) 
5. Home security & surveillance 
6. Other Personal / domestic robots 

 

Professional service robot -  is a service robot for professional use. These robots are divided 
into following groups: 

A. Field robotics 
1. Agriculture 
2. Milking robots 
3. Other robots for livestock farming 
4. Forestry and silviculture 
5. Mining robots 
6. Space robots 
7. Other field robotics 

B. Professional cleaning 
1. Floor cleaning 
2. Window and wall cleaning (incl. wall climbing robots) 
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3. Tank, tube and pipe cleaning 
4. Hull cleaning (aircraft vehicles etc.) 
5. Other cleaning tasks 

C. Inspection and maintenance systems 
1. Facilities, plants 
2. Tank, tubes, pipes and sewers 
3. Other inspection and maintenance systems 

D. Construction and demolition 
1. Nuclear demolition dismantling 
2. Building construction 
3. Robots for heavy/civil construction, 
4. Other construction and demolition systems 

E. Logistic systems 
1. Automated guided (AGV) vehicles manufacturing environments 
2. AGVs non-manufacturing environments (indoor) 
3. Cargo handling, outdoor logistics 
4. Other logistic systems 

F. Medical robotics 
1. Diagnostic systems 
2. Robot assisted surgery or therapy 
3. Rehabilitation systems, 
4. Other medical robots 

G. Rescue & security applications 
1. Fire and disaster fighting robots, 
2. Surveillance / security robots, 
3. Other rescue and security robots 

H. Defense applications, 
1. Demining robots, 
2. Unmanned aerial vehicles, 
3. Unmanned ground based vehicles 
4. Unmanned underwater vehicles 
5. Other defense applications 

I. Underwater systems (civil / general use) 
J. Powered Human Exoskeletons 
K. Unmanned aerial vehicles (general use) 
L. Mobile Platforms in general use 
M. Underwater systems (civil / general use) 
N. Hotel & restaurant robots 
O. Mobile guidance, information robots 
P. Robots in marketing 
Q. Robot joy rides 
R. Others (i.e. library robots) 
S. Other professional service robots not specified above 
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Service robot -  A  robot that performs useful tasks for humans or equipment. Service robots 
are an excluding industrial automation application. (ISO 8373) 
 
Note: The classification of a robot into industrial robot or service robot is done according to 
its intended application. So, depending on the application, the same machine can be 
classified as an industrial robot or as a service robot. 
 

Teleoperated robot - it is remotely controlled robot that might have some sort of Artificial 
Intelligence, but normally that take their command from a human operator and execute 
exactly as instructed. Teleoperated robots are mostly used in medical surgeries and in police 
and military operations. 

SELF-CHECK QUESTIONS 
1. Which of the following robots are not the in-door type: 

a. Space robots 

b. Robotic Vacuum Cleaner 

c. Robot Lawn Mowers 

2. Which environment is not for Customer Service Robots 

a. banks, 

b. manufacturing plant 

c. shopping malls, 

d. mine 

3. Which devices belong to the Personal Service Robots 

a. Vacuuming, floor cleaning 

b. Space robots 

c. Milking robots 

d. Robotized wheelchairs 

4. Which devices do not belong to Personal Service Robots 

a. Robot companions 

b. Robot assisted surgery 

c. Mining robots 

d. Hobby robots 

 



Multifunctional Innovative Learning Assisting Network for VET  
in Advanced Manufacturing   
Project No. 2018-1-PL01-KA202-050812  

     
 
 

 
-	15	-	

REFERENCES 
 

[1] ISO 8393 ISO 8373:2012: Robots and robotic devices — Vocabulary 
[2] Wikipedia. Glossary of robotics  

https://en.wikipedia.org/wiki/Glossary_of_robotics  
[3] Merriam-Webster. Definition of robot  

https://www.merriam-webster.com/dictionary/robot  
[4] NIRYO. Industry 4.0 glossary  

https://niryo.com/industry40-glossary/  
[5] IFR-International Federation of Robotics. Service Robots  

https://ifr.org/service-robots/  
[6] A3-Association for Advancing Automation  

https://www.robotics.org/Robotic-Resources 
  



Multifunctional Innovative Learning Assisting Network for VET  
in Advanced Manufacturing   
Project No. 2018-1-PL01-KA202-050812  

     
 
 

 
-	16	-	

QUESTIONS – CORRECT ANSWERS 
 

Question  Answer(s) 

1 a, c 

2 b, d 

3 a, d 

4 b, c 
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INTRODUCTION TO THE LESSON 
Service robots are increasingly used in modern production systems. To be competitive, these 
systems need not only to be cost-effective, which is largely determined by their productivity. 
Modern production systems must also be safe for the worker and the environment, flexible, 
with the ability to quickly respond to changing market needs. This forces the production 
systems to meet specific requirements in the production itself, as well as in its environment 
and logistics. Meeting these requirements is often possible thanks to the implementation of 
automation and robotization, including the use of service robots 

LEARNING OBJECTIVES OF THE LESSON 
The main goal of this lesson is to familiarize students with the possibilities of using various 
types of service robots in production plants  

This lesson in a condensed form introduces the student to service robots applicable in 
modern industrial production. As a result of learning the material of this lesson, the student 
will understand the problems arising from the specific logistic requirements in modern 
industry. He will know the potential of service works and will know how to use this potential 
in practice to increase the efficiency of the manufacturing process. 

ABBREVIATIONS 
 
AGV Automated Guided Vehicle 
AMR Autonomous Mobile Robot 

GLOSSARY OF TERMS 
Table 0.1 Main terms 

Name Definition 
Odometry The use of data from motion sensors to estimate change in position over 

time. It is used in robotics by some legged or wheeled robots to estimate 
their position relative to a starting location. 
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CONTENT OF THE LESSON 

1 INTRODUCTION 
1.1 Service Robots for Industrial Applications Automated Guided Vehicles 

According to the definitions given in the ISO 8973 standard [2]: 

"Service robot - it is a robot that performs useful activities for people or devices with the 
exception of automated industrial applications. 

• NOTE 1: Automated industrial applications include, but are not limited to, 
fabrication, inspection, packaging, and assembly. 

• NOTE 2: While the articulated robot used on the production line is an industrial 
robot, the same articulated robot used for feeding food is a service robot. " 

Thus, service robots do not perform process automation tasks or individual operations 
within industrial processes. However, they can support these processes. And it is so, and the 
level of use of service robots in industrial conditions is increasing every year. The tasks 
performed by service robots in production plants can be divided into three groups: 

• Logistic tasks, including inter-operational transport 
• Inspection tasks, including protection of industrial facilities  
• Direct support for production workers, including the use of exoskeletons to 

increase human physical abilities 

According to the aforementioned ISO 8973 [2] standard, service works are divided into: 
• Personal service robot - it is a robot for personal use, a robot for non-commercial 

tasks, usually operated by a non-professional, e.g.: 
o a home cleaning robot, 
o an automatic wheelchair,  
o a personal mobility assist robot,  
o a pet exercise robot. 

• Professional service robot - a service robot for professional applications, used for 
commercial tasks, usually operated by a properly trained operator., e.g.: 
o a robot cleaning public areas,  
o a delivery robot in offices and hospitals, 
o a fire-fighting robot,  
o a rehabilitation robot and a surgical robot in a hospital. 

Robots for professional tasks constitute a large group of robots, which includes: 
• agriculture, 
• orchard, 
• breeding, 
• mining, 
• forestry, 
• construction, 
• food industry, 
• professional cleaning, 
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• control and service of industrial facilities, 
• logistics, 
• health service, hospitals 
• rescue, safety, police applications, 
• military applications, 
• underwater works, 
• aviation and airspace, 
• hospitality, 
• restaurants and cafes, 
• trade, 
• toys, 
• etc. 

This lesson focuses only on professional service robots that are applicable in an industrial 
environment. A feature of these robots is mobility, understood as the ability to change their 
position in space. 

Mobile robots used in industry can be divided into two groups: 

• non-autonomous AGVs (Automated Guided Vehicles). They follow strictly defined 
routes, e.g. marked with tracks on the floor or markers on walls. They often have an 
external power supply permanently connected. 

• Autonomous Mobile Robots (AMR) also known as MIR (Mobile Industrial Robots). 
Their work is not limited by control or power cables, and the only obstacles that may 
arise in their vicinity, e.g. walls and other elements of a production or warehouse 
hall. The control of these robots is extensive, these robots are capable of making 
decisions, e.g. in the event of hitting an obstacle on their way. 

1.2 AGV trolleys and AMR robots (MIR) 

In Fig 1 an AGV trolley with a load capacity of up to 2 tons is shown, the route of which is 
mapped by a reflective track painted on the floor. 

 
Figure 1.1 AGV cart by Autoguide. load capacity up to 2 tons, 

source: https://www.agmobilerobots.com/mylo-1/ 
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The above division of all AGVs into non-autonomous AGVs and AMR robots is not strict and 
was created mainly due to the control and navigation systems used by robots. Some believe 
that AGV robots can be called all unmanned vehicles, including those that are able to move 
along a given path. Others believe that the name of a robot, including an autonomous robot 
or a MIR mobile robot, should be reserved only for vehicles equipped with an advanced 
navigation and control system that gives the vehicle autonomy. Usually these are systems 
using laser scanners that allow relatively easy path change. These systems do not require a 
painted reflective track on the floor or a floor-mounted induction loop. The methods of 
controlling AGV vehicles (robots) are given in section 2.4. Often the use of the word "robot" 
in relation to AGVs can only have a promotional marketing meaning, it is to emphasize the 
high level of the offered product and their modernity. 

All kinds of AGV vehicles, regardless of the control and navigation techniques used in these 
vehicles, have become frequent components of Flexible Manufacturing Systems (FMS). 

2 AGV VEHICLES 
2.1 AGVs as part of FMS 

Modern manufacturing  systems, in order to meet the requirements of the competition, 
must not only work efficiently and reliably, but also must be flexible, i.e. quickly and easily 
adapt to market requirements. A feature of FMS lines is the ability to quickly respond to 
market needs, to the ability to produce a wide range of products. A good example of an FMS 
lines are manufacturing lines in the automotive industry. Such systems enable, for example, 
the production of single copies of cars according to the specific needs of customers specified 
in the orders, where customers have specified their requirements, such as: engine type, 
color and type of body paint, type of upholstery and interior design. 

Flexible production systems require perfectly functioning logistics. Elements for the 
production of final products must be delivered to the production line at the agreed time, 
quantity and sorting. AGV vehicle systems, which due to their advanced control are also 
often called AGV robots, are a perfect complement to flexible production systems. These 
systems contribute to the increase in the reliability of production processes by reducing 
human error. 

AGV vehicles enable maintenance-free internal transport between the production line and 
the warehouse: 

• products, semi-finished products and components, 
• tools, 
• containers (containers), 
• waste. 

2.2  Types of AGVs 

Various types of AGVs are used in in-house transport with the use of AGVs. Belong to them: 
• Towing Vehicles, 
• Simple transport carts (Cart Vehicles), 
• Forklifts (Fork Vehicles), 
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• Unit Load Vehicles. 

2.2.1 Towing Vehicles 

These trolleys are designed to pull hand-loaded trolleys. They move along a fixed route in 
the form of a loop with designated intermediate and end points and control stations for the 
operator in the loading / unloading and handling cell. As a rule, they cannot move in the 
opposite direction. 

2.2.2 Cart Vehicles 

These strollers are very versatile. They can also work as single loading carts or as towing 
carts. They move along a path marked by a magnetic tape mounted in the floor. They can be 
equipped with advanced navigation and control systems, e.g. with the use of laser scanners, 
which give these vehicles considerable autonomy. We can also call such vehicles transport 
robots. 

2.2.3 Fort Vehicles 

Forklifts are flexible and versatile because they are equipped with a fork lifting mechanism 
which allows them to handle various types of loads, such as: 

• pallets, 
• rollers, 
• racks. 

These trucks can be equipped with an electric or hydraulic drive for lifting the forks. They can 
also be equipped with readers and control systems that are used to: 

• automatic product identification, 
• real-time truck load tracking, 
• inventory management and product search in the warehouse. 

2.2.4 Unit Load Vehicle 

This type of stroller is very versatile. Their maneuverability is very high. They can navigate 
narrow, complicated paths. They enable the transport of loads of various sizes and shapes. In 
order to load and unload them, it is necessary to use conveyors or other loading devices. 
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2.2.5 Examples of AGVs (robots) 

 
Figure 2.1 Autonomous mobile robot from MiR, cooperating with a roller conveyor 

ASTOR source. 1- robot roller conveyor, 2-station roller conveyor 

 

The robot is equipped with a working module in the form of a roller conveyor 1. The robot 
moves to the manufacturing line, at the beginning (or at the end) of which a stationary roller 
conveyor is mounted. After detecting the marker (a special cavity at the height of the 
scanner), the robot can be precisely docked to the stationary roller conveyor 2. 

After docking, a suitable sensor informs the robot's control system that the rollers can be 
actuated both on the robot and on the stationary conveyor and that a detail, e.g. a 
cardboard or box, is placed on the robot (or transferred from the robot to the conveyor. 

The stationary conveyor control system should be able to respond to signals from the robot's 
control system. It is about ensuring the synchronization of rotation of the rollers of the 
stationary roller conveyor and the robot conveyor. 
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Figure 2.2 AGV robot equipped with a roller conveyor 
1- pallet, 2- laser scanner, 2- roller conveyor, 3- laser scanner 

source: SEW 

Figure 2.2 shows the AGV robot, prod. SEW is designed to work with a roller conveyor. The 
robot can be used to transport and move cartons, pallets, but also bags with loose materials 
in a similar way to the robot shown in Fig 2. 

Figure 2.3 shows an AGV robot intended for towing load carts to a given location. The robot 
is equipped with a special coupler, which, using a 3D camera, automatically detects the 
trolley waiting in a specific place, hooks it and after being delivered to the right place - 
detaches it. The autonomous mobile robot moves over the previously mapped area, 
avoiding obstacles on its way and paying attention to people passing by. 

 
Figure 2.3 MiR robot that can tow trolleys up to 500 kg (Source ASTOR) 

1- trolley without drive with a basket, 2- automatic coupler, 3- AGV robot, 4- driving wheels of the robot, 5- 
turning support wheels. 

2.3 Mobile robotics tasks performed by AGVs 

AGV vehicles perform the following tasks typical for mobile robotics: 
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2.3.1 Mission Planning 

Mission planning consists in generating subsequent activities in order for the AGV to 
complete the set target. 

 

2.3.2 Trajectory planning 

It consists in generating successive target points in the AGV's workspace, taking into account 
obstacles on the route and other restrictions and criteria (e.g. time criterion or route length 
criterion) 

2.3.3 Collision-free implementation of the planned trajectory 

It consists in following the path, identifying obstacles, determining the position of the robot. 

2.4 AGV control methods 

Controlling the movement of AGVs is carried out using various methods that can be 
conventionally divided into two groups: 

A. Methods based on the existence of a physical path located below the surface or on 
the surface of the ground (floor) along which the vehicle is to travel. 

B. Advanced methods that do not require a physical transport path. 

The methods according to point A include: 

• Induction loop method - consists in placing a single electric wire in a special conduit 
just below the surface of the substrate. A current of constant, defined frequency 
flows in this conductor, which generates an electromagnetic field. The field strength 
is detected by the vehicle's antenna. The vehicle is moving in such a way that the 
value of the electromagnetic field strength perceived by the antenna is as high as 
possible. This method is one of the oldest and most effective methods of controlling 
an AGV cart. 

The disadvantage of this method is that in the event of a change of route, there is a 
need to interfere with the ground and perform work in order to lay the wire 
according to the new path (vehicle route). 

• Reflection method - consists in placing and fixing (eg. sticking) on the substrate along 
the planned path, a tape made of a ferromagnetic material that generates a magnetic 
field, or a reflective tape (reflecting light). Path detection in the event of a magnetic 
field is performed using the vehicle's antenna. In the case of using reflective tape, the 
path detection is carried out by means of reflected light sensors. The reflection line 
can also be painted on the substrate. The method is simple and cheap. Enables quick 
route modification. 

The disadvantages of this method are: low resistance of the tape to mechanical 
damage and sensitivity of the antenna to the presence of other ferromagnetic 
materials. This method can only be used inside buildings. 

The methods according to point B include: 
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• Laser navigation method with reference points. 

This method consists in determining the coordinates of the vehicle using a laser 
beam emitted by a laser scanner located at the top of the vehicle. The laser light 
beam sweeps around the truck from several to several times per second. There are 
laser light reflectors (markers) in specific places in the room (e.g. on walls, columns). 
The laser beam reflected from the reflectors returns to the scanner. It enables 
precise, interferometric measurement of the distance between the scanner and the 
reflectors and the angles between them. On this basis, it is possible to precisely 
determine the coordinates of the vehicle position. 

This method has many advantages such as: 
- high accuracy in determining the position coordinates (1-2mm), 
- can be used in buildings and outside buildings, 
- easy modification of the vehicle route, 
- no need to interfere with the floor of the room. 

One disadvantage of this method is that the reflectors must be visible to the scanner. 

Other known methods, such as e.g. the ultrasonic method or the GPS method, are 
not used in practice, especially indoors. 

• RFID method (Radio Frequency Identification) - a method of automatic data saving 
and reading, which does not require operator control. Passive transponders, placed 
at regular intervals in the ground, send information to the truck in order to properly 
control the operation of the vehicle. The control system, based on data obtained 
through transponders, makes it possible to reduce the speed of the vehicle at 
potentially dangerous points, such as intersections or bottlenecks. It is possible to 
control the direction of travel, blockade of trouble spots and monitor one-way 
routes. Automatic identification of storage locations with the use of transponders 
allows for quick and error-free operation of the AGV traffic control system and 
significant time savings. 

2.5 Power supply of AGVs 

AGV vehicles are powered by electricity from on-board batteries. In order to ensure the 
smooth operation of AGVs, it is necessary to periodically replace the batteries with fully 
charged ones or use automatic battery charging systems. 

Manual battery replacement involves removing the discharged battery from the vehicle and 
replacing it with a fully charged battery. 

Automatic battery replacement is based on the use of a special robot, the design of the 
handling system is adapted to the AGV system used. In the event of a low battery level, this 
robot replaces a fully charged battery. This robot supports AGVs, as well as controls the 
condition of batteries in the battery warehouse. 

The automatic battery charging system enables uninterrupted operation of vehicles. 
Charging takes place at automatic charging stations. Batteries are charged when there is a 
standstill between tasks or when they are found to be low-charged. 
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2.6 AGV running system  

AGV vehicles are designed to move in factory premises. They require a suitable substrate. 
The substrate is usually a smooth and clean floor covered with epoxy resin. Such a floor 
should be without blemishes and unevenness. The running system  of the mobile robot used 
for use in factory halls consists of driving wheels,  driven by electric motors with reduction 
gears and swivel support wheels. Sensors for measuring the speed of the vehicle and the 
distance traveled may be connected to the drive wheels. The information from these 
sensors, called odometry sensors [1], is used to control and navigate the robot. 

The task of the undercarriage is to ensure the ability to maneuver the vehicle in the confined 
spaces of corridors and warehouses. 

3 SAFETY OF AGV VEHICLES 
Information provided by manufacturers of AGVs that these vehicles are safe (or completely 
safe) should always be treated with some reserve. The use of AGVs at workplaces is always 
hazardous. The main hazard   is a collision of a moving vehicle with a human being. The 
appropriate level of safety at workplaces where there are running AGV vehicles can only be 
ensured if these vehicles are used properly and the work culture and discipline are followed. 

Guidelines on how to properly organize safe plant transport using AGVs are included in the 
EN-ISO 3691-4: Industrial trucks standard. Safety requirements and verification. Part 4: 
Driverless industrial trucks and their systems. 

It is assumed that the methods of securing the work of AGVs must be adequate to the zones 
in which AGVs operate. 

There are zones: 
• closed zone, 
• common zone. 

The closed zone is an restricted area that is a physically separated  for vehicle traffic with 
access only to authorized persons. Such a zone should consist of a fence along the entire 
trolley route and a door, gate or movable cover allowing access to this zone. The access 
element should have the following features: 

• be opened only to the outside, 
• can only be opened from the outside with a key, 
• be opened from the inside without a key, 
• when opening, stop all wheelchair movements in the restricted area, 
• closing alone should not restart the trolleys. 

The common zone is the area where the truck, pedestrians and vehicles driven by operators 
take place. 

If a restricted zone is used, the above-mentioned standard recommendations should be met. 
The main difference between the restricted zone and the common zone is that no personnel 
detection means are required in the restricted zone. 
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When using a common zone, the requirements for means of detecting people on the path of 
the truck must first of all be met. These measures should, among others, have the following 
characteristics: 

• should operate at least over the full width of the trolley and load in each direction of 
travel, 

• should enable the wheelchair to be stopped by the braking system before contact 
with a person, taking into account the condition of the floor, 

• should detect body parts as close to the floor as possible, especially due to the risk of 
crushing the feet. 

The standard recommends that when it is not possible to use means of detecting personnel 
in every direction of travel (e.g. forklifts equipped with forks), the maximum speed of the 
trolley should be limited to 0.3 m / s and the trolley should be able to stop it at a distance of 
600 mm.  

This means that if the vehicle speed is limited to 0.3 m / s, it is possible to completely bypass 
personnel detection measures. An additional general requirement for securing common 
areas is to maintain adequate safety gaps of 0.5 m wide and 2.1 m high between parts of the 
truck, cargo and trailers and adjacent fixed structures along the road.  

Where it is not possible to provide a 0.5 m separation, this area is considered a danger zone. 
Before entering such a zone, the speed of the trolley should be reduced to 0.3 m / s and an 
audible warning signal should sound. 

When determining the distance between the place where the vehicle stops and the detected 
object, the dimensions of the vehicle and the transported load should be taken into account. 
The correct distance should be adopted on the basis of the recommendations of PN-EN ISO 
13854: 2020-03: Safety of machinery - Minimum distances to prevent crushing of parts of 
the human body. 

EXAMPLES 
On the Internet you can find many examples of specific solutions of service robots operating 
in the field of a manufacturing enterprise. Here we propose a few selected items related to 
the material presented in the lesson: 

• AGV system CEIT 
https://www.youtube.com/watch?v=-Ld-Crjg7tk 

• Automated Guided Vehicles, Storage and Retrieval Machines, 2XL N.V., 
Warehouse Automation 
https://www.youtube.com/watch?v=S8zDRu72HD0 

• Smart AGVs for the Audi A8 production 
https://www.youtube.com/watch?v=WDyELW5qhsQ 

• AGV – Transport More with Safety (Full Coverage) 
https://www.youtube.com/watch?v=jpP0zBFmQ9g 

• Automated Guided Vehicles  
https://www.youtube.com/watch?v=mEzCMS50mtE 
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• Autonomous Mobile Robots (AMRs) in Action 
https://www.youtube.com/watch?v=M0fL5Q6rGws 

We encourage students to independently search for other examples that can be both 
educating and inspiring for their own research and technical activities. 

SELF-CHECK QUESTIONS 
1. The tasks performed by service robots in production plants are: 

a. logistic tasks 
b. cleaning the bathrooms 
c. protection of industrial facilities 
d. increase human physical abilities 

2. Methods based on the existence of a physical path uses: 
a. induction loop 
b. reflection method 
c. laser navigation method 
d. RFID method 

3. AGV vehicles perform maintenance-free internal transport of: 
a. press for lunch 
b. paycheck 
c. products, semi-finished products and components, 
d. tools, 

4. An restricted area that is a physically separated for vehicle traffic with access only to 
authorized persons, is named: 

a. closed zone 
b. working area 
c. common zone 
d. application area 
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QUESTIONS – CORRECT ANSWERS 
 

Question  Answer(s) 

1 a, c, d 

2 a, b 

3 c, d 

4 a 
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INTRODUCTION TO THE LESSON 
The automotive industry has been the largest user of industrial robots for many years. This 

lesson presents the most important tasks performed by robots in automotive plants. Various 

types of robots and their equipment that is used to perform these tasks will be presented. 

LEARNING OBJECTIVES OF THE LESSON 
• To acquaint the trainees with the main problems specific for applications of robots in 

automotive industry; 

• Presentation of sample robotic applications in the automotive industry; 

• Indication of sources of information on robotics in the automotive industry 

 

CONTENT OF THE LESSON  

1 CHARACTERISTICS OF AUTOMOTIVE INDUSTRY 
Automotive industry is a sector responsible for designing, developing, manufacturing and 

distributing motorized vehicles, such as cars, trucks, buses, motorcycles, and off-road 

vehicles. It began in the second half of the 19th century with the construction of the first 

horseless chariot. Since, then the technology has moved forward significantly. Nowadays 

most of the vehicles are based on the combustion engines, or even electric motors.  

As most of the people are somehow using the means of engine-vehicles technologies, 

produced designs are required to comply with the high standards above all; mostly regarding 

safety.  Due to this, the whole production is likely to be human-less and highly-controlled. In 

case of any defect appearing, the whole batches of relatively expensive products are being 

returned immediately. This may be also broadened up to whole production run, which may 

cause a serious financial troubles to the company. 

The production processes change constantly to stay up-to-date, also due to the big market 

demand. Currently, more than 1.1 milliard of cars are being used on the Globe and the 

number is forecasted to exceed 2 milliards by 2040 [2]. Hence, the automotive sector is 

growing exponentially. To comply to the high demand, the factories use advanced 

automation and Robotization technologies, which stick to the concept of Industry 4.0 and 

advanced manufacturing.  

The leaders of international automotive market are China, United States of America, Japan, 

India, Germany, Mexico, and South Korea.  

The production processes change constantly to stay up-to-date, also due to the big market 

demand. Currently, more than 1.1 milliard of cars are being used on the Globe and the 

number is forecasted to exceed 2 milliards by 2040. Hence, the automotive sector is growing 

exponentially. To comply to the high demand, the factories use advanced automation and 

Robotization technologies, which stick to the concept of Industry 4.0 and advanced 

manufacturing. On the other hand, well-developed countries with the dense urban 

architecture are decreasing their demand on cars. This is forcing producers to offer new, 
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more economic and green solutions, making their designs attractive to people from big 

metropolis. Often, these are possible only with applying modern manufacturing techniques. 

The leaders of international automotive market are China, United States of America, Japan, 

India, Germany, Mexico, and South Korea. Increment in the automotive industry also triggers 

growth in the fossil fuel market, while also badly affecting the environment. 

 

2 TASKS FOR ROBOTS 
The robots in the automotive companies as they operate with better repeatability and 

precision. Thanks to these, inevitable human errors are limited to the minimum. The typical 

tasks for robots in the companies, regarding their application in automotive, are presented 

below. 

2.1 Manipulating 

Manipulating is a general term for grabbing and moving elements from one place to 

another. In the automotive industry it concerns mostly carrying parts between production 

lines or machine tending (e.g. unloading forms after moulding). However, the robots may be 

also used to place and manipulate elements under machining tools or control systems [3]. 

2.2 Assembling 

Industrial manipulators in the automotive sector are frequently used to assemble 

mechanical parts of the vehicles. Thanks to their construction (even up to 7 DOFs – degrees 

of freedom) and capabilities, they can perform complicated movements under high payloads 

while providing high accuracy. This is especially beneficial for attaching parts with 

interference or transition fits. Moreover, vision systems integrated with robotised setups 

may even increase their precision by adapting to the changeable state of the process.  

The robots responsible for mounting mechanical parts may differ in terms of their 

constructions (typically, 3-7 DOFs robots are used – dependent on sizes of the elements and 

other circumstances). They are typically equipped with grippers dedicated to the particular 

application and sets of sensors. 

The assembling tasks are typically performed by the robots when installing door panels, 

windshields, fenders and smaller parts [3]. 

2.3 Screws fastening 

While assembling vehicles, robots not only manipulate the objects and place them in the 

desired positions They also tighten screws with the specialist screw driving systems. The 

robots used for these purposes vary in terms of construction (similar to assembling tasks, the 

robots of 3 – 7 DOFs are applicable). Automated screws tightening is advantageous towards 

the conventional approach regarding its efficacy and quality, as the systems operate with the 

programmed angular velocity and maximum torque [4]. 

The screws fastening tasks are typical for assembling all parts of vehicles’ components; 

however, they are especially visible while attaching wheels. 
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2.4 Palletising 

Palletising is a process used typically in the production of subsystems for vehicles. After the 

main part of manufacturing, the components need to be arranged on the pallets in the 

regular patterns. Depending on the weight and sizes of both, elements and pallets, the 

robots of different constructions (3-7 DOFs), payloads and reach are used. To place parts in 

the desired positions, different types and models of grippers are used. Their adequate 

selection is required to guarantee the firm grip, and so keeping the accuracy of the process. 

Besides vehicles production, palletising tasks are also frequently used while regenerating 

pre-used components. 

2.5 Welding 

Industrial robotic arms (usually 6 DOFs) with relatively heavy payloads and durable 

constructions are capable of arc welding. In the automotive sector, this is one of the 

methods of attaching metal components one to another (e.g. chassis components or the 

frame). The robots with smaller payloads, but still big enough to lift the welding head,  may 

be used for spot welding. This method may be used for connecting sheet metal components 

such as body. 

The robots may be either used to grip the elements and place it under the welding torch or 

to lift the torch and follow the programmed trails. They need to operate in the special cells 

protected with a barrier from the welding screens and curtains. Robotization of this process 

is superior to its manual version in terms of repeatability and increasing quality of work in 

the company (safety of employees). The technology of robot-aided welding often brings the 

application of rotary positioner tables and other corresponding equipment for mounting 

elements [3]. 

2.6 Surface finishing and machining 

Larger industrial robots (usually 6 DOFs robotic arms or Cartesian robots) may also be used 

to hold the tools and to machine elements, as well as to finish their surfaces.  These 

processes can be used in the automotive sector, in order to manufacture mostly any 

element, drill holes or to thread them. Also, automation of cutting and trimming technology 

may be applied to sheet metals such as ones for vehicles’ bodies. Robotic arms may be also 

used for the polishing of surfaces before and after painting. Hence, the roughness is 

significantly reduced to achieve the smooth, aerodynamic shape and guaranty adhesion of 

paint.  

The devices used for surface finishing or machining have to be equipped in the 

corresponding tools. These include a wide range of drills, lathes, mills, cutters, saws, and 

polishers. Moreover, the chosen tool may be also accompanied by corresponding sensors or 

additional appliances, such as smoke extract fans or cooling systems [3]. 

2.7 Painting and coating 

Paints and coating substances used in the automotive industry are very toxic to boot. 

Covering bigger parts requires long spraying sessions which cannot be interrupted; as it may 

affect the final appearance of details. Thus, to restrain harmful effects on employees and 
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counteract to labour shortages on the professional painters market, many companies use 

industrial robots to overtake their duties. 

Typically applied robotic arms (usually 6 DOFs) are following the programmed trails with 

high precision [3]. Their flanges are equipped with the equipment required to run the given 

tasks. Moreover, many producers of the robots provide commands or software packs 

dedicated to painting or coating. 

2.8 Sealing 

Industrial robots equipped with the heads for laying down gaskets, attached by their hoses 

to the pump stations may be also used for laying down seals. Typically, Cartesian 

manipulators are used for such purposes but also 4-6 DOFs robotic arms can give a go in 

more demanding cases (e.g. seals for non-flat components such as tailgate). Using of robotic 

setups results in increased precision and repeatability of a process. Moreover, it protects 

employees from the toxicity of the foam’s compounds. The sealing devices may be also 

accompanied by the additional appliance such as smoke extract fans, water cleaning systems 

or sensors for controlling gaskets [3]. 

2.9 Controlling 

Robots holding sensory systems may be also used to control details after processes. Thanks 

to their complex kinematics, they may assess quality at many different points and angles of 

view. In the automotive industry, they may be used to checking the quality of welded or 

painted parts, as well as precision of assembled details. 

2.10 Transporting 

Large-scale production is typically not held within a one long production line. Thus, it 

requires moving from one to another or warehousing. As the automotive sector is tending to 

turn manufacturing fully automated and independent from human, they require devices for 

transporting elements. The autonomous mobile robots (AMR) come at this place. Thanks to 

their construction they may lift relatively high payloads and operate in the human 

environment. They are cobot-standards-complaint, so they do not require special paths 

restrained from employees access. Thanks to their advanced sensory systems and algorithms 

they may work in fleet, orientate and dock with a high precision, as well as communicate 

with external devices via IoT (Internet of Things) technology [3]. 

 

3 TYPES OF ROBOTS 
As mentioned above, the robots used in the automotive industry vary in terms of their 

construction and applications. The most common types are presented below. 

3.1 Robotic arms 

Robotic arms are one of the most common within industrial practice. They are so popular 

due to their universality, and may be used for most of the purposes, as they differ in terms 

of their weights, payloads, reach, velocities and construction. The most common ones are 6 

DOFs, as they may reach all the configurations within their operation space. However 3 or 4 

DOFs robots are also common for palletization applications (their end-effector typically 
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remains parallel to the base plane). On the other hand, redundant 7 DOFs robotic arms may 

be useful while working in a more complex environment and performing more complicated 

operations. 

The range of diversity of robotic arms from one producer is presented in the Fig. 1. 

 
Fig. 1 Industrial robotic arms by KUKA company [5] 

3.2 SCARA 

SCARA (Selective Compliance Assembly Robot Arm) are the devices of 3 DOFs (two rotation 

and one transition) dedicated to assembling of light components. They are faster than other 

constructions of the similar size and relatively accurate. On the other hand, they require 

more complex control systems than Cartesian robots and are more expensive than these. 

Also, they are usually lightweight but are able to lift only low payloads. Sometimes, SCARA 

robots are applied in couples, so to enable operations similar to assembling with human 

arms (see Fig. 2). 

 
Fig. 2 SCARA robot by Kawasaki company [6] 
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3.3 Delta robot 

Delta robots are based on a parallel construction end enable rapid pick-and-place processes. 

They are used mainly for packaging of ready products or subcomponents. Thanks to its 

kinematics, they can reorient their tools (see Fig. 3). 

 
Fig. 3 Delta robot by ABB company 19[7] 

3.4 Cartesian coordinate robots 

Cartesian coordinate robots consist of combinations of three transitional exes. Such 

structures are quite popular for CNC machining tools and 3D printers, as well as for moving 

objects from one place to another (see Fig. 4). Robots of this type used for automotive 

purposes are relatively large. Sometimes they are also equipped with an additional 

rotational axis in the end. 

 
Fig. 4 Cartesian robot by Wobit company [8] 

3.5 Autonomous mobile robots 

Autonomous mobile robots are mobile platforms used mainly in the warehouses for 

transportation processes. They may also be used to pull or push other devices, or even to 
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carry industrial robots, so that they can relocate automatically. They are wirelessly 

controlled, and their motion is supervised by optical sensor systems. Therefore, they can 

map the environment and dock to the declared workstations. Such devices vary in terms of 

their sizes, speeds, positioning accuracy and velocities (see Fig. 5). 

 
Fig. 5 Autonomous mobile robots by MiR company [9] 

 

3.6 Cobots 

Collaborative robots, so-called cobots, are similar to robotic arms. However, due to their 

lower payloads, velocities, sizes and weights, they are compliant with the safety standards 

without application of any safety barriers between them and operators (see Fig. 6). They are 

typically used for complex operations, which require performing of at least part of the job by 

a human. 

 
Fig. 6 Cobots by Universal Robots company [10]  

 

4 ADDITIONAL EQUIPMENT 
Nearly every operation performed by industrial robots require additional equipment 

attached. The most commonly used are presented below. 
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4.1 Grippers 

Robot grippers are tools dedicated to gripping elements so to move it from one place to 

another. They differ in terms of their payloads and ranges of gripping, as well as power 

supply type and kinematic structure. Among others the following type of grippers are 

distinguished: 

- Pneumatic grippers (the most common ones, with one closed and one open positions) 

- Two-finger grippers 

- Parallel grippers 

- Radial grippers 

- Three-finger grippers 

- Multi-finger grippers 

- Servo-electric grippers (with linearly controlled positions of fingers) 

- Two-finger grippers 

- Parallel grippers 

- Radial grippers 

- Three-finger grippers 

- Multi-finger grippers 

- Vacuum grippers 

- Electromagnetic grippers 

 

4.2 Screw driving systems 

Automatic screw driving systems are typically consisting of feed systems supplied with 

screws and a spindle attached to the robot’s flange. The screws are blown to the head and 

then tightened to the thread with a rotating element (see Fig. 7). Such devices are 

sometimes accompanied by optical tracking systems to take possible misalignments of 

screws into consideration. 
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Fig. 7 Automatic screw driving system by WEBER [11] 

4.3 Welding equipment 

Welding processes may be easily robotised by equipping robotic arms with torches, feeding 

systems, sensors for seam tracking and control systems (see). Typically, the hoses shall be 

generally placed in the special carriers attached to the robot’s segments. The wire is supplied 

to the torch assembled to the arm’s flange, while the flame is melting it to connect two 

elements. To hold them still, either welding tables or automatic positioners are used. With 

such an approach the following technologies may be involved: 

• Resistance spot welding 

• Laser welding 

• Gas metal arc welding 

• Gas tungsten arc welding 

• Thin gauge arc welding 

• Plasma welding 

• Laser hybrid welding 
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There are also ongoing attempts to develop continuous ultrasonic welding robotised 

methods. 

 
Fig. 8 An example of the robotised welding setup by Fronius  

 

4.4 Robot skins 

Robot skins are elements of the safety systems, which enable work of humans within a direct 

reach of a robot. They are usually made of soft pads filled with pressure/force sensors, 

which are placed as coats on industrial robotic arms (see Fig. 9). Once an impact is detected, 

the whole setup turns into emergency stop mode. 
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Fig. 9 Artificial skin for robot by Blue Danube Robotics [13] 

 

4.5 Machining tools 

Industrial robots may be effectively used for material removal; especially, for polishing and 

buffing while it comes to automotive industry. Such tools are assembled to the flanges (see 

Fig. 10), so that the manufacturing may be performed as with 6-axes CNC machines. The 

innovative polishing methods sometimes involve application of additional force/torque 

sensors to act against the surface with the highest precision. 
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Fig. 10 An example of the polishing tool assembled at the robot's flange [14] 

4.6 Paint/seals application systems 

Paint and seals application systems usually consist of tanks/containers and pumps stations, 

hoses, mixing heads and nozzles to apply the substances at the surfaces (see Fig. 11). 

Construction of setups for these applications are similar to the ones for welding. Many 

manufacturers of industrial robots also offer software packs with instructions and virtual 

environment dedicated to such applications. 

 
Fig. 11 Setup  for spraying paints by Graco [15]19 
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5 SUMMARY 
The automotive industry is much like any other; however, it is more interdisciplinary 

developed and outstanding in terms of strict requirements towards product. Hence, to keep 

production repeatable and eliminate the risk of human errors, robotisation of this sector is 

highly desired. Technologies of Industry 4.0 are commonly used for: 

• Operating machines; 

• Palletising; 

• Machining; 

• Laying down gaskets; 

• Welding; 

• Transporting; 

• Surface finishing; 

• Painting; 

• Coating; 

• Tightening screws; 

• Cooperating with humans. 

These enable achieving higher precision and enhanced safety of labour. As a result, the 

durability and reliability of vehicles and their subcomponents are guaranteed; hence, the 

safety of a user, as well. 

ASSIGNMENTS 
As part of this lesson, students can receive a task to develop a concept of a robotic 

installation for a selected production process in the area of automotive. e.g.  

• radiator welding  

• painting the bumpers 

• lamp assembly 

The proposals presented can be discussed in groups with the participation of the lecturer as 

an option. 

SELF-CHECK QUESTIONS 
1. Which of the following processes are typical for the automotive sector? 

a. Tightening screws to the wheels 

b. Polishing car bodies 

c. Laying down gaskets for the car doors 

d. 3D printing from thermoplastic elements 

e. Welding metal elements 

f. None of the mentioned above 
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2. Which of the following applications would be cobots the 4 DOFs robotic arm the 

most suitable for? 

a. Painting irregular elements of the cars’ bodies 

b. Polishing smooth surfaces of the coupe cars 

c. Palletizing metal sheets before machining 

d. Ultrasonic continuous welding 

e. None of the mentioned above 

 

3. What the autonomous mobile robots may be used for, in the automotive sector? 

a. Palletizing regenerated parts 

b. Transporting elements 

c. Arc welding 

d. Polishing 

e. None of the mentioned above 

 

4. While attaching artificial robot skin, which of the following automotive processes 

may be realized while a human is inside the robot’s cell? 

a. Arc welding car bodies 

b. Spraying with toxic paints 

c. Lifting heavy metal sheets 

d. None of the mentioned above 
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QUESTIONS – CORRECT ANSWERS 
 

Question  Answer(s) 

1 a, b, c, e 

2 c 

3 b 

4 d 
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INTRODUCTION TO THE LESSON 
The food industry is developing extremely dynamically in our country. It is one of the most 
important areas of the Polish economy, and domestic fresh and frozen products reach not 
only domestic markets, but also enjoy unflagging interest from foreign consumers. This applies 
to both vegetables and fruits and dairy products, which have recently started entering Asian 
markets. 

In order to meet the growing expectations of the market and customers, entrepreneurs are 
trying to optimize successively all their ongoing processes in their manufacturing and 
processing plants. Robotization may be a way to do this. 

LEARNING OBJECTIVES OF THE LESSON 
The main aim of this lesson is to introduce students to the most important problems specific 
to robotic applications in the food and beverage industry and 

• Presentation of exemplary applications of robotic technologies in the food and 
beverage industry; 

• Identifying sources of information on robotics in the food industry. 

ABBREVIATIONS 
 
AGV Automated Guided Vehicles  
AMR  Autonomous Mobile Robot 
FMCG Fast Moving Consumer Goods, such as food, pharmaceutical and tobacco products. 

 

GLOSSARY OF TERMS 
Table 0-1 Main terms 

Name Definition 

palette The platform is intended for the storage and transport of goods. 
Pallets are usually made of wood and have standard dimensions, 
established internationally, e.g. 1000 × 1200 mm, 800 × 1200 
mm. 

palletization Stacking goods on a pallet. Usually, the loaded pallet is wrapped 
in foil. 
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CONTENT OF THE LESSON 

1 INTRODUCTION - ROBOTIC OPERATIONS IN THE PROCESS OF FOOD AND BEVERAGE 
MANUFACTURING 

The food industry is characterized by certain features that affect the susceptibility of this 
industry to robotization. Food products most often belong to the group of the so-called Fast-
Moving Consumer Goods (FMCG). This is generally associated with the short shelf life. This, in 
turn, means that many food products can only be produced close to the recipient (consumer), 
so that the road from the factory to the store is as short as possible. As a result, globalization 
in the food industry looks a bit different than in other areas. Large international groups are 
more willing to build their production plants in recipient countries. At the same time, in local 
markets, these big players compete with local producers, usually belonging to the SME 
segment. Plants belonging to large concerns are saturated with automation devices and 
systems, including robots. 

The main benefits of robotization in the food industry can be listed in the following points: 
• performance increase 
• high process repeatability,  
• improving the quality of products, 
• maintaining hygienic production conditions, 
• reduction of labour costs, 
• improvement of staff working conditions, 
• production flexibility. 

The last aspect is related to the specificity of the food products market - the production system 
must ensure the ability to quickly respond to changes in the requirements of this market, 
which often result from changes in consumer preferences. This forces producers to provide 
various products, manufactured in short series, often differing only in packaging. The use of 
robots allows for a quick change of production, without costly structural changes of 
automated installations. Modifications of robotic systems usually require changes in the 
application software of robots and cooperating devices, sometimes replacement or 
conversion of the gripping device. 

According to data published by the International Federation of Robotics IFR [1], the number 
of installed industrial robots in the world exceeded 2.7 million in 2019. units. Of which approx. 
81 thousand. robots working in food industry plants – Figure 1 Number of industrial robots 
installed by industry. 

The main tasks performed by robots in the food industry are the handling of various materials 
/ objects. These operations can be divided into areas in which they are performed: 

• preparation of a food product - handling a soft, often wet object that requires caution, 
without quick movements and high accelerations, 

• product packaging - transferring the product from the transporter to the transporter 
or into the packaging, often requiring very fast movement (movement) of the product, 
tracking its location, e.g. packing cookies / chocolates into boxes or bottles into crates, 
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• product palletization - most often stacking collective packages, such as a shrink-
wrapped package, a package of boxes, large boxes on a transport pallet.  

Additionally, you can meet robotic depalletization processes - taking products from pallets 
when forming specific shipments (according to received orders) and when unpacking 
containers / packaging for food products, e.g. bottles, jars. 

Robots are also used to transport raw materials, semi-finished products and products 
between various stations in production halls or finished products to warehouses.  

 
Figure 1 Number of industrial robots installed by industry 

As you can see, from the point of view of the application of robots, these are material handling 
operations. According to IFR data, more than half of all robots installed in industry work in this 
type of application -Figure 2. 

 
Figure 2 Traditional cell for manual beveling – operator during work. 

So, it is a very well-known area. Many years of effective implementation of robotic solutions 
in "Material handling" applications have allowed us to develop numerous solutions to some 
specific problems. They are also used in the food industry. Manufacturers have developed 
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specific robotic designs that are specifically designed to perform interoperable transport 
operations. 

The main reasons why robots are particularly effective in food industry applications can be 
grouped into four groups: 

• Robots can work without interruption - production lines in the food industry are very 
often in a continuous mode. When such lines are operated by a human, additional 
employment must be foreseen so that an accidental, even temporary indisposition of 
the operator does not stop the entire line. In the case of robots, this problem does not 
exist. 

• Possibility to handle large loads - individual products are most often packed in 
collective packages, the weight of which can be significant. For example, water in 1.5-
liter or 2-liter bottles is first packed in packs of 6. such a package must be placed on a 
pallet. Carrying out the activities of loading a pallet is a great physical effort. a pack of 
6 bottles of water 1.5 litres, weighing 9 kg. A pack of 10 bags of sugar or flour, weighing 
10 kg. 

• By building special grippers, robots can be adapted to group grasping, e.g. 
simultaneous grasping of several bottles.  

• The robots are very fast, as are some production lines in food and beverage plants. For 
example, in vodka production plants, on the final line, products move at a speed of up 
to 20,000. bottles / hour. 

That is why producers are more and more willing to introduce robotization into their factories. 
Every year, over 170,000 jobs go to the industry. robots designed for transport tasks -Figure 3 
. Several thousand of them are installed in food industry plants producing food and beverages. 

 
Figure 3 Number of new industrial robot installations per year by application 
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2 REQUIREMENTS AND PRINCIPLES OF ROBOTIZATION SPECIFIC FOR THE FOOD AND BEVERAGE 
INDUSTRY 

There are specific conditions in the food industry, unheard of in other areas of robotization, 
e.g .: 

• features of a single product: 
o different, sometimes changing shapes 
o fragile products and their packaging 
o very different packaging (jars, cans, pouches, paper bags); 

• environmental features: 
o hygienic requirements - where there is direct contact with food 
o work in extreme or variable temperatures and various humidity (e.g. cold 

stores, dryers, furnace operation); 
• requirements for production equipment, including robots, e.g .: 

o waterproof,  
o resistance to washing. 

Manufacturers, with a view to applications in such conditions, have developed special variants 
of industrial robots. An example is robots designed to work in a sterile environment (often 
called "Clean room robot"). Their design generally provides a degree of protection at the IP69 
level (International Protection Rating), which guarantees high protection against small solid 
bodies and dust as well as complete waterproofing. 

An example of a very fast robot that can generally work with an advanced vision system is a 
Delta robot Figure 4 Delta type robot: a) kinematic structure, b) working space, offered by 
many manufacturers. These robots have a very small working space, i.e. the vertical 
movement of their tools is relatively small, often of the order of one or several cm. However, 
they can achieve very high accelerations of the working tip. This translates into a very short 
cycle of transport operations from one point to another. These robots are commonly used to 
pack individual products picked up from a moving conveyor. 

a)  b)  
Figure 4 Delta type robot: a) kinematic structure, b) working space 

Another type of operation for which a number of specific design solutions have been 
developed is palletization, i.e. stacking goods on pallets. The goal is to pack goods tightly 
together to form a compact unit, the so-called palletized package (transhipment). It is placed 
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on a pallet that can be handled as a single unit. After the entire stack of products has been 
stacked, the full pallet is generally wrapped in foil (foil) and transported to the warehouse or 
customer collection point. The general scheme of pallet formation is presented on Figure 5 
Pallet formation - general scheme. 

 

 

 
Figure 5 Pallet formation - general scheme 

Each pallet is determined by its size (length x width x height), weight and volume of the 
material placed on it. Pallet lengths and widths are internationally standardized. The 
maximum load height (including the pallet) is 220 cm. So it can be seen that in order to place 
goods on a pallet, robots with high lifting capacity and range (also vertically) are required. 
However, it is not required that the robot manipulate the goods, changing their orientation to 
the full extent. Therefore, robots intended for palletizing generally have less than 6 degrees 
of freedom, most often 4 - Error! Reference source not found.. 
When formulating assumptions for the robotization of the palletization process, the customer 
usually provides the required way of arranging the goods on the pallet, the so-called 
palletization pattern. The application team must take this requirement into account when 
selecting the type and size of the robot. It may turn out that the specific palletization pattern 
required by the customer is not possible at all [4]. The required palletization pattern also 
affects the gripper design. It must enable not only placing each element in a given position, 
but also safe removal of the gripper, without moving the element being deposited or any 
previously put away. Modelling and simulation software packages are very helpful in planning 
and designing robotic palletizing stations. They allow you to view the layout of the designed 
station and check the range and movements of the robot during the task. 
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Figure 6 Examples of robots for palletizing - from the left: Motoman PL190, ABB IRB460, KUKA KR 40 PA 

3 EXAMPLES OF ROBOT APPLICATIONS IN THE FOOD AND BEVERAGE INDUSTRY 
3.1 Palletization of sugar bags 

In 2018, Łukasiewicz-PIAP commissioned a weighing and palletizing line for sugar bags at the 
Nakło Sugar Factory in Nakło nad Notecią (Poland). The contract for the construction of the 
line concluded with the National Sugar Company (Krajowa Spółka Cukrowa "Polski Cukier") 
provided for the palletization of products packed in two types of bags: 

• bags containing 50 kg of sugar, arranged in seven layers, three bags in each layer, 
• bags containing 25 kg of sugar, seven or eight layers, 2 × 2 bags. 

In both cases, the bags were to be sewn up after being filled. 

The main devices in the robotic palletizing station are [2]: 
• robot KUKA KR 180-3200 PA 
• a roller bag transporter from the weighing station 
• roller pallet conveyor. 

The transporters are positioned at an angle of 90 ° to each other. The robot used is a palletizing 
robot, it has only four degrees of freedom. Therefore, you cannot define tools attached to its 
flange with the simplest 4-point method [2]. 

A specialized gripper was used as tools, enabling the collection of bags in both sizes from the 
roller conveyor. This gripper has been specially designed for this application. this is a typical 
procedure. it should be emphasized that the functionality of the gripper largely determines 
the success of the entire application, and then the productivity of the palletizing station during 
production operation. 

The cell is managed and supervised by a PLC controller. The type of bags handled and the 
palletization pattern are selected on the cooperating operator's panel (HMI panel). 
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Figure 7 A cell with a palletizing robot for stacking bags on a pallet [2] 

3.2 Palletization of beer bottles 

The robotic stand for simultaneous palletization and depalletization of containers containing 
bottles filled with beer for the brewery "Bosman" in Szczecin was at that time one of the 
largest applications of this type in Poland. The project was implemented in 2005. 

The brewery "Bosman" is one of the production plants of the Carlsberg concern. He specializes 
in in the production of short series of special products, prepared for a specific season of club 
occasions. These products generally have distinctive labels and are packed in specific 
packaging, e.g. boxes with product information. 

The purpose of the work was to develop and implement a palletizing station equipped with a 
four-axis KUKA KR 180 PA industrial robot with a lifting capacity of 180 kg and a range of 3.2 
meters, performing the following activities: 

• Simultaneous gripping of 4 crates containing a total of 80 full bottles, stacking them on 
an adjacent pallet, and then transferring the bottles themselves to the conveyor belt 
to the cartoner. Full crates with bottles (5 layers of crates with 8 crates in a layer) are 
delivered by a forklift truck, which simultaneously takes away a pallet with empty 
crates from the neighboring nest. The palletizing station has been equipped with two 
places for pallets containing boxes with full bottles and two places for pallets with 
empty boxes. 

• simultaneous transfer from a special table to one of two pallets of cardboard boxes 
delivered by a conveyor belt from the cartoner. The stand has been adapted to work 
in two modes - cartoning in one package of 20 or 10 bottles. Depending on the selected 
operating mode, the robot simultaneously transfers from the table to the pallet 4 
boxes with a capacity of 20 bottles or alternately 5 or 3 boxes with a capacity of 10 
bottles each. 

The main devices in the robotic palletizing cell were: 
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• industrial robot KUKA KR 180 PA 
• transporters of bottles, cases and boxes 
• pallet loading and unloading stations 
• fencing of the stand providing access for forklifts, which could exchange pallets at 

loading and unloading stations without interrupting the operation of the entire 
installation 

• master computer managing the entire station (Festo with the E.IPC-HC20 central unit), 
cooperating with a screen monitor, on which its own user interface system was 
implemented. 

The robot operated with a gripper that was designed and performed especially for this 
application. This gripper allows you to pick up bottles, cases and boxes without any retooling. 

Positioning activities on the stands intended for full and empty boxes are performed by four 
lifts equipped with four clamps each. The movement of forklifts for placing and removing 
pallets is controlled by semaphores placed on each of the six entrance gates, and moreover, 
current loops concreted at the entrance to each of these gates. Moving cartons from the 
conveyor to the robot's table is performed by a special bulldozer equipped with two 
independently acting arms. Everything is controlled by the master computer of the station 
cooperating with the robot's control system. 

The program of the master computer itself, apart from activities related to the control of all 
elements of the station, also allowed for: 

• selection of the operating mode by means of appropriate control buttons or the 
attached keyboard, 

• stopping the station (regardless of the emergency stop), 
• monitoring on the screen of the status monitor nearly 120 input signals, several key 

program variables and the status of 4 additional counters counting filled cartons and 
pallets, 

• operation of the station in the manual control mode, intended primarily for diagnostics 
and servicing, but also to support automatic operation in the event of minor failures. 

The operation of the application is presented by a movie. It is also available in the YouTube 
environment, on the channel run by Ł-PIAP: 

https://www.youtube.com/watch?v=wlKtHD3vjTA 

There you can also see other robotic applications realized by Łukasiewicz - PIAP. 

4 SUMMARY 
Robots in plants producing food and beverages perform the simplest operations of shifting 
individual products or their collective packaging. It is a job that does not require special 
qualifications, therefore the rates of employees in this type of positions are among the lowest. 
This meant that for many years robotization in the food industry was simply not profitable. 
The first positions were implemented where the work required a lot of effort (handling heavy 
objects) or the working conditions were difficult or even dangerous. The complicated handling 
of robots was also a big barrier. The introduction of these devices into production practice 
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was often associated with the need to employ highly qualified automation and robotics 
specialists. It was especially troublesome for small companies that tried to introduce the first, 
single robotic stations. However, with time, robots that are easier to use emerge. At the same 
time, they are becoming relatively cheaper in comparison with the costs of human labor, 
despite the increasingly richer equipment and the ever-growing range of cooperating devices, 
which extends the area of possible applications. In recent years, a deficit of manpower is also 
noticeable in developed countries, also for performing the simplest activities. 

All this makes robots more and more boldly entering the area of the food and drink industry. 
The emergence of a family of collaborative robots is another impulse to expand robotization 
in the industry. 

ASSIGNMENTS 
In this lesson students will get only simple questions to discuss in group and some interaction 
with lecturer. 

SELF-CHECK QUESTIONS 
1. In 2019, the number of industrial robots installed in food industry plants in the world 

was 
a. below 50 thousand units 
b. between 50 and 80 thousand units 
c. between 80 and 100 thousand units 
d. over 100 thousand units 

2. The tasks performed by industrial robots in plants producing food and beverages 
include: 

a. packaging of products 
b. painting of products 
c. welding of products 
d. product palletization 

3. The number of degrees of freedom commonly used for palletizing robots are: 
a. 3 
b. 4 
c. 5 
d. 6 

4. The feature of delta robots used for packaging food products is: 
a. low accelerations, low maximum speeds, large working space 
b. low accelerations, high top speeds, large working space 
c. high accelerations, high top speeds, small (low, flat) working space 
d. high accelerations, high top speeds, large working space 

5. The most common method of securing a packed pallet is: 
a. foiling the entire palette 
b. gluing palletized packages 
c. putting on special mechanical clamps 
d. covering the pallet with a special cover. 
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QUESTIONS – CORRECT ANSWERS 
 

Question  Answer(s) 

1 c 

2 a, d 

3 b 

4 c 

5 a 
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INTRODUCTION TO THE LESSON 
This lesson presents the general characteristics of welding processes and the specificity of 
their robotization. Various types of robots for this purpose will be presented, as well as 
additional equipment, such as welding sets, positioning tables, guards, etc. Various 
configurations of robotic welding stations and examples of specific implementations will be 
presented. 

LEARNING OBJECTIVES OF THE LESSON 
The information provided allows the student to familiarize with the main problems of 
robotization of arc welding processes. The principles of selecting the configuration of a 
robotic system and the type of robot for arc welding robotization will be presented. Next, 
students will be introduced in the best practices with help of examples of well-implemented 
applications of robotic arc welding technology. After completing this lesson, students will 
acquire knowledge and skills that will enable them to prepare and participate in the 
implementation of welding robotization projects, as well as to effectively use this type of 
installation, both at the operator and technical supervision level. 
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1 GENERAL PRESENTATION OF WELDING TECHNOLOGY - CLASSIFICATION 
An  electric welding are among those technologies that have been largely robotic. Especially 
in the auto industry. 

There are also other welding techniques in robotic welding, such as: 

A. Laser welding, 

B. Plasma welding, 

C. Electron welding. 

The subject of this lesson is electric welding, which is one of the most commonly used 
robotic welding techniques. Other techniques for robotic welding are not covered in this 
lesson. 

1.1 Electric arc welding processes 

An arc welding consists in permanent bonding of two or more metal elements by local 
application of heat energy in the form of an electric arc, as a result of which they melt locally 
and then solidify. This creates a joint that is an essential part of the joint. 

Various arc welding methods in shielding gas are used in robotic welding. 

1.1.1 Shielding gases 

The shielding gases protect the welding area against weather conditions, specifically the 
gases it contains, such as oxygen, nitrogen and steam. Depending on the material to be 
welded, atmospheric gases may affect the quality of the weld or the welding process itself. 

The shielding gases used are mainly: carbon dioxide, argon, nitrogen, oxygen, hydrogen and 
helium. Active shielding gases are: carbon dioxide and a mixture of carbon dioxide in a 
certain proportion with argon. The inert gases are argon or helium. 

1.1.2 The method used in robotic welding 

The most commonly used methods in robotic welding are: 
• MIG / MAG - (Metal Inert Gas / Metal Active Gas). This method consists in bonding 

elements with a consumable electrode in a shield of inert or active gases. 
• TIG - (Tungsten Inert Gas) - This method involves the use of a non-fusible tungsten 

electrode in a shield of inert gases in the form of helium or argon, or a mixture of 
both. 

• Low-energy methods that are an extension of the MIG / MAG method, such as: 
o CMT - (Cold Metal Transfer) 
o ColdArc - cold arc welding 

These methods were developed relatively recently, about 20 years ago, and are a 
breakthrough in the development of welding techniques. They are an extension of the MIG / 
MAG method. However, they require the use of completely new, digitally controlled power 
sources in the form of inverter welding machines and new systems for feeding the welding 
wire to the place where the weld is formed. The advantage of these methods is very good 
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control and stability of the welding process. It is possible to precisely connect parts made of 
thin sheets, without fear of burnout, as well as steel elements with aluminum elements. 
 

1.1.3 MIG / MAG method 

The principle of MIG / MAG welding is shown in Fig. 1 

 
Figure 1-1 Welding with the MIG / MAG method 

1- shielding gas wire, 2-welding wire, 3-welding wire roller feeder, 4- wire spool, 5 - torch, 6- 
shielding gas chamber, 7-robot arm, 8- shielding gas cylinder, 9- guided welding wire in the burner, 

10 - electric arc, 11- items welded (workpiece), 12 welder 

The spooled welding wire is fed by a roller wire feeder which is attached to the robot arm. 
One of the electrodes is the melting wire. The current is supplied to the moving welding wire 
via a current contact. An electric arc shines between the electrode, which is the welding 
wire, and the workpiece. The arc area is protected by a shielding gas that is fed through a 
nozzle whose outlet is concentric to the electrode. The difference between these methods is 
their different applications and the use of different shielding gases. 

The MAG method uses an active protective gas in the form of a mixture in certain 
proportions: oxygen, carbon dioxide and argon. The shielding gas allows to obtain a good 
quality weld and to reduce spatter during the welding process. The MAG method is used for 
welding low-carbon and low-alloy steels. 

Only an inert gas is used in the MIG method, most often argon or argon or helium or a 
mixture of these gases. The MIG method is used for welding aluminum alloys or stainless 
steel. 

1.1.4 TIG method 

The principle of TIG welding is shown in Fig 2. 
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Figure 1-2 TIG welding 
1 - welding torch, 2-robot arm, 3- shielding gas cylinder, 4- non-consumable tungsten 

electrode, 5 - shielding gas cloud, 6- electric arc, 7- welded items, 8- option: welding wire 
feeding, 9-welder  

In the TIG method, the electric arc glows between the welded item and the non-consumable 
electrode made of tungsten. The heat emitted from this arc causes the local melting of the 
welded elements, and the supplied shielding gas protects the place of the molten metal and 
the joint being formed against the influence of harmful atmospheric factors from the air, 
such as e.g. oxygen or water vapor. Welding can take place either without feeding additional 
filler metal, for example when welding thin-walled elements, or with automatic feeding of 
additional filler metal in the form of welding wire. Additional binder is used when welding 
thicker elements. Pure argon (99.98%) or a mixture of argon and helium is used as the 
shielding gas, which in the case of welding aluminum alloys ensures better quality of welds. 
TIG welding is mainly used for joining elements made of aluminum alloys, copper or high-
alloy steels. 

1.1.5 Low energy methods: CMT (cold welding process), Cold Arc (cold arc welding) 

The principle of welding with these methods is shown in Fig 3. 
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Figure 1-3 CTM / Cold Arc welding 
1- welding wire guided in the torch, 2- wire feed servo. 3-shoes with shielding gas, 4- welding wire, 6- 

spool with welding wire, 7- torch, 8- electric arc, 9- welded items, 10- metal drop, 11- wire feed 
system control. 

Phases of  work  process repeated with a frequency up to approx. 70Hz:     a) - arc ignition, b) - 
formation of a drop of liquid metal at the end of the wire, c) - slight withdrawal of the wire in order 

to detach the metal drop more easily, d) - ignition of the arc to form another drop of metal. 

CMT and Cold Arc methods, compared to MIG / MAG welding, are characterized by a very 
small amount of heat supplied and an extremely stable, digitally controlled welding arc. 
These methods require new, specially designed, digitally controlled welding machines and a 
new method of automatically feeding the welding wire to the place where the weld is 
formed. 

The CMT and Cold Arc methods have become a breakthrough in welding techniques, as they 
allowed the use of welding to join very thin sheets (0.3 mm), without the fear of burning, 
deformation and warping, which arise in other welding techniques as a result of too much 
welding. heat as a result of an incompletely controlled electric arc. In CMT or Cold Arc 
welding, the digital control system of the welding machine detects the short circuit, the 
moment of the occurrence of the arc and helps to detach the drop of molten metal at the 
end of the wire by slightly retracting it. Thus, during welding, the welding wire moves 
forward, and as soon as a short circuit occurs, it is retracted slightly again. So we have a 
forward-backward movement of the wire. This process is repeated with a frequency of up to 
approx. 70 Hz. This requires the use of a wire feed servo drive for with appropriate 
dynamics. By means of fast digital adjustment, this new joining process controls every 
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material transition to the weld, drop by drop. This provides excellent edge bonding, the 
ability to fill gaps, and the ability to individually influence the joint geometry. 

The welding arc itself only introduces heat in the glow phase for a very short time. The short 
circuit is controlled and the maintained short circuit current is low. The result is a spatter-
free delivery of another drop of molten material to the weld. Detecting and setting the arc 
length is automatic. The welding arc is digitally controlled, so it remains stable regardless of 
the nature of the workpiece surface or the welding speed. Low energy methods are also 
suitable for virtually spatter free soldering of hot-dip galvanized and electrolytically 
galvanized steel sheets with copper-silicon alloy welding wire. Thanks to the use of low-
energy welding methods, it was possible for the first time to create welded joints (more 
precisely: brazed joints) between steel and light metals. 

2 REQUIREMENTS AND CONDITIONS OF WELDING PROCESSES 
The requirements and conditions for welding conditions apply to: 

• Welding processes and quality of performed welds, 
• Qualifications, including welders and welding operators, as well as welding 

supervision personnel and personnel of non-destructive inspection and testing, 
• Occupational Health and Safety (OHS) conditions during welding. 

2.1 Requirements and conditions for the implementation of welding processes, weld 
assessment, qualifications of welders and personnel involved in the process welding 
and weld testing 

Welding is a technology that is widely used in various industries. The quality of the welds 
performed has a key impact on the suitability and safety of products. The safety of the 
resulting structures depends on the diligence and skills of welders. Over the years, various 
methods of testing the quality (including strength) of welded joints have been developed. 
Weld testing can be divided into destructive testing and non-destructive testing. In 
destructive testing, the weld is destroyed in order to test its strength and / or to conduct 
microscopic metallographic analysis. X-ray and ultrasonic methods are used in non-
destructive testing. In many situations, 100% weld inspection is not possible. In this case, we 
focus especially on the correct organization of the entire welding process, including the 
performance of welds by welders with specific, verified and supervised qualifications. 

The rules for assessing the quality of welds, assessing and qualifying welders, supervising 
and organizing welding processes are included in the multi-part European and international 
standard: 

EN ISO 3834: 2007: "Quality requirements for fusion welding of metallic materials" - this 
standard is a valuable guide for production organizers and technologists. 

When manufacturing with robotic welding, we usually deal with stabilized processes. Before 
being welded, the joined elements are fastened in properly designed welding holders. This 
always ensures their unambiguous and repeatable position, which has a decisive impact on 
the repeatability of the welding process. Human errors present in manual welding, such as 
vibration of the welder's hand, temporary lack of concentration, fatigue, slightly different 
positioning of the torch in relation to the welded object, too fast or too slow torch guidance, 
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do not occur in robotic welding. The robot does not get tired and guides the welding torch in 
the same, repeatable way each time, the electric arc is controlled by an advanced digital 
control system of the welder, which ensures repeatable high quality welds. 

2.2 Hazards to health and life occurring during welding and the protective measures 
applied 

The welding process is associated with various hazards. These hazards are detrimental to the 
health and safety of the welder and those around him. Long-term exposure to these risks 
causes occupational diseases, disability and even premature death. 

Typically, a welder's character is associated with a welding mask to protect his eyes and face 
from spatter and UV rays. 

UV radiation and spatter are only a small part of the different types of hazards to which the 
welder and those around him are exposed. Understanding the nature of different types of 
threats is a prerequisite for good organization of the workplace and the application of 
appropriate protective measures. In robotic welding during the production process, the 
operator's exposure to hazards is obviously lower than for the welder in manual welding. it 
reduces the welder's exposure to hazards that occur in manual welding. On the other hand, 
in the phase of starting production at a robotic stand, on-line robot programming, setting 
welding parameters, the robot operator and programmer keep track of the work of the 
robot and the weld being made using the mask and being, for a good observation of the 
welds, in the immediate vicinity of the robot's torch, i.e. in the position very similar to the 
position of a welder in manual welding. During the commissioning phase, the robot 
programmer's exposure to hazards is similar to that of a welder with manual welding. 

2.2.1 Welding smoke hazards 

The welding smoke released during welding is a mixture of highly and medium-dispersion 
solid particles and chemicals. Welding fume toxicity is related to undesirable 
physicochemical reactions that occur after they penetrate deep into the human body. 
Exposure to welding fumes is a direct cause of many occupational diseases, cancer and 
premature death. 

Contaminants in welding fumes are classified into 3 basic groups: 

a) substances that weigh on the respiratory system and the lungs, such as iron and 
aluminum oxides. These substances, when applied for a long time and in high 
concentration, put a heavy strain on the respiratory tract and lungs. 

b) toxic substances and poisonous substances which, with prolonged application and 
high concentration, lead to a heavy burden on the respiratory tract and lungs. This 
leads to chronic diseases such as bronchitis or asthma. These substances include: 
hydrocyanic acid, carbon monoxide and dioxide, chromium and manganese oxides. 
These substances cause irritation of the mucous membranes and respiratory tract, 
stop breathing or its strong acceleration, as well as accelerate the pulse, headaches, 
overpowering, dizziness leading to fainting, vomiting, accumulation of water in the 
body that may cause death. 
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c) substances that are carcinogenic or carcinogenic, e.g. chromium, lead, beryllium or 
nickel oxides. These substances in welding fumes can cause malignant tumors. An 
overdose increases the risk of cancer. Usually, these substances also have a 
poisonous effect. 

Legal arrangements 

At the welder's workplace, it is necessary to determine the permissible concentrations of 
substances in the air. The concept of permissible levels for chemical substances in the air of 
the working environment assumes that for each substance there is a concentration at which 
and below which no harmful changes in health will occur in the worker. In individual 
countries, there are legal regulations regarding the maximum permissible concentrations of 
dusts and gases, as well as permissible concentrations and intensities of other factors 
harmful to health in the work environment. 

These regulations define: 
• maximum permissible concentration - weighted average, the impact of which on the 

employee during the 8-hour daily and 42-hour weekly working time for the period of 
his professional activity should not cause negative changes in health, 

• maximum permissible instantaneous concentration - an average value that should 
not cause negative changes in the health condition of an employee, if it remains in 
the environment for no longer than 30 minutes during a shift, 

• the maximum permissible concentration  - due to the threat to health or life of 
employees, it must not be exceeded at any time in the work environment. 

Collective and individual protection measures should applied: 
• general ventilation, 
• local ventilation (suction devices), 
• suction connected with equipment (burners with suction), 
• squeegees connected with protective shields, 
• ovable nozzles set in any position. 

 

2.2.2 Risks of electric arc radiation 

Electric arc radiation is a very serious health hazard for welders, as well as for people 
working near welding stations. At high arc temperature, intense optical, thermal and 
ultraviolet radiation are emitted. 

Optical radiation consists of: 
• intense optical radiation, 
• ultraviolet radiation, 
• bands of radiation characteristic of the elements included in the welded materials 

(ranging from about 300 nm to 700 nm), 
• thermal radiation of welding gases 

The ultraviolet radiation occurring in welding processes covers the following wavelength 
range: 
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• ultraviolet UVC - 100 ÷ 280 nm 
• ultraviolet UVB - 280 ÷ 315 nm 
• UVA ultraviolet - 315 ÷ 380 nm. 

 

In the area of visible radiation, welding processes are a source of blue light (400 ÷ 480 nm), 
while thermal radiation occurs in the near and middle infrared range. 

 The dangers of electric arc radiation affect both the eyes and the skin. 

Applied collective and individual protection measures: 

- screens, 

- covers, 

- welding masks, 

- protective gloves and clothing. 

2.2.3 Noise 

Welding processes are significant sources of noise in the work environment. Welding 
processes (including thermal cutting) turn out to be particularly dangerous, where the sound 
intensity level significantly exceeds the applicable safety standards, often approaching the 
pain threshold for humans. 

The impact of noise level on the human body can be considered in two aspects: 
• the aspect of harmful effects of noise on the human body - health effects, 
• troublesome effect on a person - discomfort. 
• the employer is obliged to provide employees with protection against the risks 

associated with exposure to loud noise by: 
• ensuring such technological processes that do not cause excessive noise, 
• providing machines and technical devices that generate the least noise, not 

exceeding the permissible noise level limits, 
• providing solutions to minimize the noise level in welding processes. 

If the noise intensity parameters increase, the employer should take measures to prevent 
employees from being exposed to noise. These activities can be of two types. In the first 
place, attempts should be made with regard to technological measures aimed at eliminating 
the nuisance hazard, if this does not bring the expected results, organizational measures 
should be taken. 

2.2.4 Fire hazards 

Fire hazards are one of the greatest hazards in welding work, their causes are usually the 
result of the welder's ignorance of health and safety regulations and carelessness during 
welding work. 

The most common causes of fires during welding are: 
• inadequate preparation of premises and equipment for welding works, 
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• lack of knowledge of obligations and health and safety requirements in the field of 
fire protection and non-compliance with the established technology of welding 
works, 

• welding works performed by persons without qualifications and adequate training in 
this field, 

• lack of adequate control after completion of welding work. 

Fires during the welding process are one of the greatest and most common hazards. 
Particular attention should be paid to the observance of several rules: 

• any flammable or explosive substances must be removed from the workplace, 
• cover with non-flammable material all parts of flammable materials that cannot be 

removed from the workplace, 
• the workplace should be equipped with extinguishing agents, e.g. a fire extinguisher, 

a water pressure gun, 
• prepare and place a vessel with water near the workplace for waste welding wire and 

electrodes, as well as waste metal parts to be cut off, 
• ensure measurement and compliance with the allowable safe concentrations of 

flammable gases, liquids, vapors or dusts mixed with air or other oxidizing agents, 
and provide adequate ventilation, 

• provide cooling of the structures or facilities surrounding the place of welding, 
• set up technical barriers protecting against splashes or flames, 
• protect adjacent rooms against the penetration of flames, sparks and metal particles, 

sealing all openings and gaps in walls, floors and ceilings, 
• remove the residual gases and vapors of flammable liquids from all tanks and pipes 

after gases or various types of flammable liquids, and then measure the 
concentration of gas vapors in the atmosphere, 

2.2.5 Hazards due to electromagnetic fields 

An electromagnetic field is created around all conductors through which electric current 
flows. Welders are exposed to intense electromagnetic fields. Arc welding often requires 
high currents. Welding equipment and equipment, especially wires, are often in direct 
contact with the body of the welder. The power source (welder) should be placed as far as 
possible from the welder's location. Noxious field radiation measurements should be taken 
to assess exposure and determine the total dose for the work shift. 

For this purpose, the employer is obliged to: 
• identification of sources of electromagnetic fields, 
• periodic collection and storage of information on workers' exposure to 

electromagnetic fields, 
• determination of the risk resulting from the employee's exposure to radiation, based 

on the limit values established in the country, 
• preventing accidents resulting from exposure of employees with pacemakers or 

similar medical implants to electromagnetic fields, as well as employees requiring 
special protection resulting from their health condition, e.g. pregnant women, 
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• protection by: warning, marking the sources of electromagnetic fields, the necessity 
to use individual protection and the use of screens. 

2.2.6 Electric shock 

An electric shock can be life-threatening, even at very low currents. The risk of dying with AC 
is approximately 4 times higher. The technical condition of devices and the condition of the 
power supply network play a crucial role here. Particular attention should be paid to 
damaged cables and electric wires, faulty grounding, leaks from cooling systems. All 
employees absolutely must be trained in the principles of first aid in case of electric shock. 

3 CONFIGURATION OF ROBOTIC CELLS FOR ARC WELDING 
The market of robotic welding equipment offers a wide range of robots, robotic welding 
equipment, accompanying and protective equipment. 

The essential components of a robotic arc welding cell are: 

1) an industrial robot consisting of a manipulator and a control system adapted to 
work with a welding machine and a rotary table, 

2) welding torch with the necessary installation and a welding machine adapted to 
work with the robot, 

3) welding positioners or rotators called welding manipulators, 

4) shielding gas installation, 

5) welding holder, 

6) a device for cleaning the burner and CTP point correction, 

7) protective devices, fences, screens, ventilation installations, 

8) the control system of the robotic cell with the control system responsible for 
safety, 

9)  electrical and possibly pneumatic installation. 

The cell can be used in laser and optical weld tracking systems for possible corrections of the 
robot's trajectory. 
 

3.1 The industrial robot enables the torch movements to follow the designed trajectory. 

Usually, arc welding uses robots whose manipulator enables the implementation of CP 
motion and has six degrees of freedom. The robot control system should be adapted to work 
with the welder and the positioner or rotary table used. 

The reach of the robot arm should be adapted to the size of the elements to be welded, and 
its arm capacity should be appropriate to the mass of the movable installation mounted on 
the robot arm. 

3.2 Welding torch with installation and welding machine 
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A welding installation adapted to work with a specific type of industrial robot is most often 
delivered by one supplier. Such installation includes: 

• welding torch with attachment to the robot arm and 
• anti-collision clutch, 
• electric cables, 
• connectors, 
• welding wire feed system, 
• welder. 

3.3 Welding positioners   

These devices are used to change the position and orientation of welded elements during 
welding. The positioners are fitted with welding holders designed individually for the welded 
structure. Positioners are universal devices. They are equipped with drives. In simple 
positioners, pneumatic drives can be used, enabling two-position change of position 
(movement from the stop to the stop). In complex positioners, servo drives are used, 
controlled by the robot control system. They can have the same structure as the servo drives 
used in the axis drives of the robot manipulators. It is then possible to program synchronous, 
coordinated movements of the positioner during the movements of the robot arm, which 
greatly extends the possibilities of making welds with complex shapes. 

3.4 Shielding gas installation 

The installation includes a shielding gas cylinder, necessary lines, pressure reducers. The 
purpose of the installation is to bring the gas through the burner to the area where the weld 
is made to prevent contact between the weld pool and air. Air, and above all the 
background, water vapor, may have a detrimental effect on the joint formed (see 1.1.1). 

3.5 Welding torch 

Positioners are universal devices. On the other hand, welding torches are usually designed 
individually for a given weldment. The welding torches are equipped with clamps (manual or 
pneumatic actuated) that ensure a clear, repeatable position of the parts in the torch during 
welding. 

Designs of welding holders should have at least the following characteristics: 

a) ensure unambiguous, repeatable position of parts during welding, 

b) do not cause a collision with the burner while making the welds, 

c) enable removal of the welded assembly from the holder after welding, 

d) be sufficiently rigid and durable to withstand stresses caused by shrinkage  
welding during the cooling of the weld and be resistant to welding spatter, 

e) enable easy removal of impurities, 

3.6 Burner cleaning and CTP point correction 

The welding cell should be equipped with a torch cleaning system in an automatic cycle, as 
well as a system for checking and correcting the torch CTP point (the point defined at the 
end of the torch mounted on the robot, which is the reference point for the robot controller, 
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according to which programs are generated). Such a system allows to reduce the standstill 
time needed for burner maintenance and burner re-setting after a collision. 

4 ARC WELDING ROBOTS 
For welding purposes, standard, universal 6-axis robots with CP control can be used, the 
control system of which is adapted to cooperation with welding equipment. These robots 
should have appropriate lifting capacity and arm range. Some applications require a hanging 
or wall-mounted robot. This method of mounting the robot can be used, but only if the 
manufacturer allows it. 

5 ADDITIONAL  EQUIPMENT  FOR  ROBOTIC WELDING 
In some robotic welding applications, due to the dimensions of the welded parts and their 
manufacturing tolerances, as well as their method of fixing in the welding fixture, the actual 
positions of the places where the weld should be located have a certain scatter (they are not 
exactly repeatable). In such cases, optoelectronic seam tracking  sensors are used, which 
measure the deviations of the actual position of the welds from the reference position after 
the first trial run of the trajectory (without an electric arc). After the initial run,  system has 
information and the  corrections to the trajectory are made. Next, the robot places the 
welds  in the right places, following the corrected trajectory. 

6 EXAMPLES OF ROBOTIC APPLICATIONS FOR ARC WELDING 
Movies on the you tube: 
 
MIG / MAG welding: 

[1] MIG / MAG welding with cooperating KUKA robots 
https://www.youtube.com/watch?v=_3AXcZaEbPw  

[2] Soudage Robot MIG Berceaux  
https://www.youtube.com/watch?v=THYtCh_bgEU  

 
TIG welding:  

[1] Motoman TIG welding robot with MotoSense vision system 
https://www.youtube.com/watch?v=nHHM--ao8qo  

[2] Adaptive Robotic Welding- Yaskawa Weave Adjust Function 
https://www.youtube.com/watch?v=0oEz6UrT9Ro  

[3] New cold welding machine can weld iron pipes to copper pipe 
https://www.youtube.com/watch?v=1ghjuJ7G360  

 
CMT welding: 

[1] CLOOS - Laser Online Sensor 

https://www.youtube.com/watch?v=3opYb79_ozE  

[2] Motoman TIG welding robot with MotoSense vision system 
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https://www.youtube.com/watch?v=nHHM--ao8qo  

[3] Adaptive Robotic Welding- Yaskawa Weave Adjust Function 

https://www.youtube.com/watch?v=0oEz6UrT9Ro  

[4] ABB Roboter mit Fronius CMT 

https://www.youtube.com/watch?v=4kPOh9Y9bTI  

 
Seam  tracking sensor:  
 

[1] Seam Tracking Sensor TH6i – The eyes of the robot  
https://www.youtube.com/watch?v=3XfuOOPKGLA  

[2] CLOOS - Laser Online Sensor  
https://www.youtube.com/watch?v=3opYb79_ozE  

[3] DAIHEN 6D Tracking 
https://www.youtube.com/watch?v=4Ghv1LU3YS8  

ASSIGNMENTS 
As part of this lesson, students can receive a task to develop a concept of a robotic welding 
installation for a selected production process, e.g.  

• welding of small elements, 

• welding of big, heavy elements. 

The concept should include both technology as well as security equipment. The presented 
proposals can be discussed in groups with the participation of the lecturer as an option. 

SELF-CHECK QUESTIONS 
1 Which of these abbreviations does not refer to the welding procedure: 

a. MIG 
b. PRC 
c. MAG 
d. TIG 

2 Which of these devices are not essential components of a robotic arc welding cell: 
a. an industrial robot 
b. paint gun 
c. welding positioners 
d. a device for cleaning the burner 
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QUESTIONS – CORRECT ANSWERS 
 

Question  Answer(s) 

1 b 

2 b 
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INTRODUCTION TO THE LESSON 
Bevelling of the edges of elements to be welded is one of the basic technological operations 
used for joining sheets, pipes or sections with a wall thickness exceeding 3 mm. The use of 
automated cutting with the use of an industrial robot, which is important from the point of 
view of the quality of the joint, allows for obtaining many benefits, both measurable 
(significant improvement of machining quality, increased efficiency, obtaining repeatability of 
machining, the possibility of machining all metals) and non-measurable (improvement health 
and safety conditions, use of environmentally friendly technology). In the overall assessment 
of a specific solution for a robotic bevelling installation, the cutting technology as well as the 
configuration of the station and its equipment are of great importance. These technical 
features should ensure the expected functionality and optimal economic efficiency of the 
robotic bevelling station, in relation to the range of manufactured parts. 

LEARNING OBJECTIVES OF THE LESSON 
The main goal of this lesson is to familiarize students with the most important problems of 
robotization of sheet metal cutting and beveling processes and 

• Learning the rules for the selection of a cutting technology, robotic system 
configuration and robot type for robotization of cutting/beveling operations; 

• To familiarize participants with examples of well-implemented applications of the 
robotic cutting/beveling technology. 
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CONTENT OF THE LESSON 

1 GENERAL PRESENTATION OF THE CUTTING/BEVELING TECHNOLOGY 
According to data published by International Federation of Robotics IFR [1], over 25% of all 
robots, installed today in the industrial plants, are working today in the area of welding 
technologies. There are most often robotized cells for arc welding and spot welding, used by 
manufacturing enterprises from automotive. From several years development robotization of 
metal cutting processes is observed. Cutting out the elements from metal sheets is performed 
usually with CNC cutting machines. They are not used for next processing, especially for 
beveling and execution of additional holes and hollows. These operations are realized usually 
manual (Figure 1.1) or by use of mechanical working. Processes realized in this way are very 
time-consuming and results of manual work are not always satisfying from the quality point 
of view.  

 
Figure 1.1 Traditional cell for manual beveling – operator during work. 

In such situation more and more used solution is robotization. Robotized technology assures 
high and stable quality of the cutting. Robotized cells offer either definitely improved 
efficiency [2]. Additionally, removing the operator from the process zone practically eliminate 
significant types of risks in occupational safety. 

During last several years PIAP has realized three different solutions of robotized beveling cells. 
They vary depending on type of robot, configuration of cell, as well as cutting technology. Each 
time features of the cell resulted from assumed functional parameters, expected by customer. 
It involves most of all overall dimensions of processed elements, cutting thickness and 
requested efficiency. 
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2 OSH ON THE CUTTING/BEVELING WORKPLACES 
In manual bevelling stations, oxygen cutting is generally used. The process carried out in this 
way creates very dangerous working conditions. The operator works in an uncomfortable 
position and is directly in front of the flame (Fig. 1.1). It is exposed to inhalation of dangerous 
fumes and vapors, to noise, to burns from splinters and hot detail. There are also risk crushing 
by heavy details when they are moved at the workstand or between the workstand and the 
storage field. 

The threats mentioned above disappear in robotic bevelling stations. The main reason for 
improving the health and safety conditions is to physically move people away from the process 
during the cutting operation itself. The remaining threats result from both the cutting 
technology used and the configuration of the robotic station. 

3 REQUIREMENT AND CONDITIONS OF CUTTING/BEVELING PROCESSES 
From the technological point of view, the bevelling process must ensure appropriate 
geometrical parameters of the chamfer, i.e. chamfer width and angle. The surface quality is 
also important. It is partly due to the cutting technology used. It also depends on how the 
cutting tool is guided. 

4 SHEET METAL CUTTING TECHNOLOGIES 
Sheet metal cutting and bevelling is one of the most frequently performed technological 
operations in the machine building industry. Mechanical cutting, or stamping, is mainly used 
for thin sheets and mostly for cutting straight edges. Currently, various thermal (gas, plasma, 
laser) or water cutting technologies are used for thicker sheets. Each of these technologies 
has its own specificity and range of applications where it is the most economical. In order to 
choose the best cutting technology for a given application, it is necessary to consider both the 
costs of preparation of the installation, the price of cutting equipment and cooperating 
devices, operating costs, and above all the spectrum of materials to be cut, thickness of details, 
their dimensions and the associated possibility of cutting automation.Configuration of robotic 
cutting/beveling cells 

4.1 Oxygen (gas) cutting 

Gas cutting, also called oxygen or autogen, is a method of splitting a material by locally burning 
(oxidizing) it in a stream of pure oxygen and blowing out the oxides formed. For combustion 
to occur, the point where the oxygen stream starts to work should be preheated to a suitable 
temperature, known as the flash point. Acetylene, propane or natural gas can be used to heat 
the material. The flash point for pure iron is 1050⁰C, while for steel with 1.5% carbon 
admixture - already 1380⁰C. Since the ignition temperature of the material must be lower than 
its melting point, oxygen cutting can only be used for low-carbon and low-alloy structural 
steels. 

4.2 Plasma cutting 

Plasma, sometimes referred to as the fourth state of matter, is an ionized gas in which atoms 
have decayed into ions and electrons. The entire volume occupied by the plasma is electrically 
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neutral. It is a very good conductor of current, and its electrical resistance decreases with 
increasing its temperature (unlike in metals). 

Plasma cutting involves heating the material to a liquid state by an electric arc and quickly 
blowing it out with a strong stream of gas, with a speed close to the speed of sound. Plasma 
enables the precise passage of the electric arc towards the material being cut and subject it 
to both thermal (temperature 10,000-20,000⁰C) and mechanical (gas pressure) action. Plasma 
cutting is a process designed to separate all electrically conductive materials. The commonly 
used plasma gas is air and therefore there is no risk of explosion. 

4.3 Laser cutting 

In the case of laser cutting, the cutting medium is a hot laser beam and a technical gas under 
pressure. The condition for obtaining good cutting quality and maintaining the tolerance of 
the dimensions of the cut elements is the precise guidance of the cutting stream through a 
stable cutting machine with high resistance to vibrations and good repeatability of working 
movements. 

4.4 Water cutting 

Water cutting is made by directing a very narrow stream of water under high pressure, which 
focuses all its energy on a small area of the material being cut, removes the material in its path 
and makes the cut. The kinetic energy of the flux is converted into the de-cohesion work of 
the material. The material to be cut is not subject to mechanical overload and thermal effects 
(cutting temperature approx. 40⁰C), and the resulting blank does not require further 
processing. Water cutting devices are usually made as specialized machines. 

Only the first two technologies are suitable for the automation of sheet bevelling using 
industrial robots: gas (oxygen) cutting and plasma cutting 

5 ROBOTIZED SHEET BEVELING – CONFIGURATION OF THE CELL 
In general the basic elements of the robotic bevelling cell are: 

• industrial robot, 
• cutting technological installation 
• two work tables with the grate dimensions of 1500x1000 mm, 
• control cabinet with the operator's panel, 
• system of securing the work area of the position. 

Each of these devices can be of different types and versions. For example, the robot can be 
mounted stationary or on a track, on the floor or in a ceiling (suspended) position. 

Each of these basic devices comes with specific and process-specific accessories. For example, 
an oxygen burner needs an igniter, preferably an automatic one.  

The fencing of the cell usually includes a door with a blockade of opening and light curtains. 

The detailed configuration of the robotic bevelling instalation must always be adapted to the 
nature of the process and the details to be processed.  
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6 ROBOTS FOR CUTTING/BEVELING OF METAL SHEETS 
There are several factors deciding which robot to choose. First of all, it is important which 
cutting technology is to be used in the workstation. In the case of oxygen cutting, all 
technological equipment (torch, valves and lines) is relatively light and a robot with a lifting 
capacity (payload) of 6 kg is sufficient. In plasma cutting, the torch itself is definitely heavier. 
The plasma torch is liquid-cooled, hence the total weight of the cables that the robot carries 
can reach up to 10 kg. Additionally, in many models of plasma cutting sets that are designed 
to work with a robot, there is a special gas separation unit, installed on the robot arm, near 
the torch. In total, a robot designed for plasma cutting should have a payload of at least 20 kg. 

Another important parameter is the expected working area. It usually results from the size of 
the details to be bevelled. When choosing the right robot, remember that in the case of 
bevelling the torch, i.e. the tool, is often tilted. Therefore, it is necessary to provide for the 
spare area of the robot's work area in relation to the dimensions of the elements that will be 
bevelled. 

It should also be remembered that in the case of plasma technology, each vibration of the 
torch during cutting leaves a mark on the surface of the material. Therefore, for this type of 
cutting, special robot models with increased rigidity are used. In the case of KUKA robots, such 
models were designated HA (High Accuracy) and allowed users to handle heavy loads while 
maintaining repeatability with an accuracy of hundredths of a millimeter. 

7 TECHNICAL PROBLEMS BY ROBOTIC CUTTING/BEVELING 
Robotic bevelling installations are not the easiest ones. There are many problems in their 
implementation, the solution of which is necessary to ensure their full functionality. 

Surface quality after bevelling. 
In the case of plasma cutting, the surface quality is very good and generally meets the 
requirements of the subsequent operations in which the part is to be used. In the case of 
oxygen cutting, the surface is often uneven and a flash of solidified metal is formed, which 
sometimes remains "stuck" to the workpiece. These contaminants must be removed. It must 
be done by the operator of the robotic workstation. That is why such cells are often equipped 
with basic locksmith tools and an angle grinder. 

Ensuring a constant distance between the plasma torch and the workpiece. 
During chamfering, when the torch is tilted relative to the part, changing the distance of the 
torch from the part changes the width of the bevell. In particular it can be result of sheet 
deformation after previous cuts or thermal effects occurred during beveling. In such a 
situation, even uncontrolled contact with the workpiece with the torch may occur, as a result 
of which the outer nozzle of the plasma torch is damaged. Therefore, in stations with plasma 
cutting, systems for controlling the distance between the torch and the detail should be used. 
The most frequently used are systems for measuring the actual plasma arc voltage (which 
depends on the arc length, i.e. the distance of the torch from the workpiece) or special 
rangefinders, adapted to work near the plasma cutting process. 

Waste management 
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A lot of waste is generated when cutting. They are usually collected under the table grates, on 
which the details to be chamfered are placed, for special tubs, containers. The designer of the 
robotic bevelling plant must foresee a method for quickly and easily emptying these 
containers and transferring their contents to the plant's waste disposal sites. 

8 SAMPLE ROBOTIC APPLICATIONS FOR CUTTING/BEVELING 
8.1 Robotic cell for metal sheets beveling with stationary robot and oxygen cutting 

This cell is appropriate for automatic beveling of the elements with small dimensions, 
depending on robot type [4]. In the application presented on the , the KUKA KR16F robot was 
used. The main components of the cell are as follows: 

• Robot (A1) 
• Control cabinet of robot (A2) 
• Control cabinet of the cell (A3) 
• Two working tables: left (A4) and right (A5) 
• Two sets of light curtains left (A6, A7) and right (A8, A9) 
• Signal light-towers: left (A10) and right (A11) 
• Alarm sounder (A12) 
• Automatic ignition device (A13) 
• Accessories for cutting 
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Figure 8.1 Layout of the robotic cell for metal sheets beveling with stationary robot and oxygen cutting 

 

The model KR16F is prepared especially for work in the high temperature. Therefore the wrist 
is covered with special paint. The robot needs additional pneumatic supply for cooling the 
wrist.  

Beveling is performed on the two tables. Therefore working area of robot is divided into two 
zones: left and right. The guard rail encloses whole cell and also separate the zones. Input to 
the zones is protected by the light-curtains. Robot is equipped with the special sensors, 
mounted in the first axis, for recognition of the zone where it operates. The zone occupied by 
the robot is closed for the operator.  
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Figure 8.2 Robotic cell for metal sheets beveling with stationary robot and oxygen cutting during the work 

8.2 Robotic cell for metal sheets beveling with use of plasma cutting  

The main device of the cell is robot. KR60L30HA model from KUKA [6] was chosen. It has , a 
working area with radius over 2,4 m. thanks to this range, robot is able to operate on the 
working table 1,6x3,2 m. These are also the maximum dimensions of the processed elements. 
As a cutting tool the plasma torch was used. It is powered and controlled by FineFocus 800 set 
from Kjellberg [4]. The maximum thickness of the quality cutting is about 40 mm. During the 
plasma cutting come out many noxious gases and vapor. Also plasma arc and noise (over 100 
dB by torch), which occurs in the cutting process, are dangerous for the human health. 
Therefore robot is shielded with the special protection chamber. It is mounted on the railway 
and can move along the cell. In the extreme positions the chamber covers also table, on which 
the beveling is performed at the moment. The roof of the chamber is connected with the 
ventilation system. Additional both tables have own hoods, located below the grate. They are 
also connected with the ventilation system. Side walls of the chamber are made from special 
material which assure very good suppression of the noise. In the both front walls special doors 
are installed. They are filled with welding protection lamella curtains. During beveling the 
doors on the both sides of chamber must be close and locked. 

Layout of the robotic cell for metal sheets beveling with use of plasma cutting show Figure 
8.3. It includes main subassemblies as follows: 

• Industrial robot KUKA KR60L30HA (A1) 
• Control cabinet of the robot  (A2) 
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• Control cabinet of the cell (A3) 
• Operating console (A4) 
• Working tables: left (A5) and right (A6) 
• Moving protection chamber A7) 
• Cranes: left (A8) and right (A9) 
• Plasma set Kjellberg FineFocus 800 (A10) 
• Industrial ventilation installation (A11 

 
Figure 8.3 Layout of the robotic cell for metal sheets beveling with use of plasma cutting 

In this cell very important are problems of safety. Many applied solutions have the function to 
make impossible entry of the human into robot working area. Control system monitor the 
state of the sensor in locking mechanisms of the doors. If the doors are not close, the plasma 
set is switched in the “off” state. Additional in the both doors a protection light curtains are 
mounted. On the floor, along the railway, the mats sensitive for pressure are spread. They are 
connected with the safety controller and detect if somebody want to go between tables and 
wall of chamber.  

Use of the movable protection chamber crates risk of running it into operator or another 
person, who will be on the railway during chamber transit. Therefore on the each of the 
chamber corners, besides the sound- and light signalization, the safety bumpers are mounted. 
They are active when the chamber start and blocked on the stopover. If the system recognizes 
the abnormal state of the sensors responsible for safety, all cell devices will be stopped, 
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especially robot will be stopped in emergency mode and before continuation of the program 
it must be shifted to so-called home position. 
 

 
Figure 8.4 Robotic cell for metal sheets beveling with use of plasma cutting during installation. 

The work of the cell supervises a control system installed in the separate cabinet. It includes 
PLC, which manages whole cell, safety controller and driver controllers of motors responsible 
for move of the chamber. The operator panel is mounted o the wall, near chamber. 

In the robotic cell for metal sheets beveling with use of plasma cutting, were used many 
modern solutions, which improve functionality of the whole installation and working 
conditions of operators. There are among others: 

• Automatic control of the distance between the torch and the beveled element – it 
secure the torch against inadvertent contact with the element during cutting. Such a 
uncontrolled touch can be result of sheet deformation after previous cuts or thermal 
effects occurred during beveling. In effect the external nozzle of the plasma torch is 
damaged. 

• Control of ventilation section in working tables – it grow efficiency of the whole 
ventilation system in the cell. Hoods in the table are divided in the four sections. Each 
section is turned on/off by dampers, controlled with the signals from robot. At a given 
time open is only this section, above which robot realized beveling right now. 
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Presented robotic cell for metal sheets beveling with use of plasma cutting is operated by two 
people. It work from end of 2008, usually in 2- or 3-shift mode. When the cell is passed on 
from one shift to the another, it is not turned off. 
 

 
Figure 8.5 Robotic cell for metal sheets beveling with use of plasma cutting during exploitation 

ASSIGNMENTS 
In this lesson students will get only simple questions to discuss in group and some interaction 
with lecturer. 

SELF-CHECK QUESTIONS 
1 Which are the parameters of the chamfer: 

a. chamfer width 
b. chamfer angle 
c. chamfer length 
d. chamfer thickness  

2 Which of these technologies are used in the robotic beveling cell: 
a. Oxygen cutting 
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b. Laser cutting 
c. Water cutting 
d. Plasma cutting 

3 Main threats in the manual beveling are 
a. low temperature 
b. dangerous fumes and vapors 
c. noise 
d. risk crushing 
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QUESTIONS – CORRECT ANSWERS 
 

Question  Answer(s) 

1 a, b 

2 b, d 

3 b, c, d 
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INTRODUCTION TO THE LESSON 
The aim of the lesson is to provide the student with knowledge on the use of industrial robots 
to transfer materials or machine elements or parts in the production process. Interoperative 
transport, machine operation, feeding the elements to the machine, and then collecting the 
elements after processing, packing, palletizing, depalletizing are among those operations 
where the often tedious work performed by a human being can be replaced with the work of 
machines, including industrial robots. 

LEARNING OBJECTIVES OF THE LESSON 
The information provided allows the student to learn about the potential, including the 
possibilities and benefits, of using robots to move materials over short distances. After getting 
acquainted with the lesson material, the student will be able to critically look at the workplace 
and indicate how to replace the tedious and strenuous work of a human  by a robot. 
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CONTENT OF THE LESSON 

1 INTRODUCTION 
According to Encyclopedia Britannica, most of the uses of robots in industrial production can 
be divided into three categories: 

1. material handling, 
2. processing operations, 
3. assembly and control operations. 

This lesson deals only with issues related to the use of robots for material handling. 

Material  handling by robots may apply to operations consisting of: 
a. collecting materials from one place, transporting them a short distance and then 

putting them away in another place. These operations also include palletizing and 
depalletizing. 

b. operating machines, consisting in feeding parts to the machine and collecting parts 
after processing from the machine, 

c. transport of materials on the premises of the production plant with the use of 
Autonomous Guided Vehicle (AGV), as well as warehouse management. 

The issues related to the use of robots for material handling can be very diverse as they relate 
to very different applications of robots in various industries and industries. A completely 
different approach is required for material handling in the pharmaceutical or food industry, 
and completely different, for example, in the glass, steel, machinery, automotive industries or 
in the production of building materials. 

The use of robots for material handling and transport is intended to replace man in the 
performance of tedious, monotonous and hazardous work. Such works include, for example, 
moving cement bags from a belt or roller conveyor and placing them on pallets or, for 
example, operating presses. In these works, apart from various threats, there is also a risk of 
spine injury. The use of a robot improves the efficiency of the production station and health 
and safety conditions. Robots do not get tired, they can work related to material handling 
faster and more accurately than humans. In addition, man is less likely to be injured. 
 In order to perform a transfer task efficiently, an industrial robot should have the following 
features: 

• appropriate range of the manipulator, 
• appropriate lifting capacity, 
• appropriate arm speed, 
• be equipped with a suitable gripping device (gripper) 
• be appropriately controlled and programmed. 

2 GRIPPERS AND A GRIPPING DEVICES 
The robot's gripper should enable reliable and repeatable grasping of the transferred object. 
While carrying the gripped object should not change its orientation and position in the gripper. 
In (Fig 1) a simple pneumatic actuated jaw gripper is shown as an example. 
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Figure 2.1 Pneumatic driven jaw gripper. 1- drive, 2-jaws with gripping ends 
 

 

Figure 2.2 Suction gripper intended for transporting goods packed in cardboard boxes 
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Figure 2.3 Palletizing robot with gripper for handling bags with loose material (e.g. cement) 
Source (Comau) 

 

Moving objects with complex shapes, such as car body elements, bags with loose materials, 
large cardboard boxes, pallets requires complex grippers. Such grippers can be equipped with 
their own servo drives and sensors, and have appropriate control and software. Their 
construction in terms of complexity may be comparable to that of a robot manipulator. The 
mass of a complex gripper can significantly exceed the mass of the object being carried. 

In Figure 2.3 Palletizing robot with gripper for handling bags with loose material (e.g. cement) 
Source (Comau) there is shown a robot equipped with a gripper for transporting bags of loose 
material from a roller conveyor. 

When designing a robotic station, and when selecting a robot with an appropriate load 
capacity and range, the loading of the robot manipulator with static and dynamic forces from 
the transferred object and the gripper should be taken into account. The occurring static and 
dynamic forces and moments affect the reliability and durability of the robot. They should not 
exceed the permissible values given in the technical documentation of the robot 
manufacturer. In the case of complex grippers, it may also be appropriate to use the term 
gripping device. 

The division of grippers depending on their construction and application has been described 
in detail in specialist literature on industrial robotics and in the lessons of the MILAN training 
system. The rest of this lesson introduces only some of the grippers used in common industrial 
robotic applications, and the important aspects to consider when selecting and using grippers. 
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2.1 Gripper behaviour in case of power failure 

When designing a robotized station, the behavior of the gripper should be taken into account 
in the event of a power or compressed air supply failure. We omit here hydraulic grippers, 
which are rarely used in industrial production installations today. 

2.2 Jaw grippers 

In the simplest air-powered jaw grippers, a power outage causes an immediate loss of jaw 
clamping force and the object to drop. In some applications, this condition is acceptable 
because it causes no harm. In the case of the simplest grippers, a break in compressed air 
supply causes the object to drop and stop the workstation in emergency mode. 

In the event that a power interruption results in a loss of jaw clamping force and dropping the 
object which would result in material losses, or if dropping the object was unacceptable for 
other reasons, then grippers with a special mechanical structure should be used, in which the 
interruption in the power supply does not cause loss of the clamping force jaws. 

2.3 Vacuum grippers 

In suction grippers, the negative pressure is most often caused by the operation of a vacuum 
ejector pump supplied with compressed air. The ejector pump is a vacuum generator used in 
suction grippers due to its simplicity, low weight and no moving parts. The flow of air through 
the pump is necessary to create a vacuum. Failure to supply the pump with compressed air 
causes an immediate loss of gripping force. The operation diagram of a suction gripper with 
an ejector pump is shown in Fig 4: 

 

Figure 2.4 Suction gripper with ejector pump 
1- supply air flow, 2- sucked air, 3- air flow coming from the pump, 4-suction cup, 5- gripped object, 6- ejector 

pump body. 

If the loss of the gripping force in the event of failure of the compressed air ejector pump 
supply system is unacceptable, then the ejector pump supply system should be equipped with 
buffer tanks of appropriate volume. The air from these tanks will continue to supply the 
ejector pump for a sufficient period of time after the compressor in the compressed air system 
has stopped working, e.g. due to a power failure. During this time, the robot should be safely 
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stopped in emergency mode, after the robot has put the object down in a predetermined 
place. 

For their efficient and quick operation, the specificity of suction grippers requires that when 
the object is put away, not only to turn off the vacuum generation, but also to give a short 
pulse of air overpressure to the suction chamber in order to detach the object from the suction 
cup faster. Otherwise, there is some "sticking" of the suction cup to the object being gripped 
when the vacuum is turned off. 

2.4 Electromagnetic grippers 

Electromagnetic grippers are used in the electromechanical industry as well as in the 
automotive industry for feeding steel sheets to the press for stamping body parts. 

In such stations, the sheets are stacked in a fixed place near the press. The robot is equipped 
with a gripper consisting of one or more electromagnets. The close-up of the gripper whose 
electromagnets are energized causes a grasp of the steel sheet, which is then placed by the 
robot in the correct position in relation to the press die. Due to the occurrence of residual 
magnetism forces, the magnetic gripper has its own specificity of operation consisting in the 
disadvantageous phenomenon of "sticking" the sheet to the gripper even after the gripper's 
electromagnets are turned off. The sheet metal does not want to detach from the gripper, 
despite the lack of current flowing to the gripper. Therefore, the electromagnetic gripper is 
equipped with an auxiliary pneumatic actuator which causes mechanical tearing of the "glued" 
sheet metal from the gripper when it is put away. 

3 TYPICAL TASKS RELATED TO MATERIAL HANDLING BY A ROBOT 
3.1 Picking up an item from a predetermined location and putting it away at another 

designated location 

Such a task is often found in machine operation. The robot (manipulator) takes elements from 
a fixed place of machine, most often from a feeder in which the objects are arranged in a given 
order, and then feeds them to the machine in a specific position for processing. After 
processing, the robot picks up the processed element and delivers it to another defined place 
(e.g. to a pallet or a feeder). If, after machining, the workpiece has a different shape than 
before machining, then the robot is equipped with a double gripper, one of which is designed 
to grasp the object fed to the machine, and the other to collect the workpiece after machining. 

In some applications, e.g. for reasons of obtaining a given machine capacity or lack of space in 
the machine, it is not possible to use a double gripper on the robot arm. Then it may be 
necessary to use two robots to operate the machine, one of which is a feeding robot and the 
other a receiving robot. 

3.2 Picking up an item from a fixed place, carrying it and putting it away 

In this task, the robot picks up an object from a predetermined place and places it in a 
container in a random position. This task occurs, for example, when operating machinery, e.g. 
plastic injection molding machines or pressure casting machines. The robot picks up items 
from a fixed place. The items you download have the same position and spatial orientation. 
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3.3 Picking up an Item from a container 

This task is very common when designing a robotic station. Items to be picked up and carried 
by the robot lie in random positions in the container. The transfer task in such cases is solved 
in one of the following ways: 

A / Application of a feeder (e.g. vibrating) and an orienting device. 

Objects are fed by a feeder (e.g. a vibrating feeder) to an alignment device where they are e.g. 
gravitationally oriented and lined up in a specific position. These objects are picked up from a 
predetermined place by the gripper located at the end of the robot arm. This method is used 
for gripping and carrying small metal or plastic objects, for which shaking in a vibrating feeder 
and rubbing each other is not harmful. This method cannot be used for delicate and brittle 
parts. 

B / Application of a vision system with a 3D camera and a six-axis robot with a gripper. 

The system's camera is fixed and directed at the elements located in the container in random 
positions. Prior to retrieving the item from the container, an analysis of the camera image is 
performed, and on this basis the item that is in the best position for retrieval is "typed". The 
robot controller receives information from the vision system, and based on this, the spatial 
orientation and position of the gripper for gripping the object are determined. 

The described task, which is called "Random Bin Picking", is well illustrated by the video on 
you tube: 

• Smart automated bin picking with Pickit 3D 
https://www.youtube.com/watch?v=mySU2teAtmA 

The speed of information processing in modern image analysis systems and the speed of the 
robot's arm are so high that the method described above in section B is also applicable in the 
case of picking up moving elements, e.g. on the conveyor belt. This task is described in point 
3.4 

3.4 Picking up an item from a moving feeder. 

Objects are moved by a belt conveyor or an overhead conveyor, which is constantly in motion. 
The robot's task is to grab the object from the conveyor, and then move it and leave it in a 
fixed place and position. 

The task of picking up an item from a moving carrier is more difficult than the task of picking 
up an item from a fixed, stationary location. The robot should have information about the 
speed of the feeder so that at the time of picking, the speed of the gripper is equal to the 
speed of the object on the feeder belt. 

The information about the speed of the object can be obtained by the robot from the speed 
sensor or from the vision system used. 

The implementation of this task is illustrated by videos on you tube showing the efficient 
picking up of chocolates or cookies by a DELTA robot from a moving conveyor belt and placing 
them in boxes. The DELTA type robot is shown in fig 4: 
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Figure 3.1 Robot with Delta structure 
1- ball joints, 2-swivel arm, 3-drive motor, 4- passive arms, 5- mobile platform, 6- suction gripper (gripper 

power supply omitted), 7-base. 

DELTA robots are very fast devices. The elements of these robots, such as passive arms, 
rotating arms, and a mobile platform, are made of appropriately shaped carbon fiber, which 
is a durable and very light material. This allows to significantly reduce the dynamic forces 
occurring during the movement of the robot arm, where we deal with alternating acceleration 
and deceleration of the manipulator elements. 

In a DELTA type robot, the displacement of the movable platform 5 on which the gripper is 
attached (e.g. a vacuum suction cup) results from the combination of movements of three 
identical kinematic chains. Each of them consists of a rotating arm 2, which is driven by an 
electric motor mounted on the base 7. The passive arms 4 are connected by ball joints 1 
forming three parallelograms situated on three sides of the mobile platform 5. At the same 
time, the ends of the rotating arms 2 are connected with ball joints with parallelograms made 
of passive arms 4. 

 

3.5 Palletizing and depalletizing 

What is palletizing? Palletizing is about stacking items on pallets in a specific way. The use of 
palletizing robots is becoming more and more common. The use of industrial robots is justified 
due to the repeatability of activities and the weight and shape of the elements that need to 
be moved. Replacing human work with robots is perfectly appropriate and justified. The 
dimensions of the pallets have been standardized, which has contributed to the unification of 
the dimensions of the equipment used for their handling, transport and storage. In Europe, 
wooden pallets marked as EPAL or EUR 1 according to ISO 445 standard are most often used 
(according to Figure 3.2Figure 3.2 Wooden pallet of EPAL system1.) with dimensions of 
1200x800x144mm. These pallets allow the forks of forklifts and unmanned AGVs to enter from 
four sides, which enables their easy and effective handling in storage and transport. 
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Figure 3.2 Wooden pallet of EPAL system1. 

Palletizing stations, including the palletizing of cement bags, can be viewed in motion on the 
following videos: 

• Automate 2017 - Various Types of Industrial Robotics - Chicago Illinois 
https://www.youtube.com/watch?v=VsHbFTHKpBk 

• ABB Robotics - Palletizing Cartons 
https://www.youtube.com/watch?v=7U1-X5ogsKA 

• JMP ENGINEERING - Robotic Produce Palletizing with Robot on a Rail 
https://www.youtube.com/watch?v=xHIVahKQ2ME 

• Robot Palletizer with multi-purposes gripper 
https://www.youtube.com/watch?v=9_JIqAUNFgc 

• Handle Robot Reimagined for Logistics 
https://www.youtube.com/watch?v=5iV_hB08Uns 

• Boston Dynamics New Warehouse Robots 
https://www.youtube.com/watch?v=8dyJNk5rMrA 

Note that the kinematic system of the palletizing robot arm is very often designed to form an 
articulated parallelogram. This ensures a natural, unchanged angular orientation of the 
gripper during the movement of the goods object (bag, pallet, cardboard, etc.). 
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Figure 3.3 Robot for palletizing. (Source FANUC). 

ASSIGNMENTS 
In this lesson students will get only simple questions to discuss in group and some interaction 
with lecturer. 

SELF-CHECK QUESTIONS 
 
Please mark the appropriate sentences: 
 

1. The material handling by industrial robot means: 

a. process with the use of an industrial robot, which aims to improve the 
strength properties of the material, 

b. inspection with the use of a robot, the purpose of which is to assess the 
material used in production, 

c. checking the material before shipment to the customer,  

d. collecting materials from one place, transporting them a short distance and 
then putting them away in another place. 

2. When grasping an object with the suction gripper: 

a. it is required to create a vacuum, e.g. by using an ejector pump, 

b. no vacuum is required, 
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c. failure of the compressed air network may cause the ejector pump to stop 
working and the loss of vacuum and the disappearance of the gripping force 
of the suction gripper, and consequently dropping the gripped object and 
stopping the robot's operation. 

3. Grasping objects randomly placed on the conveyor belt while in motion with the 
robot: 

a. requires the use of an efficient 3D vision system that recognizes the 
position and orientation of details as well as the movement of the conveyor 
belt, 

b. only a fast six-axis robot is required for this purpose, 

c. it is always necessary to stop the belt movement when the robot grips the 
detail, 

4. Palletizing and depalletizing with a robot: 

a. they are always an alternative to manual loading and reloading, especially 
in the absence of employees, 

b. they enable these works to be performed much faster than employees and 
therefore it is always an economically justified solution, 

c. relieve people in work that is particularly hazardous to health, which may 
result in spine injuries, permanent and severe disability and disability, 
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QUESTIONS – CORRECT ANSWERS 
Question  Answer(s) 

1 d 

2 a, c 

3 a 

4 a, c 
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INTRODUCTION TO THE LESSON 
Industry 4.0 is a very popular topic today because of its big influence on manufacturing. Over 
the centuries, the conditions and methods of producing products and services have changed. 
The direct reason for these changes was and still is technological progress. This progress has 
led to the creation of a work environment in which the physical and virtual worlds merge. 
People, machines, objects and systems are connected via ICT and the Internet, they 
communicate dynamically in real time, organizing and optimizing processes. As part of 
intelligent production systems, all factory components are connected, from supply to 
transport. Thanks to this, industrial production can meet the individual needs of the client in 
a flexible way, thanks to the optimal use of resources. 

This lesson defines basic concepts related to Industry 4.0, describes how the production 
environment has changed, indicates the main technologies used in production process and 
principles that support companies implementing Industry 4.0 scenarios. Utilizing Industry 4.0 
technologies can bring many benefits to manufacturers, but requires an understanding of 
the challenges and difficulties that come with it. In this lesson some of them are presented. 

LEARNING OBJECTIVES OF THE LESSON 
Upon completion of this module the students will be able to: 

• understand core idea of Industry 4.0 

• identify and compare roots of industrial revolution 

• specify basic principles of Industry 4.0 

• estimate benefits and challenges 

ABBREVIATIONS 
3DP 3D Printing 

AM Additive Manufacturing 

AR Augmented Reality 

ICT Information and communications technology 

IIoT Industrial Internet of Things 
 

GLOSSARY OF TERMS 

1 WHAT INDUSTRY 4.0 IS? 
Industry 4.0 is a term that refers to intelligent networking of machines and processes for 
industry with help of information and communication technology. It combines production, 
information technology and the Internet. The term describes a new stage in the organization 
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and management of the entire value chain throughout a product’s lifecycle. The product 
lifecycle is geared towards customers’ increasing desire for customization and encompasses 
everything from the original concept to ordering, development, manufacture, delivery to the 
end customer and recycling, as well as all the associated services. 

It isn’t just a new technology and tools that improve manufacturing efficiency. It is a 
revolution of the way that all business operates and grows. It focuses on autonomously 
exchanging information, triggering actions and control independently. The computer in not 
the core technology for Industry 4.0, but rather the Internet. The manufacturers 
communicate with the computers rather than operate them. The system consisting of data, 
artificial intelligence, machines and communication is not just automated but intelligent. A 
machine is able to collect data, analyze it and make decisions based on this analysis. It can 
operate independently and introduce self-optimization, self-cognition and self-customization 
to the industry. 

Basic features of the Industry 4.0 are: 

• automatization of production processes thanks to transition from manual labor to 
robotics, 

• utilization of unmanned vehicles that improve transport and logistical systems, 

• using of production technologies that increase complexity and precision of manufactured 
products, 

• machines communicate with each other and are able to self-management. 

This concept can be also called “smart factory” (US) or Industrie 4.0 (from a project in the 
high-tech strategy of the German government, which promoted the computerization of 
manufacturing). The term “Industrie 4.0” was first publicly introduced in 2011 by a group of 
representatives from different fields (such as business, politics, and academia) under an 
initiative to enhance the German competitiveness in the manufacturing industry. The 
German federal government adopted the idea in its High-Tech Strategy for 2020. Over the 
years, many definitions of industry 4.0 have been presented. Here are some of them: 

Industry 4.0 utilizing the power of communications technology and innovative inventions to 
boost the development of the manufacturing industry (Kagermann , Wahlster & Johannes, 
2013). 

Industry 4.0 is surrounded by a huge network of advanced technologies across the value-
chain. Service, Automation, Artificial Intelligence Robotics, Internet of Things and Additive 
Manufacturing are bringing in a brand new era of manufacturing processes. The boundaries 
between the real world and virtual reality is getting blurrier and causing a phenomenon 
known as Cyber-Physical Production Systems (CPPS) (Schumacher, Erol & Sihn, 2016). 

Industry 4.0 makes full use of emerging technologies and rapid development of machines 
and tools to cope with global challenges in order to improve industry levels. The main 
concept of Industry 4.0 is to utilize the advanced information technology to deploy IoT 
services. 
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Production can run faster and smoothly with minimum downtime by integrating engineering 
knowledge. Therefore, the product built will be of better quality, production systems are 
more efficient, easier to maintain and achieve cost savings (Wang et al., 2016). 

Regardless of the definition used, most of the authors outlined the meaning of Industry 4.0 
as a phenomenon based on key topics related to Cyber-Physical Systems (CPS), Internet of 
Things (IoT) and industrial Internet. 

1.1 Nine pillars of Industry 4.0 and their relevance to industrial activity 

The digitization of industry associated with the fourth revolution is based on nine advanced 
technologies that play a key role. These technologies are used for improving all areas of 
production processes. Whether you work in the manufacturing industry or not, it is 
imperative to familiarize yourself with these pillars, as they are expected to have a 
widespread impact across all industries and society as a whole. 

 
Figure 1 Main pillars of Industry 4.0 concept 

 

1.1.1 Big data and analytics 

Collecting and analysis of data is common theme of all pillars. As information is a power, it 
allows us to change data into information. The data comes from many different sources like: 
machine-operation data from control systems, product- and process-quality data, records of 
manual operations carried out by staff, information on manufacturing and operational costs, 
fault-detection and other system-monitoring deployments, customer information on 
product usage and feedback. The data analysis of previously recorded data is used to find 
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out the threats occurred in different production processes earlier in the industry and also 
forecast the new issues occurring as well as the various solution to stop that from occurring 
again and again in industry. 

1.1.2 Autonomous robots 

Autonomous robots can complete given task precisely and intelligently within the given time 
limit and also focus on safety, flexibility, versatility and collaboratively. Typical applications 
of robots include welding, painting, assembly, disassembly, pick and place for printed circuit 
boards, packaging and labeling, palletizing, product inspection, and testing. They achieve 
results with high endurance, speed, and precision. They convey routine jobs as well as 
decide what to do in exceptional situations. Some of them (cobots) are intended for direct 
connection of a human being with a robot in a common space or near humans and robots. 
Robots in manufacturing are evolving for even greater utility, becoming more autonomous, 
flexible, and cooperative. These robots will cost less and have a greater range of capabilities 
than those used in manufacturing today. The main benefits of using autonomous robots are 
improvement of speed and accuracy of routine operations, added efficiency through side-by-
side work with humans, reduction the risk of employee injury in dangerous environments 
and consistency of work, because robots don’t have to divide their attention between a 
multitude of things. 

 
Figure 2 Robot that helps with transport 

1.1.3 Simulation 

Simulation is a form of imitation of a situation, process or environment. Is used to leverage 
real-time data to mirror the physical world in a virtual model, which can include machines, 
products, and humans. Thanks to simulations operators are able to test and optimize 
machine settings in the virtual world before the physical changeover, driving down machine 
setup times and increasing quality. 

1.1.4 System integration 

System integration that allows different computer systems to be linked together, enabling 
actual communication and the passing on of data between systems as software can act as a 
coordinated whole. This is ideal for all manufacturing companies as machinery from across 
the factory can be linked up together across the production line ensuring everything runs 
smoothly and efficiently. 
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1.1.5 The Industrial Internet of Things (IIoT) 

The Industrial Internet of Things refers to networking and connectivity of all items in order 
for them to send, receive and process data. It is a result of the number of smart 
manufacturing devices that are interconnected via the Internet. This can lead to a decrease 
in production time, aid risk management and will save manufacturers valuable resources 
such as time and money. 

1.1.6 Cyber Security 

Industry 4.0 is fundamentally powered by the unprecedented integration of industrial 
equipment. While utilising the Internet of Things and cloud computing within business can 
offer a number of benefits, these all need to be protected. Increasingly connected and 
automated industrial devices and wide networks come broader surfaces for attack. The 
same technology that allows data to be shared and studied inside an enterprise may be 
accessed from outside to steal or corrupt that data. All manufacturers want to protect their 
most valuable data including intellectual property, data on customers and their products, 
but many of them lack the experience and expertise to respond to IIoT challenges. Security is 
a key decision factor for organizations when deploying IIoT infrastructure. 

1.1.7 The Cloud 

The Cloud is a network of remote servers to store, manage and process data. That can be 
very beneficial for companies that require increased data sharing across sites and company 
boundaries and can improve data accessibility and integrity. Companies providing cloud 
services facilitates to the users, helping them to store files and applications at remote 
servers and thereafter accessing all data’s through the Internet. This implies the flexibility for 
the user to be able to access the resources and allowing them to work remotely as per their 
convenience. This capacity is mainly important to store the data generated during a whole 
production process, considering that the machines and sensors produce more data than a 
person and such data is always connected. Likewise, cloud computing reduces investment in 
technological resources, allowing the storage space and processing capacity to be contracted 
on demand, which provides flexibility, agility and adaptability. It also encourages 
collaboration between customers and suppliers. In particular, the customer can participate 
in all stages of the production process and therefore their satisfaction is improved. 

1.1.8 Additive Manufacturing (AM) 

Additive Manufacturing, also known as 3D printing, as a method of creating a physical object 
from a digital design, enables the creation of lighter, stronger parts and systems and playing 
an important role in key areas as design, prototyping and low-volume production. A 
production chain is the process of turning raw materials into commodities. However, many 
steps are required to convert the available resources into products, such as design, planning, 
manufacturing and sales. Recently, the production chain procedure seems to have changed, 
since additive manufacturing technology or 3D printing (3DP) has transformed its steps. 
Custom products with difficult geometries can be designed and printed with the help of 
additive technology. Thus, markets can be supplied without requiring companies to store or 
produce commodities at great expense. 
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1.1.9 Augmented Reality (AR) 

Augmented Reality displays digital content in the real world through a device, such as a 
mobile phone or special eyeglasses. Augmented reality and virtual reality, technologies that 
combine the real world and the digital world using computer science, enrich the visual 
experience of both users and consumers by generating immersive experiences. In industry 
AR can be used for design and manufacturing, assembly operations, training, as an online 
guidance system for operators, visualization of instructions, developing human-robot 
cooperation, automotive case study. The basic components of an AR system are the 
visualization technology, a camera, a tracking system, and the user interface. 

 

 
https://www.youtube.com/watch?v=cfdBgJdFC6Q 
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2 THE EVOLUTION OF INDUSTRIAL REVOLUTION (FROM 1ST TO 4TH) 

 
Figure 3 The Four Industrial Revolutions (Source: transportgeography.org) 

 

2.1 The first industrial revolution 

The first industrial revolution, which lasted from around 1760 to 1840, was the transition 
from manual labor to steam engine. For the first time some animal or human labor could be 
substituted by mechanical labor. Thanks to invention of steam machines, the usage of water 
and steam power and all sorts of other machines, would lead to the industrial 
transformation of society with trains, mechanization of manufacturing. The biggest changes 
came in the industries in the form of mechanization. Mechanization was the reason why 
agriculture started to be replaced by the industry as the backbone of the societal economy. 
New forms of manufacturing activities emerged, creating industrial cities of various 
functions and specialization (steel, textiles, tools, etc.). These cities tended to be located 
close to sources of energy such as coal fields and waterfalls or at locations well connected to 
the regional transportation network. Mechanization enabled the first industrial nations to 
accelerate their development, which led to a growing divergence between industrializing 
and non-industrial economies. 

2.2 The second industrial revolution 

The second industrial revolution began in the late 19th century and continued into the early 
20th century. Their main drivers were the introduction of electricity and the assembly line in 
the automotive industry by Henry Ford in 1913. The industrial sector speeded up 
exponentially, as each employee concentrated on only one work unit. Application of the 
principle of mass production along assembly lines, which was able to scale up manufacturing 
output with higher coordination between labor, tasks, processes, and machines. 
Electrification also played a significant role in supporting the emergence of modern 
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telecommunication systems such as telegraphs, radios, telephones, and later on, televisions. 
The development of mass forms of long-distance transport such as rail and the steamship 
further enabled to expand the market reach of manufacturing. 

2.3 The third  industrial revolution 

The third industrial revolution began in the 1960s and was significantly influenced by the 
development of semiconductors, personal computers (1970s and 1980s), computer 
networks (WLAN, LAN, MAN…) and obviously the birth of the Internet. It benefited from the 
ongoing automation of several manufacturing processes, using machines that are able to 
repeat a series of tasks under relatively well-defined parameters and minimal supervision. It 
also relied on the development of information technologies, initially with the digital 
computer, and then with its convergence with information technologies by the end of the 
20th century. Electronics and information technology were used to automate production. 
Advances in computing led to machine programming, which opened the door to progressive 
automation. Through the new technologies, the third industrial revolution opened the doors 
to space expeditions, research, and biotechnology. 

2.4 The fourth industrial revolution 

The Fourth Industrial Revolution, also known as Industry 4.0, is the era of networks. Industry 
4.0 takes the emphasis on digital technology from recent decades to a whole new level with 
the help of interconnectivity through the Internet of Things (IoT), access to real-time data, 
and the introduction of cyber-physical systems. Industry 4.0 offers a more comprehensive, 
interlinked, and holistic approach to manufacturing. It connects physical with digital, and 
allows for better collaboration and access across departments, partners, vendors, product, 
and people. Industry 4.0 empowers business owners to better control and understand every 
aspect of their operation, and allows them to leverage instant data to boost productivity, 
improve processes, and drive growth. 

3 PRINCIPLES OF INDUSTRY 4.0 
There are six design principles in Industry 4.0. These principles support companies in 
identifying and implementing Industry 4.0 scenarios.  

1. Interoperability: Objects, machines and people need to be able to communicate through 
the Internet of Things and the Internet of People. This is the most essential principle that 
truly makes a factory a smart one. This ability to connect everything in a company, 
everywhere and with everyone is essential to take advantage of the insights provided by 
data to increase efficiency and improve processes. Implementing and embracing new 
technology has only limited capacity if the product or system cannot exchange 
contextual information with other products and systems. Similarly, interaction between 
machines and humans remains limited to simple and defined cases without 
interoperability. 

2. Virtualization: The ability to create a virtualized view of operations or virtual copies of 
everything to see how new equipment or processes will impact operations. Digital twins, 
or 3D models, are used to optimize machine performance, allowing ‘what if’ scenarios to 
be run and the impact of new equipment to be tested. They can also act as companions 
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for physical objects for operators to view the real-time status of the machine, analyze 
performance, test solutions and identify potential issues before they arise. This can help 
you extend the life of your business’ physical assets, uncover operation inefficiencies, 
reduce maintenance costs and understand your equipment better. 

3. Decentralization: The ability of cyber physical systems to make decisions on their own 
and to perform their tasks as autonomously as possible. This gives room for customized 
products and problem solving. This also creates a more flexible environment for 
production. In cases of failure or having conflicting goals, the issue is delegated to a 
higher level. However, even with such technologies implemented, the need for quality 
assurance remains a necessity on the entire process. 

4. Real-Time Capability: A smart factory needs to be able to collect real time data, store or 
analyze it, and make decisions according to new findings. This is not only limited to 
market research but also to internal processes such as the failure of a machine in 
production line. Smart objects must be able to identify the defect and re-delegate tasks 
to other operating machines. This also contributes greatly to the flexibility and the 
optimization of production. 

5. Service-Orientation: Production must be customer-oriented. People and smart 
objects/devices must be able to connect efficiently through the Internet of Services to 
create products based on the customer’s specifications. This is where the Internet of 
Services becomes essential. 

6. Modularity: In a dynamic market, a Smart Factory’s ability to adapt to a new market is 
essential. In a typical case, it would probably take a week for an average company to 
study the market and change its production accordingly. On the other hand, smart 
factories must be able to adapt fast and smoothly to seasonal changes and market 
trends. 

4 THE CHALLENGES AND IMPACT OF INDUSTRY 4.0 
4.1 Benefits of Industry 4.0 

The benefits of Industry 4.0 include improved productivity and efficiency, better flexibility 
and agility, and increased profitability. Industry 4.0 also improves the customer experience. 
In Industry 4.0 growth of the productivity results from the improvement of brainwork and 
decision making process. Production is bigger and faster thanks to allocating resources more 
cost-effectively and efficiently. Multiple areas of production line become more efficient as a 
result of Industry 4.0 related technologies. Some of these efficiencies are result of less 
machine downtime as well as the ability to make more products and make them faster. It is 
easier to scale production up or down in a smart factory. It is also easier to introduce new 
products to the production line as well as creating opportunities for one-off manufacturing 
runs, high-mix manufacturing, and more. Machine-to-machine and machine-to-human 
interaction enables customizaton and small batches. It’s possible to have a flexible 
production process where different products with different tools and moulds can be 
produced on the same production line. For example, dynamically programmed robots with 
interchangeable tooling enable manufacturers to quickly and effectively switch between 
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models being manufactured with negligible efficiency loss. The responsiveness and deep 
information availability available with Industry 4.0 mean manufacturers can give customers 
better service. In some cases, self-service views into the operation may be possible. 
Detailed, yet in-context, data can be a foundation for quickly resolving issues between 
customers and manufacturer. 

To learn more about how does the fourth manufacturing revolutions change productivity 
and growth, watch https://www.youtube.com/watch?v=AyWtIwwEgS0.  

4.2 Challenges of Industry 4.0 

Implementation of Industry 4.0 may cause major challenges, so it is important to know the 
main ones: 

Adaptation - Companies and their industrial processes need to adapt to rapid change if they 
are not to be left behind by developments in their sector and by their competitors. Industry 
4.0 has lasting effect on existing business models and particularly also generates new, digital 
— often disruptive — business models. The focal point of this trend comprises increasing 
customer benefits through a growing range of value solutions (instead of products) and 
increased networking with customers and partners. The special quality of the digital change 
lies in the rapid acceleration of the speed of change. Disruptive innovations will also cause 
industry sectors like the information and communications industry to sustainably transform 
within a short period of time. It requires new business models, change management, 
interconnection of all departments, recruiting and developing new talents and examination 
of complany’s culture. 

Cyber risk - Integration of computation, networking and physical processes is what has 
characterized the 4th industrial revolution of today. Although this trend provides clear 
business advantages, it has also led to manufacturing networks which are more 
interconnected, complex and heterogeneous. As a result, today’s manufacturing networks 
are operating with an increased risk of cyber incidents. Cyber incidents are not limited to 
cyberattacks. A cyberattack on a manufacturing facility would be damaging, but it’s not the 
most prominent threat to a network’s operational continuity. In fact, small to major network 
or process disruptions due to misconfigurations, erroneous commands, software errors or 
device failures, can occur almost daily. All incidents should be detected and prevented with 
the right plan in place. It requires a continuous monitoring solutions, because the 
consequences of an industrial cyber security attack might involve loss of production, 
destruction of production plants and facilities, death and injury of employees, explosions 
and the release of poisonous gases or smoke causing injury and death to non-employees or 
civilians, environmental impact, government fines, damage to corporate reputation and loss 
of confidence by investors and customers. 

Shift in jobs – changing of conditions for workers. Tasks will shift from manual labour to 
automation. Many jobs will disapear while we will gain a lot of new jobs because different 
skills will be required. In the short term, the trend toward greater automation will displace 
some of the often low-skilled laborers who perform simple, repetitive tasks (assembly and 
production). At the same time, the growing use of software, connectivity, and analytics will 
increase the demand for employees with competencies in software development and IT 
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technologies, such as mechatronics experts with software skills, analytics or R&D roles. In 
the terms of workforce the most possible challenges are: the lack of in-house talent to 
support the development and deployment of Industry 4.0 initiatives, Lack of knowledge 
about technologies, vendors and IT outsourcing partners that could help execute the core 
initiative, lack of unified leadership that makes cross-unit coordination difficult within the 
company. 

 

 

Figure 4 Areas of Industry 4.0 impact on the workforce (Source: Boston Consulting Group) 
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EXAMPLES 
1. Audi and manufacturing - Audi is making its production fit for the future with the smart 

factory. In this factory of the future, big data — the creation and intelligent connection 
of large volumes of data — will facilitate data-driven and thus highly flexible and highly 
efficient manufacturing. A method of production in which Audi might no longer build its 
cars on an assembly line but according to a radically new, disruptive concept is modular 
assembly. In addition to this major project, Audi is pursuing many other exciting projects 
for the production of the future — from the application of virtual-reality glasses to metal 
3D printing 

https://www.youtube.com/watch?v=sqCbYd8O8MU#action=share 

2. The TUG autonomous robots work in hospitals and help with moving materials and 
clinical supplies.   

https://aethon.com/wp-content/uploads/2018/04/healthcare_box_video.mp4 

3. Digital Twin https://www.youtube.com/watch?v=RaOejcczPas&t=127s 

4. REWO – augmented reality is used in procedures and work instructions by visualizing a 
new process for workers 

https://www.youtube.com/watch?v=kCHHN2IKRt0&feature=youtu.be 

5. Autonomous robots in Alibaba warehouse in China are responsible for moving goods to 
human workers https://www.youtube.com/watch?v=FBl4Y55V2Z4&feature=youtu.be 

6. Stuxnet as a proof that industrial cyber attacks are possible - The 2010 Stuxnet industrial 
cyber attack has been well-documented, and it proved that malware can override 
industrial control systems and fool plant operators into believing the process is operating 
normally, when in reality it is operating far outside of acceptable limits. Stuxnet 
propagated itself until it found the designated target, a PLC control system. The malware 
was introduced by USB flash drives. Stuxnet fooled plant operators by overriding the 
actual process variables to show “normal values” in the control system displays. It 
appears that no alarms or automatic safety shutdown systems and events occurred, so 
the operators were unaware that the centrifuge process was tearing apart. 
https://www.youtube.com/watch?v=7g0pi4J8auQ 
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SELF-CHECK QUESTIONS 
1. Which of the following statements describe Industry 4.0? (choose as many answers 
as apply) 

a) Industry 4.0 means the use of new machinery in the production process. 

b) The machine can collect information and make decisions based on it. 

c) The core technology in Industry 4.0 is based on networks that enable transfer of the 
information between components of system. 

d) A new technology can’t improve business efficiency in smart factories. 

e) None of the statements above are true. 

 

2. Which of the following is one of the pillars of Industry 4.0? (choose as many answers 
as apply) 

a) Big data and analytics  

b) Robots that can operate autonomously 

c) 3D printing 

d) Global network of servers. 

 

3. Which of the following is the main feature of the fourth industrial revolution? 
(choose as many answers as apply) 

a) Electricity 

b) Globalization 

c) Networks 

d) Computer science 
 

4.  Flexibility and optimization of production refers to: (choose as many answers as 
apply) 

a) Virtualization 

b) Decentralization 

c) Real-Time Capability 

d) Productivity 
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QUESTIONS – CORRECT ANSWERS 
 

Question  Answer(s) 

1 b, c 

2 a, b, c, d 

3 c 

4 c 
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INTRODUCTION TO THE LESSON 
This main goal of this lesson is to present the main components used in Industry 4.0. At the 
beginning, the students will achieve knowledge connected with an overall idea regarding 
Internet of Things used in Industries (Industrial Internet of Things). In this part, the scheme 
of such system will be presented and shortly described. In the second part, students will be 
introduced to the concept of cloud computing and cyber-physical systems. In these terms we 
will also present significant information regarding safety of these solutions (e.g. the proper 
ways to achieve satisfactory level of cybersecurity). As the last part, cognitive computing will 
be presented and described. Moreover, the most important solutions in this technology will 
be briefly described. 

LEARNING OBJECTIVES OF THE LESSON 
• Explanation and demonstrations what are the main goals and functions of Industrial 

Internet of Things (IIoT) and its main components. 

• Explanation what are the main components of computation cloud. Demonstration of 
their basic usage. 

• Explanation what is a cyber-physical system and what are the most important 
examples of these solutions. 

• Explanation of cognitive computing. Examples of solutions. 

CONTENT OF THE LESSON 

1 WHAT IS INTERNET OF THINGS 
Internet of Things (IoT) is an idea that connects diversified devices in one joint computer 
network. It allows accurate and fast communication between human and the modules 
creating the network. The assumptions of this concept define components types that can be 
used. These are: computing devices, mechanical and digital machines (with selected unique 
identifier). Moreover, it was claimed that the ability to transfer data over a network without 
interaction with human has to be provided. Internet of Things ensure comfortable and stable 
interface by which human operator can easily interact with the network and each device. 

The definition of the Internet of Things has changed in time. It was connected with the fact 
that multiple, diversified technologies were used – e.g. machine learning, real-time analytics 
or embedded systems. Traditional idea of Internet of Things as embedded system with 
some, specialized sensors was changed to semi-automated, intelligent system based on 
evaluation board with wireless sensor networks and intelligent (or nearly intelligent) 
algorithms that can provide reactions on changing terms. In the market IoT is mostly 
connected with intelligent homes – including devices and appliances that support one or 
more specialized ecosystems controlled with external devices (as smartphones). Moreover, 
IoT has also its application in safety. Well-known example of such system is biometrics. We 
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should consider the system in which user is recognized by his own measurable feature (e.g. 
fingerprint, iris, retina or hand veins). In these terms, such solution consists of two main 
parts – device (for collection of the traits) and algorithms that has to recognize whether the 
user is the one who he claims he is.  

Additional examples regarding Internet of Things and its applications are presented in Fig. 1. 
placed below. 

 
Fig. 1 Diversified devices used in Internet of Things concept [1]. 

2 INDUSTRIAL INTERNET OF THINGS (IIOT) 
Industrial Internet of Things (IIoT) is a specialized type of the recently mentioned idea. In this 
case, devices acquire and analyse data from connected equipment, operational technology 
(OT), locations and people. What is interesting, is that the same implementation can be 
different in diversified industrial systems. For example, in one of them, IIoT system will be 
used for monitoring of some specific parameters whilst in the other one it will control 
whether manufactured products do not have any defects.  

We should keep in mind that industrial version of Internet of Things consists of some specific 
technologies. The most important are: Cyber-Physical Systems (CPS, these solutions will be 
described in detail in further part of this document), Cloud computing (this technology will 
also be described in detail in further part of this document), Edge computing, Big data 
analytics and Artificial Intelligence / Machine Learning. Before each of these technologies 
will be described, we would like to present the scheme of Industrial Internet of Things 
System. It is presented in Fig. 2, placed below. 
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Typical Industrial Internet of Things (IIoT) system has layered architecture. In the picture we 
can see three main parts – cloud, network and edge. The first of them is responsible for 
computation and communication with each cloud service (in these terms, we can claim that 
there are multiple, diversified services available – e.g. analytics, optimization or even some 
engineering). The most important example of such service provider is Amazon with its AWS 
platform.  

The second part of typical architecture is network. Here all communication algorithms and 
protocols are included (e.g. HTTP, FTP, HTTPS). Moreover, in this part, all security is included. 
The main goal of such layer is to safety send and receive the data. What is more it has to 
check whether the data is correct as well as whether the sender and receiver are properly 
pointed out. Well-known example of such subsystems are communication protocols with 
some symmetric or asymmetric cryptography. The second, well-known and often used, 
option is security based on certificates. Each device has its own certificate that was signed by 
the gateway and then each message has to be properly checked – even in the terms of 
integrity. 

The last layer is called edge layer. Here all devices and sensors are included. It is the layer 
where all needed parameters and data are collected. It also includes some user interfaces by 
which each user can simply communicate with the whole IIoT system. It is really important 
because sometimes, these systems request user decision rather than its own one. Such 
procedure has place in the crucial and dangerous situations. 

Fig. 2 The scheme of Industrial Internet of Things system [2] 
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Right now, we can move on to brief description of Edge Computing, Big Data analytics and 
Artificial Intelligence. These are three parts of the system that are mostly used in IIoT 
solutions. 

2.1 Edge computing 
The first technology that we would like to briefly describe is edge computing. It is the idea 
which is opposite to cloud computing. It means that it is distributed computing paradigm 
that tries to move on computer data storage closer to the place (or device) where it is 
needed. It directly refers to the decentralized data processing at the network edge. The 
Industrial Internet of Thing (IIoT) requires both edge computing and cloud computing. It is 
connected with the fact that IIoT needs transform of productivity, products and services in 
the industrial work. 

2.2 Big data analytics 
Big data analytics is the process of examining large and varied data sets, or big data. This 
process also includes data transformation, data pre-processing and its examination with 
calculation of some statistical parameters. 

Big data challenges such problems as capturing data, data storage, data analysis, search, 
transfer, visualization, querying, updating, information privacy and data source. It is 
connected with the fact that big data was originally associated with three main concepts: 
volume, velocity and variety. It is really important to understand that when we are working 
under big data, we do not analyse each sample separately but all data at one time. It allows 
us to easily observe what happens when some parameters have specific values. This 
prediction is mostly not possible when we analyse one sample at a time.  

2.3 Artificial intelligence / machine learning 
 

 
Fig. 3 Example of object recognition [3] 
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The last most important technology used in Industrial Internet of Things in Artificial 
Intelligence. Both these terms are connected with computer science solutions that aim to 
create computer systems which will work and react as humans. Machine learning is a core 
idea of Artificial Intelligence. It allows to increase accuracy of prediction algorithms. It makes 
the system more “Intelligent”. 

Nowadays, the most important solutions connected with Artificial Intelligence are 
Convolutional Neural Networks (CNN), Recursive Convolutional Neural Networks (RCNN), 
Bayesian Networks. The traditional goals regarding Artificial Intelligence include reasoning, 
knowledge representation, planning, learning, natural language processing, perception, 
computer vision (and object recognition) and the ability to move and manipulate objects.  

3 CLOUD COMPUTING 

 
Fig. 4 Graphical representation of cloud computing idea [4] 

The main idea of cloud computing is the computer system resources availability on-demand. 
In these terms we have to think about computational power and data storage. The user does 
not have direct access to the resources (he even does not know where they are and what is 
the kind of them). The cloud computing term is mostly used to briefly describe data centers 
that are available over the Internet. 

Cloud resources sometimes are limited to one organisation. Nowadays, even one user can 
define his own cloud that it will be available over the Internet. For this aim one can use 
Synology [5] or WD My Cloud [6]. 
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Of course, there are also services available online – e.g. Microsoft Azure [7] or Amazon AWS 
[8]. User can not only deploy the solution to these services but also use some external 
functions that are available on these servers. It makes much easier to work with such 
systems and create accurate and precise systems.  

4 COGNITIVE COMPUTING 
The definition of cognitive computing was developed in mid-2014 by a cross-disciplinary 
group of experts [12] from BA-Insight, Babson College, Basis Technology, Cognitive Scale, 
Customer Matrix, Decision Resources, Ektron, Google, HP Autonomy, IBM, Microsoft/Bing, 
Next Era Research, Oracle, Pivotal, SAS. Saxena Foundation, Synthexis, and Textwise/IP.com. 
This project was led by Sue Feldman at Synthexis and Hadley Reynolds of NextEra Research. 
It was sponsored by Customer Matrix, HP Autonomy and IBM. The goal of the project was to 
define how cognitive computing differs from traditional computing and to provide a non-
proprietary definition of cognitive computing that could be used as a benchmark by the IT 
industry, researchers, the media, technology users and buyers. At present, there is no widely 
agreed upon definition for cognitive computing in either academia or industry [10]. In 
general, the term cognitive computing has been used to refer to new hardware and/or 
software that mimics the functioning of the human mind and helps to improve human 
decision-making. In this sense, CC is a new type of computing with the goal of more accurate 
models of how the human brain senses, reasons and responds to stimulus. CC applications 
link and adaptive page displays (AUI) to adjust content for a particular type of audience. As 
such, CC hardware and applications strive to be more affective and more influential by 
design. Some features that cognitive systems may express are: Adaptive - they may learn as 
information changes, and as goals and requirements evolve. They may resolve ambiguity and 
tolerate unpredictability. They may be engineered to feed on dynamic data in real time, or 
near real time that means: Interactive - they may interact easily with users so that those 
users can define their needs comfortably. They may also interact with other processors, 
devices, and cloud services, as well as with people. They may aid in defining a problem by 
asking questions or finding additional source input if a problem statement is ambiguous or 
incomplete. They may "remember" previous interactions in a process and return information 
that is suitable for the specific application at that point in time. They may understand 
(contextual), identify, and extract contextual elements such as meaning, syntax, time, 
location, appropriate domain, regulations, user’s profile, process, task and goal. They may 
draw on multiple sources of information, including both structured and unstructured digital 
information, as well as sensory inputs (visual, gestural, auditory, or sensor-provided) 
Cognitive computing-branded technology platforms typically specialize in the processing and 
analysis of large, unstructured datasets. Word processing documents, emails, videos, 
images, audio files, presentations, webpages, social media and many other data formats 
often need to be manually tagged with metadata before they can be fed to a computer for 
analysis and insight generation. The principal benefit of utilizing cognitive analytics over 
traditional big data analytics is that such datasets do not need to be pre-tagged. Other 
characteristics of a cognitive analytics system include [11]: Adaptability: cognitive analytics 
systems can use machine learning to adapt to different contexts with minimal human 
supervision; Natural language interaction: cognitive analytics systems can be equipped with 
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a chatbot or search assistant that understands queries, explains data insights and interacts 
with humans in natural language. Cognitive computing is the use of computerized models to 
simulate the human thought process in complex situations where the answers may be 
ambiguous and uncertain. The phrase is closely associated with IBM's cognitive computer 
system, Watson. Cognitive computing overlaps with AI and involves many of the same 
underlying technologies to power cognitive application, including expert systems, neural 
networks, robotics and virtual reality (VR).  

Cognitive computing [12] makes a new class of problems computable. It addresses complex 
situations that are characterized by ambiguity and uncertainty; in other words it handles 
human kinds of problems. In these dynamic, information-rich, and shifting situations, data 
tends to change frequently, and it is often conflicting. The goals of users evolve as they learn 
more and redefine their objectives. To respond to the fluid nature of users’ understanding of 
their problems, the cognitive computing system offers a synthesis not just of information 
sources but of influences, contexts, and insights. To do this, systems often need to weigh 
conflicting evidence and suggest an answer that is “best” rather than “right”. Cognitive 
computing systems make context computable. They identify and extract context features 
such as hour, location, task, history or profile to present an information set that is 
appropriate for an individual or for a dependent application engaged in a specific process at 
a specific time and place. They provide machine-aided serendipity by wading through 
massive collections of diverse information to find patterns and then apply those patterns to 
respond to the needs of the moment. Cognitive computing systems redefine the nature of 
the relationship between people and their increasingly pervasive digital environment. They 
may play the role of assistant or coach for the user, and they may act virtually autonomously 
in many problem-solving situations. The boundaries of the processes and domains these 
systems will affect are still elastic and emergent. Their output may be prescriptive, 
suggestive, instructive, or simply entertaining. In order to achieve this new level of 
computing, cognitive systems must be: Adaptive - They must learn as information changes, 
and as goals and requirements evolve. They must resolve ambiguity and tolerate 
unpredictability. They must be engineered to feed on dynamic data in real time, or near real 
time. Interactive They must interact easily with users so that those users can define their 
needs comfortably. They may also interact with other processors, devices, and Cloud 
services, as well as with people. Iterative and stateful - They must aid in defining a problem 
by asking questions or finding additional source input if a problem statement is ambiguous 
or incomplete. They must “remember” previous interactions in a process and return 
information that is suitable for the specific application at that point in time Contextual [12] 
They must understand, identify, and extract contextual elements such as meaning, syntax, 
time, location, appropriate domain, regulations, user’s profile, process, task and goal. They 
may draw on multiple sources of information, including both structured and unstructured 
digital information, as well as sensory inputs (visual, gestural, auditory, or sensor-provided). 

Cognitive systems differ from current computing applications in that they move beyond 
tabulating and calculating based on preconfigured rules and programs. Although they are 
capable of basic computing, they can also infer and even reason based on broad objectives. 
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Beyond these principles, cognitive computing systems can be extended to include additional 
tools and technologies. They may integrate or leverage existing information systems and add 
domain or task-specific interfaces and tools as required. Many of today’s applications (e.g., 
search, ecommerce, eDiscovery) exhibit some of these features, but it is rare to find all of 
them fully integrated and interactive. Cognitive systems will coexist with legacy systems into 
the indefinite future. Many cognitive systems will build upon today’s IT resources. But the 
ambition and reach of cognitive computing is fundamentally different. Leaving the model of 
computer-as-appliance behind, it seeks to bring computing into a closer, fundamental 
partnership in human endeavors. 

5 CYBER PHYSICAL SYSTEMS 
Cyber world and physical world were considered as two different entities in the past decade. 
However, researchers have found that these two entities are closely correlated with each 
other after integration of sensor/actuators in the cyber systems. Cyber systems became 
responsive to the physical world by enabling real time control emanating from conventional 
embedded systems, thus emerging a new research paradigm named Cyber Physical System 
(CPS). In this paradigm, major challenges in the integration of cyber world with physical 
world and its applications are investigated. An architecture which contains several modules 
supporting the CPS is proposed. Every module in proposed architecture has its own 
significance and can be applied to various applications [13].  

Cyber-Physical Systems (CPS) [14] are integrations of computation, networking, and physical 
processes. Embedded computers and networks monitor and control the physical processes, 
with feedback loops where physical processes affect computations and vice versa. The 
economic and societal potential of such systems is vastly greater than what has been 
realized, and major investments are being made worldwide to develop the technology. The 
technology builds on the older (but still very young) discipline of embedded systems, 
computers and software embedded in devices whose principle mission is not computation, 
such as cars, toys, medical devices, and scientific instruments. CPS integrates the dynamics 
of the physical processes with those of the software and networking, providing abstractions 
and modeling, design, and analysis techniques for the integrated whole. 

As a discipline, CPS is an engineering discipline, focused on technology, with a strong 
foundation in mathematical abstractions. The key technical challenge is to conjoin 
abstractions that have evolved over centuries for modeling physical processes (differential 
equations, stochastic processes, etc.) with abstractions that have evolved over decades in 
computer science (algorithms and programs, which provide a "procedural epistemology" 
[Abelson and Sussman]). The former abstractions focus on dynamics (evolution of system 
state over time), whereas the latter focus on processes of transforming data. Computer 
science, as rooted in the Turing-Church notion of computability, abstracts away core physical 
properties, particularly the passage of time, that are required to include the dynamics of the 
physical world in the domain of discourse (see figure below). 
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Fig. 5 Cyber-Physical Systems concept [14] 

ASSIGNMENTS 
In this lesson students will get only simple questions to discuss in group and some 
interaction with lecturer. 

SELF-CHECK QUESTIONS 
1.  What are main factors of Internet of Things (apply all): 

a. Electricity 

b. Globalization 

c. Networks 

d. Computer science 
 

2. What means Industrial Internet of Thing 

a. Virtualization 

b. Decentralization 

c. Real-Time Capability 

d. Connection of some specific technologies like: Cyber-Physical Systems, Cloud 
computing, Edge computing, Big data analytics, Artificial Intelligence  

3. Cloud computing main characteristics are (apply all): 
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a. Computer systems resources available on-demand 

b. Computers hidden in cloud 

c. Calculations made by one big computer 

d. Computer Science Services available through network 

4. What means Cognitive Computing 

a. All computers working together  

b. Hardware and/or software that mimics the functioning of the human mind 

c. Computers connected to human bodies 

d. Software with AI functions 

5. What are Cyber Physical Systems 

a. Project to create Cyborgs 

b. Artificial human organs 

c. Computers connected to human bodies 

d. New research paradigm where physical processes affect computations and 
vice versa in closed loop 
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QUESTIONS – CORRECT ANSWERS 
 

Question  Answer(s) 

1 c, d 

2 c, d 

3 a, d 

4 b 

5 d 
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INTRODUCTION TO THE LESSON 
This lesson shows and explains major components of the Industry 4.0 concept. 

Content of the Lesson 
• Demonstrations how Industrial Internet of Things (IIoT) can significantly improve 

operations, increase efficiency and reduce costs. 
• What is the big data’s role in the fourth industrial revolution. 
• Why cloud computing  
• Information of data’s collection from IIoT, the role of data analysis. 
• Examples of digital solutions. 

 LEARNING OBJECTIVES OF THE LESSON 
• to understand the role of Big Data and Analytics in Industry 4.0 
• to understand the role of cloud computing in Industry 4.0 
• to understand the role of Industrial Internet of Things  
• to understand why the collection of data are strongly connected with the usage of 

Internet of Things 
• to observe and understand examples of digital solutions 

ABBREVIATIONS 
 
AR  Augmented Reality 
VET Vocational Education and Training  
VR Virtual Reality 
IoT  Internet of Things 
IIoT Industrial Internet of Things 
 
 

1  INTERNET OF THINGS (IOT) AND INDUSTRIAL INTERNET OF THINGS (IIOT) 
1.1  IoT 

The Internet of Things is what enables objects and machines such as mobile phones and 
sensors to “communicate” with each other as well as human beings to work out solutions. 
The integration of such technology allows objects to work and solve problems 
independently. IoT is the movement to connect physical things (objects, especially those 
objects that have not been wired historically) to the Internet and to each other through 
wireless technologies. Objects can include everything from coffeepots to municipal building 
statues. See the basic idea of IoT: 
https://www.youtube.com/watch?time_continue=315&v=sfEbMV295Kk&feature=emb_title 
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The main concept of a network of smart devices was discussed as early as 1982, with a 
modified Coca-Cola vending machine at Carnegie Mellon University becoming the first 
Internet-connected appliance, able to report its inventory and whether newly loaded drinks 
were cold or not. A growing portion of IoT devices are created for consumer use, including 
connected vehicles, home automation, wearable technology, connected health, and 
appliances with remote monitoring capabilities. Major applications of IoT: 

• Smart homes- IoT devices are a part of the larger concept of home automation, 
which can include lighting, heating and air conditioning, media and security systems. 

• Elder care - One key application of a smart home is to provide assistance for those 
with disabilities and elderly individuals. These home systems use assistive technology 
to accommodate an owner's specific disabilities. 

• Medical and health care – The Internet of medical things (IoMT) is an application of 
the IoT for medical and health related purposes, data collection and analysis for 
research, and monitoring. 

• Transportation – The IoT can assist in the integration of communications, control, 
and information processing across various transportation systems. Application of the 
IoT extends to all aspects of transportation systems (i.e. the vehicle, the 
infrastructure, and the driver or user). 

• Manufacturing – The IoT can realize the seamless integration of various 
manufacturing devices equipped with sensing, identification, processing, 
communication, actuation, and networking capabilities. 

• Industrial applications – known as IIoT, industrial IoT devices acquire and analyze 
data from connected equipment, (OT) operational technology, locations and people. 
Combined with operational technology (OT) monitoring devices, IIoT helps regulate 
and monitor industrial systems.  

• Agriculture – Monitoring and controlling operations of sustainable urban and rural 
infrastructures like bridges, railway tracks and on- and offshore wind-farms is a key 
application of the IoT. 

• Energy management – Significant numbers of energy-consuming devices (e.g. lamps, 
household appliances, motors, pumps, etc.) already integrate Internet connectivity, 
which can allow them to communicate with utilities not only to balance power 
generation but also helps optimize the energy consumption as a whole. 

• Smart city – There are several planned or ongoing large-scale deployments of the IoT, 
to enable better management of cities and systems. 

1.2 IIoT 

The IIoT is enabled by technologies such as cybersecurity, cloud computing, edge computing, 
mobile technologies, machine-to-machine, 3D printing, advanced robotics, big data, internet 
of things, RFID technology, and cognitive computing. Five of the most important ones are 
described below: 
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• Cyber-physical systems (CPS): the basic technology platform for IoT and IIoT and 
therefore the main enabler to connect physical machines that were previously 
disconnected. CPS integrates the dynamics of the physical process with those of 
software and communication, providing abstractions and modeling, design, and 
analysis techniques. 

• Cloud computing: With cloud computing IT services and resources can be uploaded 
to and retrieved from the Internet as opposed to direct connection to a server. Files 
can be kept on cloud-based storage systems rather than on local storage devices. 

• Edge computing: A distributed computing paradigm which brings computer data 
storage closer to the location where it is needed. In contrast to cloud computing, 
edge computing refers to decentralized data processing at the edge of the network. 
The industrial internet requires more of an edge-plus-cloud architecture rather than 
one based on purely centralized cloud; in order to transform productivity, products 
and services in the industrial world. 

• Big data analytics: Big data analytics is the process of examining large and varied data 
sets, or big data. 

• Artificial intelligence and machine learning: Artificial intelligence (AI) is a field within 
computer science in which intelligent machines are created that work and react like 
humans. Machine learning is a core part of AI, allowing software to more accurately 
predict outcomes without explicitly being programmed. 

 

1.3 IIoT in Industry 4.0-examples 

1.3.1 Why IIoT? 

Manufacturing presents one of the largest opportunities for seizing the tangible return on 
IIoT investment: 

• Better management 

Managing a large number of assets involved in manufacturing, including fleets of highly 
specialized machines. 

• Time savings 

Reducing the time it takes to make products, in the face of ever-changing market and 
consumer variables. 

• Cost reduction 

Improving internal business efficiency, while also helping to reduce operational costs and 
maintenance costs. 

• Customer experience 

Solving customer pain points and transforming the customer experience, while also helping 
customers contain costs. 
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In manufacturing, 63% of businesses see IoT as a “strategic” path for competing more 
effectively with products and services, enabling companies to: 

• Improve the business 

IoT can drive both energy and operational efficiencies within manufacturing organizations, 
boosting quality, throughput, yield, and constraint management. 

• Make big data meaningful 

IIoT is the foundation for enabling advanced analytics that will drive real-time decisions, 
both on the spot and across the organization. 

• Thrive in the digital economy 

IIoT is a key enabler of innovation, digital transformation, and the development of new 
digital, customer-centric business models. 

See the basic idea of IIoT: 
https://www.youtube.com/watch?v=0mvrTeK9kME 

and  
https://www.pwc.com/gx/en/technology/pdf/industrial-internet-of-things.pdf 

1.3.2 Emmerson platform 

There is direct solution proposal from Emmerson company, see more at 
https://www.emerson.com/documents/automation/reaching-top-quartile-through-digital-
transformation-en-5287422.pdf 

The key to this approach is a flexible set of technology solutions called Plantweb™ digital 
ecosystem, backed by Emerson’s deep domain expertise. Plantweb, a portfolio of 
interoperable technologies, software and services, helps customers realize measurable 
improvements in reliability, safety, energy management and overall operations. The digital 
ecosystem gives customers total flexibility and scalability in the way they adopt IIoT and puts 
them on the road toward digital transformation. The key to success is connecting your 
technology to ensure the plant ecosystem works together. Many companies have already 
incorporated plant floor technologies—such as sensors and smart valves—that can monitor 
production lines and industrial processes in real time, tracking temperature, flow, pressure, 
valve openings and closings, and other factors that influence production. Both process and 
discrete manufacturers have also made significant investments in alarm systems designed to 
react to sensor data and shut down machines, if needed, reducing the risk of catastrophic 
failure and extended downtime. 

 

1.3.3 InvestCorp 
(*) https://www.investcorp.com/wp-content/uploads/2019/11/Emerging-use-of-IIOT.pdf 

The SmartSpace platform has been built for fast and efficient development of new location-
aware applications, allowing anyone configuring SmartSpace to quickly prototype ideas, 
implement designs and deploy new solutions. The combination of highly accurate sensor 
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technology with a modular and individually configurable software layer introducing process 
logic and spatial modelling allows to create a digital copy - or digital twin - of highly complex 
processes (Figure 1). 

 
Figure 1 Building SmartSpace applications with a software and hardware platform24, (*) 

 

The SmartSpace solution has many touch points in the IoT space and will underpin the smart 
factory of the future. It is blazing a trail in Industry 4.0 and is profiting from key market 
drivers in the sector – especially the reduced cost in sensor technology. At the center of the 
solution sits the connection of the “physical world” with the “cyber world”. The process of 
replicating the real world in a digital model has been called Digital Twinning or Digital Twin. 
That process can have three main distinct applications: 

• Product twin: Digital representation of a physical product to model product behavior 
in a cost-effective way 

• Development twin: An alternative or addition to physical prototyping in order to test 
new products/technologies 

• Production twin: Virtual plant simulation, including process layout, material flow, etc. 
to simulate and optimize production by identifying impact of changes 

SmartSpace falls into the third category – production twin – and thereby has several relevant 
touchpoints in the continuous process automation and optimization described earlier in this 
paper. As with many other IoT solutions in a smart factory, SmartSpace has implications for 
the direct value creation of a customer but also impacts supplier and customer relationships 
as well as the overall data pool, continuously feeding into big data storage (Figure 2). 



Multifunctional Innovative Learning Assisting Network for VET  
in Advanced Manufacturing   
Project No. 2018-1-PL01-KA202-050812  

     
 
 

 
-	9	-	

 
Figure 2 Overview of the smart factory 

2 CLOUD COMPUTING AND BIG DATA 
2.1 Cloud computing  

In a simple description:  

https://www.zdnet.com/article/what-is-cloud-computing-everything-you-need-to-know-
about-the-cloud/ 
https://searchcloudcomputing.techtarget.com/definition/cloud-computing 

• What is cloud computing, in simple terms? 

Cloud computing is the delivery of on-demand computing services - from applications to 
storage and processing power -- typically over the internet and on a pay-as-you-go basis.  

• How does cloud computing work? 

Rather than owning their own computing infrastructure or data centers, companies can rent 
access to anything from applications to storage from a cloud service provider. One benefit of 
using cloud computing services is that firms can avoid the upfront cost and complexity of 
owning and maintaining their own IT infrastructure, and instead simply pay for what they 
use, when they use it. 

• What cloud computing services are available? 

Cloud computing services cover a vast range of options now, from the basics of storage, 
networking, and processing power through to natural language processing and artificial 
intelligence as well as standard office applications. Pretty much any service that doesn't 
require you to be physically close to the computer hardware that you are using can now be 
delivered via the cloud. 

• What are examples of cloud computing? 
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Cloud computing underpins a vast number of services. That includes consumer services like 
Gmail or the cloud back-up of the photos on your smartphone, though to the services which 
allow large enterprises to host all their data and run all of their applications in the cloud. 
Netflix relies on cloud computing services to run its its video streaming service and its other 
business systems too, and have a number of other organisations. 

Cloud computing is becoming the default option for many apps: software vendors are 
increasingly offering their applications as services over the internet rather than standalone 
products as they try to switch to a subscription model. However, there is a potential 
downside to cloud computing, in that it can also introduce new costs and new risks for 
companies using it 

Top cloud providers in 2020: AWS, Microsoft Azure, and Google Cloud, hybrid, SaaS players 

• How does cloud computing work? 

Rather than owning their own computing infrastructure or data centers, companies can rent 
access to anything from applications to storage from a cloud service provider. 

One benefit of using cloud computing services is that firms can avoid the upfront cost and 
complexity of owning and maintaining their own IT infrastructure, and instead simply pay for 
what they use, when they use it. 

In turn, providers of cloud computing services can benefit from significant economies of 
scale by delivering the same services to a wide range of customers. 

• What cloud computing services are available? 

Cloud computing services cover a vast range of options now, from the basics of storage, 
networking, and processing power through to natural language processing and artificial 
intelligence as well as standard office applications. Pretty much any service that doesn't 
require you to be physically close to the computer hardware that you are using can now be 
delivered via the cloud. 

• What are examples of cloud computing? 

Cloud computing underpins a vast number of services. That includes consumer services like 
Gmail or the cloud back-up of the photos on your smartphone, though to the services which 
allow large enterprises to host all their data and run all of their applications in the cloud. 
Netflix relies on cloud computing services to run its its video streaming service and its other 
business systems too, and have a number of other organisations. 

Cloud computing is becoming the default option for many apps: software vendors are 
increasingly offering their applications as services over the internet rather than standalone 
products as they try to switch to a subscription model. However, there is a potential 
downside to cloud computing, in that it can also introduce new costs and new risks for 
companies using it. 

• Cloud computing advantages and disadvantages 
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Cloud computing is not necessarily cheaper than other forms of computing, just as renting is 
not always cheaper than buying in the long term. If an application has a regular and 
predictable requirement for computing services it may be more economical to provide that 
service in-house. 

Some companies may be reluctant to host sensitive data in a service that is also used by 
rivals. Moving to a SaaS application may also mean you are using the same applications as a 
rival, which may make it hard to create any competitive advantage if that application is core 
to your business. 

While it may be easy to start using a new cloud application, migrating existing data or apps 
to the cloud may be much more complicated and expensive. And it seems there is now 
something of a shortage in cloud skills with staff with DevOps and multi-cloud monitoring 
and management knowledge in particularly short supply. 

 

2.2 Big Data 

2.2.1 Description what is “big data” 

Big data is a term that describes the large volume of data – both structured and 
unstructured. The most important fact is how to organize a data to could better analyse it. 
Big Data can be analysed to drew from that better conclusions and decisions for various 
areas. The use of Big Data  

The use of Big Data is becoming common these days by the companies to outperform their 
peers. In most industries, existing competitors and new entrants alike will use the strategies 
resulting from the analyzed data to compete, innovate and capture value.   

Big Data helps the organizations to create new growth opportunities and entirely new 
categories of companies that can combine and analyze industry data. These companies have 
ample information about the products and services, buyers and suppliers, consumer 
preferences that can be captured and analyzed. 

The term “big data” is relatively new. It came from that fact that many companies have 
started gathering and storing a large amounts of information. The concept what started in 
the early 2000s when industry analyst Doug Laney articulated the now-mainstream 
definition of big data as the three:  

• Volume. Organizations collect data from a variety of sources, including business 
transactions, social media and information from sensor or machine-to-machine data. 
In the past, storing it would’ve been a problem – but new technologies (such as 
Hadoop) have eased the burden. The name 'Big Data' itself is related to a size which 
is enormous. Size of data plays very crucial role in determining value out of data. 
Also, whether a particular data can actually be considered as a Big Data or not, is 
dependent upon volume of data. Hence, 'Volume' is one characteristic which needs 
to be considered while dealing with 'Big Data'. 
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• Velocity. Data streams in at an unprecedented speed and must be dealt with in a 
timely manner.  The term 'velocity' refers to the speed of generation of data. How 
fast the data is generated and processed to meet the demands, determines real 
potential in the data. 

• Variety. Data comes in all types of formats – from structured datasets (examples can 
be seen here, here & here), numeric data in traditional databases to unstructured 
text documents, email, video, audio, stock ticker data and financial transactions. 
Variety refers to heterogeneous sources and the nature of data, both structured and 
unstructured. During earlier days, spreadsheets and databases were the only sources 
of data considered by most of the applications. Now days, data in the form of emails, 
photos, videos, monitoring devices, PDFs, audio, etc. is also being considered in the 
analysis applications. This variety of unstructured data poses certain issues for 
storage, mining and analysing data. 

 

2.2.2 Why is Big Data Important ? 

The importance of big data does follow from the fact how much data are collected but how a 
company utilises the collected data. not revolve around how much data a company has but 
how a company utilises the collected data. The proper and directed analysis of stored data 
can help in the following answers: 

• Cost Savings: Some tools of Big Data like Hadoop and Cloud-Based Analytics can bring 
cost advantages to business when large amounts of data are to be stored and these 
tools also help in identifying more efficient ways of doing business. 

• Time Reductions: The high speed of tools like Hadoop and in-memory analytics can 
easily identify new sources of data which helps businesses analyzing data 
immediately and make quick decisions based on the learnings. 

• Understand the market conditions: by analyzing big data you can get a better 
understanding of current market conditions. 

 

2.2.3 The main source of Big Data 

Big data can serve to deliver benefits in many various areas such as:  

• Big Data in Education industry:  customized and dynamic learning programs, eframing 
course material, grading systems, career prediction. 

• Big Data in Insurance industry: the insurance industry holds importance not only for 
individuals but also business companies. The reason insurance holds a significant 
place is because it supports people during times of adversities and uncertainties.  

• Collecting information: collected in many sources. 
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• Big data in Government industry various records and databases regarding the 
citizens. 

• Cyber security: 

• Big Data in Banking Sector: the amount of data in banking sectors is skyrocketing 
every second. 

 

2.2.4 Real-Time Big Data Analytics Tools 

• Storm 

Storm, which is now owned by Twitter, is a real-time distributed computation system. 

• Cloudera 

Cloudera offers the Cloudera Enterprise RTQ tools that offers real-time, interactive analytical 
queries of the data stored in HBase or HDFS. 

• Gridgrain 

GridGain is an enterprise open source grid computing made for Java. It is compatible with 
Hadoop DFS and it offers a substitute to Hadoop’s MapReduce. 

• SpaceCurve 

The technology that SpaceCurve is developing can discover underlying patterns in 
multidimensional geodata. 

 

SELF-CHECK QUESTIONS 
1. Which definition best fits “augmented reality”? 

a. Technology that turns physical objects into digital objects 

b. Technology that overlays digital information on top of real world items 

c. Technology that completely immerses users in a new digital environment 

d. Technology that can achieve a human-level understanding of images 

2. How IoT helps in cities? 

a. Make citizens more intelligent 

b. Helps only in a good organization of means of transport 

c. Prepare cities for summer. 

d. Make a system  better management of cities and systems 

3. What is Big Data Security problem? 

a. There is to big amount of data 
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b. We are do not know how to analyze data 

c. We do not know any technological platform to organize data 

d. Big Data security is the processing of guarding data and analytics processes 

4. Why is Big Data Important? Which answers are false? 

a. To understand the market conditions 

b. None is proper 

c. For cost reduction 

d. For time reduction 
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QUESTIONS – CORRECT ANSWERS 
 

Question  Answer(s) 

1 b 

2 d 

3 d 

4 b 
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INTRODUCTION TO THE LESSON 
This lesson presents Virtual Reality (VR) and Augmented Reality (AR) as new ICT solutions 
which can be useful, effective and profitable in the installations of Advanced Manufacturing.  

It also presents applications of AR and VR technologies in Industry and Manufacturing, and in 
particular in Education and Training, Design and Development, Servicing and Maintenance, 
and Task support and collaboration. 

 

LEARNING OBJECTIVES OF THE LESSON 
The learning objectives of the lesson are: 

• To show the properties, characteristics and differences of VR and AR. 
• To present devices implementing VR and AR. 
• To familiarize students with specific examples of the use of VR and AR in production 

processes. 

ABBREVIATIONS 
 
AR  Augmented Reality 
VET Vocational Education and Training  
VR Virtual Reality 
  
 

1 AR VS VR 
Augmented reality (AR) as a technology overlays virtual images (augmented components 
such as 3D objects, multimedia contents or text information) onto the real world. Then, the 
projected objects appear as if they coexist in the same space with the real environment 
(Azuma et al., 2001). These objects are placed at right time and position regarding the user’s 
perspective.   

A concept of Virtual Reality (VR) refers to fully-simulated reality, created within computer 
systems (Martín-Gutiérrez et al., 2017). VR makes possible for users to move around a 360-
degree virtual world, observing this world from all perspectives and, depending on the 
application, even enables users to interact with this virtual world. As such, users no longer 
perceive their real, physical surroundings. Instead, they are completely immersed within the 
virtual world, perhaps with the assistance of VR glasses. This gives users the opportunity to 
experience videos or pictures from a 360-degree, enclosed perspective and to move around 
that virtual world. For example, an engineer could interact with this fully computer 
generated, three-dimensional environment and manipulate a realistic representation of a 
product in real time.  
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Augmented Reality differs from Virtual Reality in one particular, decisive respect: whereas 
VR users experience complete immersion in a virtual world, irrespective of where they are 
actually located, AR users actually need to be at a particular location to augment their 
experience of reality, enriching it with useful information according to their location. 

However, there is no fine line between AR and VR; thus, the concept of the reality-virtuality 
continuum is based on a continuous scale between a real world and a fully-virtual 
environment (Milgram & Kishino, 1994). Fig. 1 shows an example for the transition from 
Reality (the real Range Rover) to AR (mixing the real engine with computer generated object 
for maintenance purposes) to VR (a realistic 3D-model of the car) as presented in (Ma, 
Gausemeier, Fan, Grafe, 2011). 

 

 
Figure 1 From real life to virtual reality (Ma, Gausemeier, Fan, Grafe, 2011) 

2 AR AND VR HARDWARE 
Another difference between Virtual Reality and Augmented Reality relates to the hardware 
that is required: whereas VR glasses or a Cardboard headset are required for VR 
applications, a modern smartphone or tablet is all that is needed to use AR applications. This 
hardware is analyzed in the following sections (Mealy, 2018, Mealy, 2018a, Mealy, 2018b). 

2.1 AR devices 

2.1.1 Microsoft HoloLens 
The HoloLens is one of the higher-profile head-mounted displays (HMDs) on the market, in 
part due to Microsoft’s marketing clout. But marketing aside, the HoloLens has proven to be 
one of the most impressive first-generation HMDs and has gone a long way toward setting 
the standard for AR headsets. 
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The HoloLens is a standalone headset that does not need to be connected to a desktop or 
laptop. Its built-in sensors map the environment around you for placing 3D holograms. It 
recognizes gestures and voice for user input. In the same way that visuals are overlaid on top 
of the real world, HoloLens has an onboard 3D speaker system instead of headphones that 
overlays AR audio on top of real-world audio. This helps prevent the user from being closed 
off from the real world. If mapped correctly, the HoloLens also allows for occlusion of digital-
world holograms by real-world physical objects. A holographic ball that rolls under a 
realworld table could disappear from sight, as if it were real. 

 
Figure 2 Microsoft Hololens 2 (image download link) 

Additional resources: 

Video: Introducing Microsoft HoloLens 2, https://www.youtube.com/watch?v=eqFqtAJMtYE  

Video: Microsoft Hololens Explained! - The Future Of Computing, 
https://www.youtube.com/watch?v=NwY-6sQDYnk  

 

2.1.2 Meta 2 
The Meta 2 is an AR headset that can develop an environmental map of the physical world in 
which to display its 3D holograms. It also features hand tracking and gestures for navigation 
and uses reflected projections in front of a semi-transparent mirror to display holograms. 

Meta broke away from HoloLens in one major category: Meta chose to tether the Meta 2 to 
a computer. According to Meta’s head of developer relations, this was a deliberate choice 
(see the nearby sidebar, “Exploring the Meta 2”). Although this feature removes your ability 
to wander as freely through your environment, it offers more computing power and a larger 
FOV. The Meta 2 has a 90-degree FOV, almost as large as current-generation VR headsets 
and nearly three times as large as the HoloLens. This larger FOV helps position the Meta 2 as 
a device that could one day replace your traditional 2D screen. 
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Figure 3 Meta 2 AR headset (image download link) 

Additional Resources: 

Article: Devindra Hardawar, A closer look at the Meta 2 AR headset, 
https://www.engadget.com/2017-03-12-meta-2-ar-headset.html  

Video: Meta 2 AR | Hands-On | SXSW 2017, 
https://www.youtube.com/watch?v=5dOxmCPExkQ  

Video: Meta 2 is Making Augmented a Reality, 
https://www.youtube.com/watch?v=TyXePLD54uU  

 

2.1.3 Magic Leap 
Magic Leap has long remained in the shadows of the AR world, emerging now and again to 
drop an impressive new teaser video of its technology. The Magic Leap One is composed of 
three separate components: 

• Lightwear: The display goggles worn on a user’s head 
• Lightpack: A pocket computer to power the visuals and accept input 
• Control: A six-degrees-of-freedom (6DoF) controller to allow input and haptic 

feedback to and from the system 

The Magic Leap One is a standalone device that can be worn freely (like the Holo-Lens), but 
still needs to be tethered to its Lightpack computer (like the Meta 2). However, the small size 
of the Lightpack makes it clear that the Magic Leap One is intended for a more standalone, 
mobile experience than the Meta 2. Similar to the HoloLens and Meta 2, the Magic Leap One 
has a number of onboard sensors to detect surfaces, planes, and other objects to allow for 
digitally mapping your physical environment. This should allow for robust object interaction 
with your environment (digital balls bouncing off your physical walls, virtual robots hiding 
under physical tables, and so on). Input is offered through the Control, but the Magic Leap 
system reportedly also supports a number of input modes such as voice, gesture, and eye 
tracking. 
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Figure 4 Magic Leap 1 (image downloaded from Magic Leap official website) 

 

Additional resources: 

Video: Magic Leap One Is Now Available, https://www.youtube.com/watch?v=gsV9QruA6Go  

 

2.1.4 Mira Prism 
The creators of the Mira Prism are taking a different approach to offering an affordable AR 
experience. Eschewing other AR headsets’ inclusion of an on board computer to power their 
glasses, the Mira Prism instead will utilize a mobile device to power the AR experience. All 
you need is a compatible mobile device and the Prism headset, and you’re good to go. 

 
Figure 5 Mira Prism (image download link) 

 

Additional resources: 

Video: Mira Prism Pro: Your Wearable Compliance Platform, 
https://player.vimeo.com/video/364410995?h=74f6764007  

 

2.2 VR devices 

2.2.1 High-end devices 
The current high-end VR headsets are almost all powered by an external computer. Nearly 
all the current generation high-end devices offer a room-scale experience, enabling users to 
move about in physical space and have those movements reflected in the VR world. Nearly 
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all the current generation high-end headsets work with a pair of motion controllers. These 
devices all feature a wide field of view (FOV) and generally very high-resolution displays. 
Most of these first-generation devices are tethered via cable to the computer powering 
them.  

The high end is made up of headsets such as the HTC Vive, Oculus Rift and the newest 
Oculus Quest 2, Windows Mixed Reality headsets, and, to a lesser extent, the PlayStation VR. 
The PlayStation VR is a bit of an outlier because it doesn’t offer the same room-scale 
experience of the other headsets. However, it does offer a more premium VR experience 
than many of the mid-tier choices. 

 
Figure 6 Courtesy of HTC Vive. HTC Vive, controllers, and sensors (image download link) 

 

 
Figure 7 Oculus Go, Rift S and Quest (image download link) 

 
Figure 8 Playstation VR (image downloaded from Playstation website) 
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2.2.2 Mid-tier devices 
The Google Daydream and Samsung Gear VR are the main serious mid-tier competitors for 
the first generation of headset. Both require an Android device with decent specs in order to 
run their VR experience. Their FOV is slightly less than that of the higher-end headsets, and 
they have a slower refresh rate, so the screen images are refreshed fewer times per second. 

Both come with a single motion controller that offers three degrees of freedom of 
movement, loosely tracking (but not fully tracking) the controller’s movement in space. 
Neither offers any room-scale experience or tracks the user’s position outside of head 
rotation and orientation. 

Three degrees of freedom (3DoF) in relation to VR headset controllers typically means the 
controller has rotational tracking only. It’s essentially paired to the position of your headset. 
Unlike with the higher-end headsets such as the HTC Vive or Oculus Rift, if you were to leave 
your controller on the floor and walk away from it while wearing these 3DoF headsets, the 
controller wouldn’t retain its position in 3D space. 

 
Figure 9 Google Daydream (image download link) 

 

 
Figure 10 Samsung Gear VR with controller (image download link) 
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2.2.3 Low-end devices 
The current low end of the VR headset market is occupied by Google Cardboard and its 
variants. Like the mid-tier VR headsets, Google Cardboard experiences are all powered by a 
separate mobile device, such as a smartphone. Unlike with the mid-tier experiences, 
however, Google Cardboard experiences can run on many different mobile devices including 
lower-end ones. 

Any manufacturer can produce a Google Cardboard viewer by following the Cardboard specs 
that Google provides. This flexibility has led to the existence of a multitude of form factors. 
The only things these devices have in common are that they’re all powered via a separate 
mobile device, they all have similar lenses, and almost all rely on a single, on-headset button 
for any interaction within the virtual world. The limited interaction that Google Cardboard 
offers limits it to being little more than a VR “viewer,” offering users a far more passive 
consumption experience than the mid-tier and high-end headsets. 

 
Figure 11 Google Cardboard (image download link) 

3 APPLICATIONS OF AR AND VR IN INDUSTRY AND MANUFACTURING 
In this chapter, applications of AR and VR technologies in Industry and Manufacturing are 
presented. These are categorized under the following categories: Education and Training, 
Design and Development, Servicing and Maintenance, and Task support and collaboration. 

3.1 Education and Training 

VET is all about the interplay between theory and practices, i.e. gaining knowledge and 
building experience through experimenting (Mekacher, 2019). A key to the success in 
vocational training is providing a student with an opportunity to work in a new, real-life 
environment; however, this is often difficult and expensive to achieve. Therefore, AR and VR 
bring a great advantage of enabling students to try diverse activities repeatedly, without 
additional expenses or other resources needed. Thanks to this, they may come back to the 
key-challenges at their own pace (Sevgi, 2018). This plays an essential role in improving the 
practical knowledge of learners and their ability to solve problems on their own. Then, the 
students' theoretical knowledge may be applied to real industrial problems. This 
methodology may be used for the experiments which are difficult to perform in traditional 
classroom settings or for analysis of unfinished and complex processes. (Mekacher, 2019) 
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By embedding digital content in a real environment, AR is a promising tool to develop a new 
methodology of workspace-related learning (Henrysson, Ollila & Billinghurst, 2007). The 
positive effects of AR in this context has been proven in various aspects, e.g. on the 
efficiency of instructions regarding increased attention, participation and motivation of users 
(Kamarainen et al., 2013). Furthermore, an experimental and exploratory character of AR-
activities can be combined well with situated and constructivist learning theories (Dunleavy, 
Dede & Mitchell, 2009). Finally, the AR's most significant advantage is its “unique ability to 
create immersive hybrid learning environments that combine digital and physical objects, 
thereby facilitating the development of processing skills such as critical thinking, problem-
solving, and communicating through interdependent collaborative exercises.”, according to 
Dunleavy, Dede, and Mitchell (2009, p. 20).  

Education on operation and maintenance of machines (from motor vehicles up to whole 
industrial plants) is often paramount in the training process of industrial-technical vocational 
training (Fehling, Müller & Aehnelt, 2016). These machines are not only getting more 
complex, but full accessibility of their every part (spatial as well as content-related) cannot 
be guaranteed for every case due to increasing automation. By overcoming the media gap 
between real and digital training content, AR not only visualizes machines' elements that are 
practically hidden, but may also present the related processes and cause-effect relationships 
in a systematic context. As AR involves also a real environment and just displays additional 
layers, it is rather used with the real setups. Its typical application may involve details 
recognition and labelling them, so a student can learn simultaneously while looking at the 
real machines. Moreover, AR may be used to expose elements which are hidden from 
outside or to present simulations of the real processes such as flows or heat transfers. 

On the other hand, application of VR in education gives an opportunity of creating complex 
laboratories and setups without the need of spending high amounts of money nor big areas. 
This is particularly useful for industrial-technical vocational training as equipment required 
for effective learning is relatively expensive. Students using such frameworks may either 
observe 3D parts or assemblies from different views or take part in interactive exercises. This 
is beneficial in comparison to traditional learning as an application of VR connects practical 
approach with theoretical knowledge (Kustandi et al., 2020). Furthermore, a student may 
freely experiment within a framework with no risk of damaging setup, which engages their 
creativity and own initiative. The results state that using VR can foster motivation of 
students to learn and develop skills, which makes studying significantly more efficient and 
effective. VR can also encourage students to get good teaching practices and implement 
innovative learning models into technology. 

Webel et al. (2013) analyze how AR can be used to pass on skills and knowledge from an 
experienced worker to a new. They have developed a training platform where the trainee 
uses a tablet as a training aid for learning to perform maintenance of large industrial 
machinery. The trainee uses the tablet to film the machinery and different aids are provided 
together with the video feed. These aids can be a media files such as pictures or movies 
providing the trainee with additional information or superimposed models showing how 
different tasks should be performed, e.g. rotating a lever in different directions. If the 
trainee has questions he can contact the remote trainer with the tablet. Together with this 
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tablet Weber et al. produced a bracelet which can give the wearer haptic hints. The bracelet 
has six vibration actuators, which can be used to aid the trainee. Since these actuators can 
be controlled individually different sensations can be generated, e.g. “clockwise rotation”. 
This way the trainee can receive hints when performing sub-tasks such as “rotate this switch 
in counter clockwise direction”. It can also provide feedback if the trainee makes a mistake. 

The Centre for Research and Development of Modern Technologies is a Polish institution 
specialised in training for the automotive sector. It has a diversity of robotic cells prepared 
for different applications and performance - among others, a setup with four workstations 
and two industrial manipulators, one on a dockable manual trolley and another on a 
dockable mobile robot. This setup enables students to practice their programming skills in 
terms of combining mobile robotics for factories with simple assembling and palletizing 
processes. Moreover, the whole modelled setup (see Fig. 12) has been programmed in 
RobotStudio software and implemented in VR for HTC VIVE goggles afterwards. This lets a 
student observe simulated possible applications of robots; thus, it may be practically applied 
as a multimedia instruction for learners. (Falkowski et al., 2021) 

 
Figure 12 A visualisation of the setup used in the Centre for Research and Development of Modern 

Technologies 

The Tallinn University of Technology prepared a course involving VR in robot programming. 
Its main goal is to provide basic robotics theory and to teach skills of real ABB YuMi robot 
use, to students. The course combines theoretical knowledge with its practical application. 
This is realized within tasks complicated enough to enable a deep understanding of how to 
manipulate the robot and to keep it attractive for students. Thus, one of such tasks is 
programming ABB YuMi to play the xylophone. For most of the robotic virtual simulation 
software packages, it is possible to convert the virtual model to usable VR model (see Fig. 13 
and Fig. 14), which can be run over the internet or downloaded into a computer. For the 
current training, the students were asked to test the VR model of the YuMi robot using 
Oculus Rift VR glasses to get an even deeper understanding and virtual feeling and 
perception how the whole system works. The course finishes with testing the real robot 
behaviour to full fill the given task and verifying the robot program developed on the stage 
of virtual simulation. The developed program is uploaded into the YuMi robot available over 
the internet and running as a live YouTube channel. (Falkowski et al., 2021) 
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Figure 13 V-model approach running robot training at Tallinn University of Technology Centre of 

Mechatronics and Autonomous Systems 

 

 
Figure 14 Running VR model of the ABB YuMi robot 

The final module of the course is testing the real robot behaviour to fulfil the given task and 
verifying the robot program developed on the stage of virtual simulation. The developed 
program is uploaded into the YuMi robot available over the internet and running as a live 
Youtube channel (https://youtu.be/y-t93kfVyVQ). Therefore the entire course can run as an 
e-course or partly as e-course and partly in the lab as it is needed for the current trainees. In 
addition it allows acquiring practical skills without passing the theory level depending on the 
trainee’s need. (Falkowski et al., 2021) 

The MILAN project (http://milan-project.eu/), addressed towards the Erasmus+ call 2018 
Horizontal priority “Open and innovative practices in a digital era” is run to elaborate high-
quality, open-access and innovative training materials and tools in the field of Robotics and 
Automation, involving VR and AR technologies. The project includes an online education and 
training platform that integrates a series of e-learning courses on Robotics and a multimedia 
library. Beyond traditional multimedia objects (such as photos, videos etc.), the library 
includes 3D objects and simulations that the student can experience in AR or VR. A wide 
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range of devices are supported, from computer stations equipped with AR / VR systems and 
headsets to popular mobile devices, e.g. smartphones. (Pilat et al., 2021) 

3.2 Design and Development 

Design and development is an area where AR/VR could have a big impact and lead to big 
savings (Regenbrecht, Baratoff & Wilke, 2005). When designing and developing for different 
industrial purposes it can be really expensive to create models and test different design 
solutions, it can also take a lot of time creating these models (Gausemeier et al., 2011). 

Testing vehicle ergonomics is one field where the use of AR could be beneficial. Together 
with Volkswagen Gausemeier et al. developed an AR-based test bench which could be used 
to simulate new car models (Gausemeier et al., 2011). The test bench consisted of a real car 
without ceiling and dashboard. While driving the car the driver wears a head-mounted 
display (HMD) with integrated cameras, which augments the vision of the car and the track 
with virtual models. This way new design concepts can be evaluated without changing any 
hardware. Using a combination of real world and virtual models also gives a more life-like 
scenario than using only virtual models. 

The Volkswagen’s Virtual Engineering Labs use Microsoft’s HoloLens to help create their next 
generation of cars. Using the 3D mixed reality PC they manipulate a scale model of a car, 
change wheels, paint colours, body shape and more all using simple gestures or voice 
commands (Fig. 15). The technology has already been deployed at six labs operated by 
Volkswagen Group IT, with plans to move from simple cosmetic work to deeper engineering 
work on the vehicles. Volkswagen has been using augmented reality and virtual reality for 
some time, mainly to obtain a three-dimensional view. Now, they are transforming this 
technology into a tool for Technical Development. The technology allows changes to be 
made more efficiently and several teams in differed countries to work together seamlessly. 
The teams can directly follow and compare minimal changes to the model and then make a 
decision. This means that they can reach their goal faster. (Volkswagen, 2017; Surur, 2017) 

 
Figure 15 Engineers from the Virtual Engineering Lab of Volkswagen Group IT have a look at the chassis 

construction of the current Golf (image download link) 
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Engineers at the facility in Tennessee, US, have begun the groundwork for assembling the 
next generation of Volkswagen electric vehicles planned to begin in 2022 as well as ramping 
production of the new Atlas Cross Sport. A new tool, incorporating augmented reality 
headsets, has helped the team to design production lines through modelling how equipment 
interacts in the real environment and spotting potential issues. (Price, 2020) 

 

 
Figure 16 VW built its AR factory planning system in-house, giving engineers “more room to manoeuvre and 

improve quickly while working with sensitive data”. Testing out how Volkswagen technicians can interact 
with virtual machinery; they’re able to move objects and reposition them in real time (image download link) 

 

In another automotive related project AR is used to compare real car parts with their 
corresponding construction data (Nolle & Klinker, 2006). This is done to make sure that the 
parts have been produced with enough precision and corresponds to the correct car model. 
Virtual CAD data is superimposed onto the object as transparent models enabling an easy 
way to see if there is any mismatch. 

There are several applications or AR in the aerospace industry. Regenbrecht, Baratoff and 
Wilke (2005) give two examples of how they used AR to improve the design process. The 
first example involves airplane cabin design. While it is relatively easy displaying some parts 
of the cabin environment, e.g. seat placement, in a digital mock-up it can be much more 
difficult displaying other types of information. One example of this is simulations of different 
physical properties such as temperature and pressure. The authors constructed a prototype 
that displayed a 3D visualization of computational fluid dynamics data as an overlay onto the 
real world. It could be used to highlight areas with high pressure values in airplane cabins. In 
their second example, Regenbrecht, Baratoff and Wilke describe how the early development 
of cockpit controls could work. By wearing an HMD and placing magnetic markers on a 
whiteboard the designers can test different settings. Each marker corresponds to a different 
gauge or set of controls and many designers can work together. 

Another industry that uses AR is the naval industry. One example is a tool for planning the 
design of pipe layout in large ships (Olbrich et al., 2011). There can often be problems with 
discrepancies between construction data and the real ship and the pipe layout might have to 
be modified. Today this is handled by operators using wire models. The operators use these 
special wires to check if the pipe layout is correct. If not the wires are bent to fit. The wires 
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are then measured and the real pipes are bent according to the data. This can be time 
consuming and instead an AR tool can be used. With the tool pipes can be virtually visualized 
using a tablet. If the pipes do not fit they can be modified using the tool. The modified layout 
is saved and can be directly transferred to the pipe production.  

 
Figure 17 The image shows the virtual pipe planning application running on a tablet-PC. A user can 

interactively modify virtual pipe segments by touch interaction (Olbrich et al., 2011) 

Fang, Ong & Nee (2012) describe how AR can be used to plan the trajectories of industrial 
robots. Specifically, they describe how they could optimize the robot’s movement path by 
using AR to visualize the path before actually moving the real robot.  

 

3.3 Servicing and Maintenance 

AR can support technicians in maintenance and technical assistance services by technicians, 
while they are not experienced enough to deal with the increasing complexity of modern 
products (Porcelli et al., 2013). Porcelli et al. (2013) present main technical and 
organizational challenges which have to be faced in order to introduce AR also in the 
delivery process of maintenance services, by a case study in an industrial context. 

One of the main problems encountered in manual assembly workstations is human error in 
performing operations. Dalle Mura, Dalle, Dini and Failli (2016) propose an innovative 
system based on the interaction between a force sensor and an augmented reality (AR) 
equipment used to give the necessary information about the correct assembly sequence to 
the worker and to alert them in case of errors occurring. 

In BMW, mechanical and electronic technicians learn on a virtual vehicle how to dismantle 
an engine to fit a new timing belt. This capability not only has a great deal of economic 
potential: it also makes complex work a great deal safer.  

Video: BMW augmented reality: https://youtu.be/P9KPJlA5yds  

Porsche has been using augmented reality (AR) to solve tricky service problems since 2018, 
letting local dealership technicians communicate with specialists thousands of miles away 
and access technical information hands-free while working. Since the coronavirus pandemic 
began keeping field technicians out of dealerships in March, use of the AR diagnostic tools 
has tripled, the automaker says. Dealership technicians are now using the AR glasses to seek 
help from experts about once per day per dealership. (White, 2020) 
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Thyssenkrupp, German iron and steel firm, dedicated to steel production and the 
manufacture and service of steel-based products (lifts, technology, engineering products, 
automotive industry), has digitised the maintenance process for its lifts division, which 
provides the company with almost 60% of its overall EBITDA. For this purpose, it has 
provided HoloLens augmented reality glasses to more than 24,000 maintenance operators 
so that they can see and identify maintenance problems, and have hands-free access to 
expert support information. As well, they have real-time access to all the company’s 
predictive maintenance intelligence on lifts. This allows technicians to analyse the 
maintenance needs of each lift in real time. The glasses are also used for the training of 
technicians. The use of these technologies has enabled ThyssenKrupp to reduce the 
stoppage times for its lifts by 50%, reduce the number of calls for maintenance to one 
quarter, increase the lifetime of its lifts, and increase the safety of the operators. (Torres and 
Pastor).  

Video: Thyssenkrupp AG - Mixed Reality with HoloLens, 
https://www.youtube.com/watch?v=5CRlJaA9X00  

 
3.4 Task support and collaboration 

One early example of task support was Caudell and Mizell’s use of an HMD when 
manufacturing a Boeing airplane (Caudell &  Mizell, 1992). The worker wears the HMD and 
gets visual help when placing wires. It was Caudell and Mizell who coined the term 
“Augmented Reality” back in 1990. 

Regenbrecht, Baratoff and Wilke (2005) describe how AR can be used to aid an industrial 
worker in various tasks such as fuse placement and item picking. In one of their examples a 
worker manufacturing a truck cockpit is placing various types of fuses (of different colour) on 
a board. There are many different models of trucks so the boards look very different. The 
schematics used are black and white prints with different numbers indicating different types 
of fuses. Filming the board and adding an overlay showing where the various types of fuses 
should be placed aid the workers in their task. 

AR could be also applied in the real estate and building sector. Woodward et al. (2010) 
suggest that AR can be used to for interactive presentations at the constructions site, e.g. 
showing clients how a building could look after renovation. 

Stutzman et al. (2009) describe another way of how AR could improve collaboration. They 
suggest that if workers were equipped with a handheld computer with a camera and various 
sensors "plant efficiency can be improved by providing a richer method of communication". 
Supervisors in a control room could easier direct the workers’ actions and get a better 
overview of work status. 

Another relatively early example of how AR could be used in a collaborative way is the AR 
conferencing system presented by Kato & Billinghurst (1999). With their system the users 
get access to a virtual shared whiteboard where they can collaboratively interact with both 
2D and 3D data. 
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Matsas & Vosniakos (2017) present a VR-based training system in terms of a serious game 
that simulates in real-time a cooperation between industrial robotic manipulators and 
humans, executing simple manufacturing tasks. The scenario presented refers to 
collaborative handling in tape-laying for building aerospace composite parts. 

Michalos et al. (2016) present an Augmented Reality (AR) tool for supporting operators 
where humans and robots cooperate in a shared industrial workplace. The system provides 
AR visualization of an assembly process, video and text-based instructions, and production 
status updates. The tool also enhances the operator’s safety and complies with a hybrid 
assembly environment through the immersion capabilities of AR technology. The hardware 
setup consists of AR equipment and markers, the handheld devices for user input and the 
network infrastructure for interfacing the robot and the storage database. 
 

SELF-CHECK QUESTIONS 
1. Which definition best fits “augmented reality”? 

a. Technology that turns physical objects into digital objects 

b. Technology that overlays digital information on top of real world items 

c. Technology that completely immerses users in a new digital environment 

d. Technology that can achieve a human-level understanding of images 

 

2. Which definition best fits “virtual reality”? 

a. Technology that turns physical objects into digital objects 

b. Technology that overlays digital information on top of real world items 

c. Technology that completely immerses users in a new digital environment 

d. Technology that can achieve a human-level understanding of images 

 

3. Difference between VR and AR 

a. VR adds to your vision | AR replaces it 

b. VR is real world | AR is virtual environment 

c. VR replaces your vision | AR adds to it 

 

4. In immersive technology, what does MR stand for?  

a. Mixed Reality 

b. Measured Reality 

c. More Reality 
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d. Mirrored Reality 

 

5. What are the types of VR devices: 

a. High-end, mid-tier, low-end 

b. High-end and low-end 

c. High-resolution and low-resolution 

 

6. Which of the following devices are used in AR? 

a. HTC Vive 

b. Oculus Rift 

c. Microsoft HoloLens 

d. Google Cardboard and variants 

e. Windows Mixed Reality 

f. Meta 2 

g. PlayStation VR  

h. Magic Leap 

i. Google Daydream 

j. Samsung Gear VR 

k. Mira Prism 

 

7. Which of the following devices are used for VR? 

a. HTC Vive 

b. Oculus Rift 

c. Microsoft HoloLens 

d. Google Cardboard and variants 

e. Windows Mixed Reality 

f. Meta 2 

g. PlayStation VR 

h. Magic Leap 

i. Google Daydream 

j. Samsung Gear VR 

k. Mira Prism 
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8. AR/VR technologies are used in industry/advanced manufacturing for 

a. Vocational Education and Training  

b. Design and Development 

c. Task support and collaboration 

d. Servicing and Maintenance 

e. None of them 
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QUESTIONS CORRECT ANSWERS 
 

Question  Answer(s) 

1 b 

2 c 

3 c 

4 a 

5 a 

6 c, f, h, k 

7 a, b, d, e, g, i, j 

8 a, b, c, d 
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INTRODUCTION TO THE LESSON 

Consumer safety related to the use of products and the safety of workplaces are treated 
with the greatest attention in the European Union. Relevant objectives related to ensuring 
the safety of citizens found an important place in the Founding Treaties and then are 
detailed in EU legal acts, such as Regulations and Directives. Safety legislation applies to both 
product manufacturers who are legally obliged to provide safe products, and employers who 
are legally obliged to provide safe workplaces. European Union regulations that apply to 
products apply to large groups of products such as machines, toys, medical devices. 
European harmonized standards play an important role in the European system of ensuring 
product safety. Industrial robots, automated and robotic manufacturing cells and lines are 
treated at the stage of their design, manufacture and sale as products and are subject to the 
relevant regulations and directives on machinery. After installation and commissioning of 
these devices at the employer, they are treated as workplaces and are subject to the 
relevant requirements contained in the health and safety directives. In the case of the safety 
of robots as well as automated and robotic cells and production lines, we deal with legal 
requirements and technical requirements. This lesson introduces these topics. Their 
knowledge is needed by both the designer, contractor, importer of industrial robots and 
production lines, as well as the employer who will use these robots and production lines and 
where these devices are workplaces. This lesson focuses on securing of the robot's work 
area by use of protective device and systems. 

This lesson is oriented towards OHS issues of machinery, especially of industrial robots and 
robotized cell and lines.  

LEARNING OBJECTIVES OF THE LESSON 

Material of this MILAN lesson should be known by students and should be used by both the 
designer, contractor, importer of industrial robots and robotized production lines, as well as 
the employer who will use these robots and production lines and where these devices are 
workplaces. This lesson focuses on European legal and standards issues related to the 
Occupational Safety and Health (OSH) in robotic manufacturing installations. 

The content of the lesson includes: 
• main material (explanation of the subject), 
• examples, 
• exercises. 

The aim of the lesson is to provide participants (students and pupils) with the content of the 
lesson in a clear and concise manner. It is assumed that after mastering the lesson material, 
the participant will understand the meaning and importance of activities undertaken in a 
production company for Occupational Safety and Health (OSH), including the functioning of 
OSH management systems. 
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He will understand the goals and tasks of preventive actions of OHS services and understand 
the obligations of the employer and employee in organizing a safe workplace. He will be able 
to identify threats at the workplace and set appropriate levels of risk for these threats. 

Understanding the sense and purposefulness of actions taken in the field of occupational 
health and safety by individual employees should translate into better, more effective and 
safer work organization of the entire enterprise. In order to consolidate knowledge better, 
the lesson includes control questions. At the end, there is a literature list that can be used to 
deepen your knowledge of the issues discussed. 

CONTENT OF THE LESSON 

1 GENERAL ISSUES 

Health and safety regulations and rules in most countries of the world are treated as very 
important for the life and health of society. That is why they are firmly embedded in the 
legal systems of individual countries. Occupational Health and Safety (OHS) regulations are 
therefore not treated as loose recommendations, technical advice or the so-called good 
engineering practices, but as obligations whose application is required by law. 

This lesson focuses on general health and safety regulations for robotic installations. By 
default, this is about the rules in force in the European Union. 

Such clarification is necessary because similar health and safety regulations in other 
countries of the world differ from each other and may differ significantly from the 
regulations in force in EU countries. 

There is a desire to harmonize the law in the EU. The harmonization of law is about basing 
the law in individual member states on common principles. Harmonization does not 
necessarily mean uniformity of law. 

The provisions of law in the EU are included in the Directives and other legal acts. They are 
created by the Commission and the Council of the EU, and then transferred to the laws of 
individual member countries on the basis of ordinances of relevant ministers and laws. 

Under EU law, industrial robots and robotic sockets and installations are included in a large 
group of products called machines in general. For this reason, all considerations later in the 
lesson about machines also apply to industrial robots and robotic installations. 

The provisions of EU law that relate to technical safety have been created to be as 
transparent as possible and apply to large groups of products. These provisions focus more 
on the different types of hazards on machines, and not on those that affect only narrow 
groups of products. 

The created law in the EU is based on the so-called primary sources of law, which are the 
provisions given in the treaties. 

 New Approach Directives, which relate to the protection of the  European Single  Market 
against products of unknown origin, and against products that may pose a threat to the life 
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and health of consumers are created by the Commission and the Council on the basis of 
Article Treaty, 

Directives, so-called social policies for ensuring the safety and health of workers at work are 
created by the Commission and the Council of the EU on the basis of the mandates granted 
in Article Treaties. 

Thus, we can see that from the point of view of the Treaty provisions on a technical device 
(e.g. a machine, including a robot and a robotic installation), one can view simultaneously 
from two sides. (Fig 1): 
 

 
Figure 1 EU law on product safety and workplace occupational safety and health (OHS) 

Like her : 

-- product that is to be sold on the European Single Market and which is to be safe for the 
consumer. It is about protecting the market and EU consumers' rights to safe products. This 
right has been enshrined in Art. 25.26, 27, 114, 115 of the Lisbon Treaty / 

 or 

-- workplace to be safe for the health of the user (operator). This is about health and safety 
regulations. The right to secure work places is enshrined in Article 118a of the Rome Treaty 
and Article 127 of the Treaty establishing the European Community (Fig 1): 

 

This lesson focuses only on health and safety issues, and therefore on those issues to which 
the right side of Figure 1 applies. 

The issues related to the left side of Figure 1 are the subject of lesson 4.1.2. 
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2 THE MACHINE AS A PRODUCT AND THE MACHINE AS AN ELEMENT OF WORKPLACE 
EQUIPMENT 

The legal systems of the European Union member states are harmonized with EU law, hence 
there is a great similarity of health and safety regulations in individual member countries. 
Harmonization of the law, i.e. striving to base the law on similar principles does not 
necessarily mean a process of harmonizing the law. The EU does not impose uniform laws on 
member states regarding health and safety regulations. EU law specified in the Social 
Directives only defines the so-called level of minimum requirements (Fig 2). Health and 
safety regulations in individual member countries may differ in the level of adopted 
minimum requirements. The minimum requirements in individual countries must, however, 
be at least at the level of minimum requirements given in the Social Directives, among 
others in Directive 2009/104 / EC called the Tool Directive. A list of directives is given in the 
bibliography. 

On the left side of the picture, the safety level of the new machine, which leaves the factory 
and is directed for sale, is marked in red. Issues related to the left side of the drawing are the 
subject of lesson 4.2.1. 

This lesson focuses only on health and safety issues that are covered by the rights in Figure  

We see that the safety requirements for machines that are workplaces are lower than for 
new machines. 

The minimum safety requirements for workplaces are lower than the basic requirements 
that must be met by new machines intended for sale and use in the European Single Market. 

Over time, as a result of machine wear, the level of safety of the machine being the 
workplace can fluctuate, decreases, but it should never be lower than the level of accepted 
minimum requirements. The task of OHS services in the production plant should be periodic, 
planned inspection of machines (workplaces) in order to check their safety level. Based on 
the results of this control, appropriate corrective and preventive actions should be taken, 
such as: replacement or repair of the machine, replacement or application of new technical 
protective measures. 
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Figure 2 Essential requirements level and minimum requirements level - comparison 

 

Over time, as a result of machine wear, the level of safety of the machine being the 
workplace can fluctuate, decreases, but it should never be lower than the level of accepted 
minimum requirements. The task of OSH services in the production plant should be periodic, 
planned inspection of machines (workplaces) in order to check their safety level. Based on 
the results of this control, appropriate corrective and preventive actions should be taken, 
such as: replacement or repair of the machine, replacement or application of new technical 
protective measures. 

 The basis for the operation of the Occupational Safety and Health Management System at 
the production plant [1] should be planned preventive measures. 

3 RISK ASSESSMENT OF ROBOTIC WORKPLACES 

3.1 Hazard and risk 

The terms "hazard" and "risk" are the basic terms used in techniques for assessing machine 
safety. These terms are ambiguous and very difficult to define. They may be interpreted 
differently in various fields of activity, which is why it is impossible to give one universal 
definition of these terms. In colloquial language, and even in specialized dictionaries, these 
terms are often used interchangeably, or are also identified with each other. 

 In issues related to the assessment of the technical safety of machinery and equipment, 
including the assessment of the safety of workplaces, the terms "Threat" and "Risk" have a 
strictly defined meaning. 

A good source of explanations for the terms used is the standard [6]. 
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Below are some of the terms given in the abovementioned standard: 

Injury - physical injury or deterioration of health 

Hazard - is a potential source of harm. 

This term may be specified, e.g. mechanical, electrical, chemical, thermal, radiological, fire, 
explosion hazard, etc. 

The hazard may be permanent, e.g. a threat from a rotating part of a working machine, or 
unexpectedly, e.g. a risk of being hit by a broken machine element, which will be thrown 
from the machine by centrifugal force. A hazard may be a slippery floor, an insulated live 
wire, a sharp edge of a handrail, etc. A hazard can lead to a hazardous event. 

Dangerous event - is an event that may cause damage. 

Emergency situation - is a situation in which a person is exposed to at least one threat. 

Risk - a combination of the probability of occurrence of damage and the severity of that 
damage (Fig 3): 
 

 
Figure 3 Risk as a combination of the severity of the damage and the probability of the occurring harm 

 

The probability estimation should take into account: 
• whether one person or many people are exposed, 
• how likely is the occurrence of a hazardous event, 
• whether it is possible to avoid or limiting harm. 

 

A proper understanding of the terms "hazard" and "risk" is of fundamental importance in 
assessing machine safety. 

Risk is always associated with hazard. Where there is at least one hazard there is no risk. 
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Example: a slippery floor is a hazard that can lead to a dangerous fall event that can result in, 
for example, general bruising and a broken arm. 
 

3.2 Risk analysis 

Risk analysis (Fig. 4) is a process that provides us with information about the risk level of a 
given machine or workplace. 

Risk analysis includes: 

a) defining machine restrictions, including a robotic workplace, 

b) identifying all possible threats, 

c) risk estimation. 

Risk analysis may refer to any phase of the project implementation of the new machine or 
may be carried out periodically to examine the level of workplace safety as part of the OHS 
Management System as corrective or preventive actions. 

 

 
Figure 4 Risk assessment process 

 

3.2.1 Defining machine limitations and identifying hazards 
 

Before identifying hazards, it is necessary to specify exactly where the machine boundary 
runs, what is included in the machine (workstation) which will be the subject of hazard 
identification and what does not belong to the machine. Sometimes providing such 
boundaries is not obvious because in many cases we deal with complex technological lines 
consisting of many machines, feeders and buffers and other devices. 
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 The hazard identification process, which is sometimes referred to as "mapping of hazards", 
should be carried out as carefully as possible, so as not to miss any hazard whose risk could 
affect the subsequent assessment of the machine's safety. 

The following standards help to identify of hazards: 
• EN ISO 12100: 2012. Machine safety. General principles of design. Risk assessment 

and reduction. This standard contains many valuable tips on how to carry out the 
hazard identification process. 

• Annex B to this standard Examples of hazards, hazardous situations and hazardous 
events are contained in a multi-page table in which a list of various types of hazards 
that may occur in different phases of the machine's life has been collected. 

• EN ISO 10218-1: 2011 Robots and equipment for robotics - Safety requirements for 
industrial robots - Part 1: Robots. 

• In Annex A entitled "List of significant hazards" of above standards  is given a table in 
which the various hazards occurring in industrial robots were taken and described in 
detail 

• EN ISO 10218-2: 2011.. Robots and devices for robotics - Safety requirements for 
industrial robots - Part 2: Robot system and integration. In Annex A: "List of 
significant hazards" is a table in which various types of hazards occurring in robotic 
nests and production lines were taken and described in detail. 

The process of identifying machine or workplace hazards should be properly documented. 
Guidelines on how the documentation from the hazard identification process should look 
like are provided in the EN ISO 12100: 2012  

For workplaces, the process of hazard identification and risk estimation should be carried 
out periodically by experienced specialists as part of the OHS Quality Management system. 

Documentation of hazard identification is the basis for the next step in the safety 
assessment of the machine (workplace) which is the risk assessment process. 

3.2.2 Risk estimation 

Risk estimation can be done using a variety of methods. 

We can choose qualitative or quantitative methods. 

Qualitative methods are more simple and are used much more often. The most commonly 
used method is the graph [9] Fig. 5: 
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Figure 5 Risk estimation graph [9] 

 

Four parameters are taken into account in this method: 
 

S - consequences of the event: 
S1- slight injury or discomfort, 
S2- severe injuries to one or more people, 
S3 - death of one person, 
S4 - death of many people. 

 

A - frequency of exposure to the risk associated with the hazard: 
A1 - rare to frequent, 
A2-frequent to permanent. 

 

B - possibility of protection against threats: 
B1 - possible under certain conditions, 
B2 - almost impossible. 

 

W - probability of an adverse event: 
W1- very small, 
W2 - small, 
W3 - relatively large. 

 

Risk level: 
 --- minimal risk, 
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 1-2 low risk, 
 3-5 medium risk, 
 6-7 high risk. 

 

Example (Fig 6): 

The identified hazard has been described by the parameters: S3, A1, W1. The graph shows 
that the estimated level of risk for this hazard is small (2). 

The estimated level of risk was estimated to be small, although the effects of the event are 
tragic (S3). However, the frequency of exposure to the risk associated with this hazard is rare 
(A1), and the likelihood of an adverse event associated with this hazard is very low (W1). 
 

 
Figure 6 Determining the risk level for the identified hazard on the basis of a risk graph 

 

In qualitative methods, including the graph method, the risk level is always presented on a 
conventional scale. E.g. on a three-point scale: 1- low risk, 2- medium risk, 3- high risk, or e.g. 
on a five-point scale: 1 - low risk, 2 - low risk, 3- medium risk, 4-high risk, 5- very high risk. 
Other scales may also be used.  

The use of qualitative methods is only seemingly simple. These methods, if they are to 
provide reliable and objective results, require the experience of estimators not to succumb 
to the temptation to understate or inflate the level of risk. Therefore, it is recommended 
that the estimation of the level of risk in qualitative methods should not be made by 
individuals but teams composed of experienced specialists. 

Quantitative risk estimation methods are more accurate because they are based on 
probability theory. However, they are not as popular as qualitative methods. Quantitative 
methods are considered more difficult than qualitative methods. In many cases, these 
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methods cannot be used at all due to the lack of availability of necessary statistical data on 
the operation of a given type of machine or workplace. This prevents calculations. 

3.2.3 Risk evaluation, acceptable risk 

Risk always exists and accompanies us in life, at work, at every step from birth. We operate 
extensively by relying on intuition. We constantly evaluate (evaluate) risk. We intuitively 
accept small risks and don't think about it much. However, we do not accept the risks that 
we feel are large and very large. These risks force us to think deeper, to make decisions and 
actions to reduce them or if it is possible to eliminate the threats that cause them. 

In the risk assessment of a machine or workstation, risk evaluation (Fig 4) is the stage of risk 
assessment in which we decide whether: 

a / we can consider the existing level of risk as acceptable and the situation does not require 
further action from us, or whether 

b / we consider the existing level of risk to be too high, unacceptable and we conclude from 
this that action should be taken to reduce this risk. 

3.2.4 Acceptable risk 

Acceptable risk is the risk that allows you to do your job safely. Often the addition "at 
acceptable costs" is added. The point is that we incur costs when reducing risk (see 2.2.5). It 
costs the application of technical measures that we have to use to reduce the risk level. 

What means the acceptable risk? 

In the British literature on reducing the level of risk at the workplace, it is considered that 
the risk acceptable to the operator at the workplace is such a risk that is comparable to the 
risk felt by that operator in normal home conditions. 

 

3.2.5 Risk reduction, residual risk 

We can reduce the risk at the workplace by: 

a) the use of machine construction solutions, a robotic production station that make 
these solutions safe in themselves, 

b) the use of technical protective measures in the form of: shields, sensors, curtains, 
touch mats, ventilation systems, including non-contact protective measures such as 
light curtains, laser scanners, cameras, etc. 

c) use of information means such as: warning boards, signs, light and sound signaling, 
instructions, training and personal protective equipment. 

  

The above activities are often called the Technical Safety Triad or the Comprehensive Safety 
Principle. 

The above actions should always be applied in the order listed above. 

So first we try to apply action A. 
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If, despite the use of structural solutions, there is still a residual risk at a level that we cannot 
accept, we use action B, which we supplement with action C. 

Actions C can only complement actions B, which in turn can complement actions A. 

Other actions are wrong. Therefore, for example, protective masks used by the employer as 
personal protective equipment for workers in a robotic paint shop cannot replace the 
absence of a fully operational exhaust system in this paint shop. It is the employer's 
responsibility to take all available measures, including technical measures to reduce risk 
(including action B). 

Sufficient risk reduction measures are considered to be activities where the residual risk 
does not exceed the acceptable risk level. 
 

3.2.6 Costs and benefits resulting from risk reduction 

Risk reduction in the workplace is associated with costs. In return, we get a safer workplace, 
where the work is less tiring, the employee is less at risk of accidents, is less exposed to 
various hazards and occupational diseases, etc. The level of risk in the workplace should not 
be higher than the level of risk accepted as acceptable. 

Fig. 7 presents "profit and loss" charts as a result of risk reduction at the workplace. These 
charts are from [2]. 
 

 
Figure 7 Profits and losses as a result of risk reduction, from [13] 

 

The graphs in this drawing are purely illustrative. They show that investing in protective 
measures to achieve a job with a very low risk should be moderate and reasonable. Resulting 
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graph 3 presents the trends of changes in total costs as a result of risk reduction, thus 
increasing the Pb% safety level. It is assumed that if the workplace is completely dangerous 
(i.e. the Pb safety level is zero (chart 2), the cost of losses (Ks) for this reason is 100%. We 
only have losses at the position where the safety level Pb = 0 With the increase in costs (Kr) 
(chart 1) for protective devices, the level of security increases, the costs of losses (Ks) 
decrease and profit (Zs) appears compared to its absence in a completely hazardous 
position, where Pb = 0. 

Total profit Zw (diagram 3) arises after subtracting from the Zs the value of Kr for protective 
measures increasing the level of safety of the position: 
 
                                                               therefore, Zw = Zs - Kr. 
  
For the security level Pb opt%, the Zw gain takes the maximum value. 
  

When we strive to obtain a perfectly safe workplace (Pb close to 100%), we are forced to use 
very expensive protective measures. The costs of these measures Kr increase exponentially 
(Chart 1) and absorb the profits of Zs from their use. A situation arises that Kr ≥ Zs 

The enterprise then loses technical and economic sense. 

When the Pb opt security level is unacceptable to us (because the risk level is still too high 
for us), then the economic sense of the project should be considered. Will the assumed very 
low risk level be possible to obtain by using very expensive protective devices, with usually 
limited resources of the project? 

4 ROBOTIC INSTALLATION DOCUMENTATION 

A new robotic installation, built according to customer needs, by a manufacturer based in 
the EU, just like any machine is handed over to the customer along with the necessary 
documents: 
 

• Technical Documentation of the installation, the content of which is to be in 
accordance with the Machinery Directive, 

• Manufacturer's Instructions, whose form and content are also to comply with the 
Machinery Directive, 

• A copy of the EC / EU Declaration of Conformity for the entire installation, 
• Other reports and reports that are foreseen in contact with the installation 

manufacturer 
 

Usually, after installation at the customer's site, the installation is restarted for final 
acceptance tests. 

The CE marking of the installation is made by the robot manufacturer. 
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It is worth noting that the customer receives a copy of the EC / EU Declaration of 
Conformity. The original of this Declaration of Conformity or a copy of the Declaration by a 
notary public is not required. 

The manufacturer shall keep the original Declaration of Conformity together with 
documentation regarding the conformity assessment of the installation. 

Documentation from the conducted conformity assessment is not transferred to the 
customer because there is no such requirement in EU law. 

Unless the transfer of this documentation has been specifically agreed in the contract 
concluded between the manufacturer and the contracting authority before proceeding with 
the project. 

The Manufacturer's Instructions provided and the Declaration of Conformity should be in a 
language understood by the recipient in the given country. So in German if the recipient is 
Germany, or in Polish if the recipient is in Poland. 

After the formal acceptance of the installation by the customer, its legal status changes. 

The installation is no longer a product that is to meet the essential requirements of the New 
Approach Directives, but becomes a workplace that is to meet the requirements of the Social 
Directives. The owner of the workplace is the contracting authority, who is usually an 
employer. 

The EC / EU Declaration of Conformity is the only legal document for the customer, the 
manufacturer's certificate that the product he is selling meets all safety requirements set out 
in EU law that apply to this product. A specimen of the EC / EU Declaration is given in the 
Annex to the Machinery Directive. 

Other documents that sometimes the seller tries instead of EC / EU Declarations of 
Conformity to give to the customer, such as: Laboratory Test Certificates, CE Certificates of 
Conformity, European Certificates, European EC Safety Certificates, Declarations of 
Performance, Declaration of Conformity with the Standard, etc. are for the customer invalid 
and useless and in the case of machines have no legal force and therefore the recipient 
should not accept such documents at all. 

The only acceptable document is the EC / EU Declaration of Conformity, the applicable 
template of which is given e.g. in the Annex to the Machinery Directive 2006/42 / EC. 

Particular attention should be paid to all types of declarations and certificates issued by 
producers from the Far East. 

 If in doubt about what to do, you should use good trusted specialized counseling. 

5 MODERNIZATION WORKS 

The question is often asked: 

Can the user, owner of the product (machine), make repairs and modernizations himself 
after the warranty period, without fear of losing the validity of the EC / EU Declaration of 
Conformity? Does the user have to use the services of the machine manufacturer? 
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The EC / EU Declaration of Conformity is the manufacturer's certificate required by law when 
selling a new machine on the European Single Market. In this Declaration, the manufacturer 
under his responsibility informs that at the time of issuing the EC / EU Declaration of 
Conformity for a new machine for sale, and in our situation a robotic production line, it met 
all the essential requirements of the New EU Approach Directives that apply to this product. 
This declaration is required by EU law when the machine is to be sold and / or used on the 
European Single Market for the first time. The EC / EU declaration applies only to the new 
machine and is issued for this machine only once. 

The manufacturer cannot take responsibility for the later condition of the line. As already 
mentioned, the EC / EU Declaration is issued only once when the machine is introduced to 
the JRE as a new one. The EC / EU Declaration of Conformity concerns the product 
properties on the day of issuing this Declaration. 

The user who owns the line should take care of its condition and level of safety of use, 
periodically replace consumables and media with new ones and, if necessary, make repairs. 
Then it is still the same production line. Its parameters do not change, new, unexplored 
threats do not arise. The risk at this position remains unchanged. 

The owner of the line is also allowed to go a step or a few steps further and extend this line, 
rebuild it, change its purpose at all. But then (very often it happens unknowingly) the owner 
of the line accidentally becomes a producer of a new machine based on this existing 
machine. 

The new machine has its new history. Can introduce new threats. It is becoming a new 
workplace with an unexplored risk level. For such a new machine, the owner must re-
perform the conformity assessment process and issue his EC / EU Declaration of 
Conformity. 
Product liability (in this case the production line liability) is not transferable in the EU. 
Therefore, the line owner cannot hire a company to carry out modernization works, carry 
out conformity assessment and finally issue an EC / EU Declaration of Conformity for its 
responsibility for its modernization works. 

Such a company can of course carry out modernization works (as a subcontractor), but it 
cannot issue an EC / EU Declaration of Conformity because it is not the owner of this 
modernized machine. EU regulations clearly specify who and when and under what 
circumstances may issue an EC / EU Declaration of Conformity. 

Issuing an EC / EU Declaration of Conformity by a company employed for modernization 
works would be unlawful. 

If in doubt about how to proceed, it is safe to seek professional advice. 
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SELF-CHECK QUESTIONS 
Please indicate the correct answer to these questions: 
 

1. What is the harmonization of law in the European Union? 
a. to replace national law in individual member states with European Union law, 
b. on seeking to base the laws in individual member countries on common 

principles, 
c. on the introduction of the same European Standards in all member countries. 

 
2. What are the Essential Requirements and what do they concern? 

a. these are requirements for product safety on the Single European Market. 
These requirements are given in the so-called New Approach Directives 

b. these are requirements for workplace safety and are included in European 
Union Directives 

c. these are requirements for employee qualifications, including education and 
seniority required for positions in member countries 

 
3. What are the Minimum Requirements and what do they relate to? 

a. these are the requirements established by EU law and they relate to seniority 
and education for robotic production line operators 

b. these are the requirements set out in EU law regarding the minimum 
permissible level of safety at workplaces in EU member states. 

c. these are minimum requirements set out in EU law, but individual member 
states may, if they deem it appropriate, adopt stricter requirements than the 
minimum requirements provided for in EU law, 

d. these are the minimum requirements set out in EU law and relate to the 
minimum, acceptable level of reliability of robotic production lines in the 
automotive industry. 

 
4. What is the EC / EC Declaration of Conformity? 

a. This is a document issued by the manufacturer and concerns a new machine. 
The manufacturer in this document states at his own responsibility that the 
product is compliant, i.e. it meets all the essential requirements of all New 
Approach Directives that apply to this product. The declaration is to 
contribute to customer confidence in the manufacturer and the product. 

b. It is a document signed by a group of consumers in which they agree that a 
given product is of impeccable quality and that it can be bought without risk. 

c. This is a document (its copy) that the customer should receive when 
purchasing the new machine. 

 
5. 5. What is the risk assessment in the workplace? 

a. on periodic risk analysis and risk evaluation to answer the question whether 
the current level of risk in a given workplace does not exceed the acceptable 
level of risk and whether steps should be taken to reduce the risk level. 
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b. comparing the level of risk at different workplaces in different departments in 
a given workplace. 

c. on periodic hazard identification and risk assessment of the workplace. 
 

6. What is the Comprehensive Safety Principle? 
a. the principle of testing the safety of entire device complexes. 
b. the principle of conduct in which we try to apply measures in fixed order to 

reduce risk at the workplace. 
c. the principle in which we try to cover all aspects of workplace safety as a 

whole. 
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• Council Directive 89/391 / EEC of 12 June 1989 on the introduction of measures to 
encourage improvements in the safety and health of workers at work. This 
directive is called also "the frame directive."  

• Council Directive 89/654 / EEC of 30 November 1989 concerning minimum 
requirements in the field of safety and health at work (first individual directive 
within the meaning of Article 16 (1) of Directive 89/391 / EEC). 

• Directive 2009/104 / EC of the European Parliament and of the Council of 16 
September 2009 concerning the minimum requirements in the field of health and 
safety of the use of work equipment by employees at work (second individual 
directive within the meaning of Article 16 (1) of Directive 89/391 / EEC) (Text with 
EEA relevance) 

• 2001/45 / EC of the European Parliament and of the Council of 27 June 2001 
amending Council Directive 89/655 / EEC. 

• Council Directive 89/656 / EEC of 30 November 1989 on the minimum 
requirements in the field of safety and health protection of workers using 
protective equipment (third individual directive within the meaning of Article 16 (1) 
of Directive 89/391 / EEC). 

• Council Directive 90/269 / EEC of 29 May 1990 on the minimum requirements for 
the protection of health and safety during manual handling of loads in the event of 
danger, in particular spinal injuries to workers (Fourth individual directive within 
the meaning of Article 16 (1) Directive 89/391 / EEC). 

• Council Directive 90/270 / EEC of 29 May 1990 on the minimum requirements in 
the field of safety and health protection at work with devices equipped with screen 
monitors (fifth individual directive within the meaning of Article 16 (1) of Directive 
89/391 / EEC). 

• Directive 2004/37 / EC of the European Parliament and of the Council of 29 April 
2004 on the protection of workers from the risks related to exposure to 
carcinogens ** or mutagens at work (Sixth Specific Directive within the meaning of 
Article 16 (1) of Directive 89 / 391 / EEC). 

• Directive 2000/54 / EC ** of the European Parliament and of the Council of 18 
September 2000 on the protection of workers from the risks related to exposure to 
biological agents at work (Seventh Specific Directive within the meaning of Article 
16 (1) of Directive 89 / 391 / EEC). 

• Council Directive 92/57 / EEC of 24 June 1992 on the implementation of minimum 
safety and health requirements on temporary or mobile construction sites (Eighth 
Specific Directive within the meaning of Article 16 (1) of Directive 89/391 / EEC). 

• Council Directive 92/58 / EEC of 24 June 1992 on minimum requirements for safety 
and / or health signs at the workplace (Ninth individual directive within the 
meaning of Article 16 (1) of Directive 89/391 / EEC). 
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• Council Directive 92/85 / EEC of 19 October 1992 on the introduction of measures 
to encourage improvements in the safety and health at work of pregnant workers 
and workers who have recently given birth or are breastfeeding (Tenth Specific 
Directive within the meaning of Article 16 paragraph 1 of Directive 89/391 / EEC). 

• Council Directive 92/91 / EEC of 3 November 1992 concerning minimum 
requirements aimed at improving the conditions of safety and health protection of 
workers in mining plants extracting minerals with drilling holes (the eleventh 
individual directive within the meaning of Article 16 (1) of Directive 89 / 391 / EEC). 

• Council Directive 92/104 / EEC of 3 December 1992 on minimum requirements for 
improving the safety and health protection of workers in the opencast and 
underground extractive industries (Twelfth Specific Directive within the meaning of 
Article 16 (1) of Directive 89/391 / EEC ). 

• Council Directive 93/103 / EEC of 23 November 1993 concerning the minimum 
requirements in the field of safety and health at work on fishing vessels (Thirteenth 
Specific Directive within the meaning of Article 16 (1) of Directive 89/391 / EEC). 

• Council Directive 98/24 / EC of 7 April 1998 on the protection of the health and 
safety of workers from the risks related to chemical agents at work (Fourteenth 
Specific Directive within the meaning of Article 16 (1) of Directive 89/391 / EEC) . 

• Directive 99/92 / EC of the European Parliament and of the Council of 16 December 
1999 on the minimum requirements regarding the safety and health protection of 
employees at workplaces where explosive atmospheres may occur (the fifteenth 
detailed directive within the meaning of Article 16 paragraph. 1 of Directive 89/391 
/ EEC). 

• Directive 2002/44 / EC of the European Parliament and of the Council of 25 June 
2002 on the minimum health and safety requirements regarding the exposure of 
workers to the risks arising from physical agents (vibrations) (Sixteenth Specific 
Directive within the meaning of Article 16 (1)) 1 of Directive 89/391 / EEC). 

• Directive 2003/10 / EC of the European Parliament and of the Council of 6 February 
2003 on the minimum health and safety requirements regarding the exposure of 
workers to the risks arising from physical agents (noise) (seventeenth Specific 
Directive within the meaning of Article 16 (1)). 1 of Directive 89/391 / EEC). 

• Directive 2013/35 / EU of the European Parliament and of the Council of 26 June 
2013 on the minimum health and safety requirements regarding the exposure of 
workers to physical hazards (electromagnetic fields) (Twentieth Specific Directive 
within the meaning of Article 16 (1)) .1 of Directive 89/391 / EEC). This directive 
replaced directive 2004/40 / EC, which was the eighteenth individual directive 
which did not enter into force. 

• Directive 2006/25 / EC of the European Parliament and of the Council of 5 April 
2006 on the minimum health and safety requirements regarding the exposure of 
workers to the risks arising from physical agents (artificial optical radiation) (19th 
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individual Directive within the meaning of Article 16 paragraph 1 of Directive 
89/391 / EEC). 

 
Selected European Standards 
 

1. ISO 45001:2018. Health and safety management systems  work- Requirements and 
guidelines for use 

2. EN ISO 12100: 2012. Machine safety. General rules  design. Risk assessment and risk 
reduction. 

3. EN ISO 10218-1: 2011. Robots and equipment for robotics - Safety requirements for 
industrial robots - Part 1: Robots 

4. EN ISO 10218-2: 2011- Robots and equipment for robotics - Safety requirements for 
industrial robots - Part 2: Robot system and integration 
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QUESTIONS – CORRECT ANSWERS 

 

Question  Answer(s) 

1 b 

2 a 

3 c 

4 a, c 

5 a, c 

6 b 
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INTRODUCTION TO THE LESSON 

Consumer safety related to the use of products and the safety of workplaces are treated 
with the greatest attention in the European Union. Relevant objectives related to ensuring 
the safety of citizens found an important place in the Founding Treaties and then are 
detailed in EU legal acts, such as Regulations and Directives. Safety legislation applies to 
both: product manufacturers and employers who are legally obliged to provide safe 
workplaces. European Union regulations that apply to products apply to large groups of 
products, such as machines, toys, and medical devices. The European harmonized standards 
play an important role in the European system of ensuring product safety. 

Industrial robots, automated and robotic manufacturing cells and lines are treated at the 
stage of their design, manufacture and sale as products and are subject to the relevant 
regulations and directives on big group of products (including machines). After installation 
and commissioning of these devices at the employer, they are treated as workplaces and are 
subject to the relevant requirements contained in the health and safety directives. In the 
case of the safety of robots as well as automated and robotic cells and production lines, we 
deal with legal requirements and technical requirements. This lesson introduces these 
topics. Their knowledge is needed by the designer, contractor, importer of industrial robots 
and production lines, as well as the employer who will use these robots and production lines 
and where these devices are workplaces. 

This MILAN lesson focuses on European legal and standards issues related to the safety of 
work in robotic production installations. 

LEARNING OBJECTIVES OF THE LESSON 

The purpose of this lesson is to familiarize students with European Union law on product 
safety, and to review the inhibited standards for machinery, including industrial robots and 
robotic production stations. Efforts were made to explain to the student how this law 
developed and what the current purpose of this law was. While lesson 4.1.1 is more oriented 
towards OHS issues, i.e. creating safe workplaces, this lesson presents the problem of 
machine safety from the side of their manufacturer of safe product. This approach is in the 
spirit of EU law. We already think about product safety at the design stage. In this lesson, the 
student is introduced to legal and technical issues regarding the process of assessing the 
product's compliance with the essential requirements of the New Approach Directives. 

The acquired knowledge will be useful to the student in the future when he is involved in the 
process of buying / selling the machine, the seller-customer as well as when he is involved in 
the process of designing and making a new product, or in the process of creating a safe 
workplace. 
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CONTENT OF THE LESSON 

1 EUROPEAN UNION LEGAL REGULATIONS REGARDING SAFETY OF PRODUCTS 

1.1 Industrial robotics in EU safety law of products 

EU legal acts, including acts concerning the safety of product use, are created in such a way 
as to concern as wide groups of products as possible. This avoids the multiplication of legal 
acts excessively, the creation of narrow legal acts. EU rules on product safety focus more on 
the risks associated with their use, rather than on their performance. 

Industrial robots have a very wide application; they are used in various technologies and 
various industries and industries. Their use is constantly growing. The risks and associated 
risks at robotic workplaces can vary widely. Different hazards occur, for example, in the 
automotive industry at production stations using large presses operated by robots than at 
robotic stations in the pharmaceutical, confectionery or food industries. Therefore, each 
robotized position requires an individual approach to threat analysis and risk evaluation. 

Industrial robots of all kinds, automatic manipulators, sockets, installations and lines 
robotized in accordance with EU law on product safety are classified as machinery. These 
machines are particularly important in EU law because of their impact on the development 
of the economy. So, the vast majority of regulations that apply to machine safety obviously 
also apply to robots and robotic stations. 

 In accordance with the principles of creating requirements for the safety of products 
(including machines) called the New Approach, in legal acts called the New Approach 
Directives they are given to the manufacturer in the form of the so-called The Essential 
Requirements are general requirements, including machine safety features. However, 
without specifying how these required features (machine properties) can be obtained. 

In contrast, the standards harmonized with a given Directive specify in detail the 
requirements for the use of technical measures to meet these essential requirements, see 
Fig. 1: 
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Figure 1 Machinery Directive and harmonized standards 

The application of technical standards for machinery safety is voluntary in the EU. However, 
they are recommended for machine manufacturers for practical reasons. The application of 
the requirements of these standards in the design and production process of the machine 
then facilitates the process of assessing the conformity of the machine, including providing 
evidence that the produced machine meets the essential requirements of the New Approach 
Directives. 

1.2 Primary and secondary EU law 

The provisions of EU law are proposed by the Commission and then adopted by the Council 
and the European Parliament on the basis of mandates given to those bodies which are 
enshrined in the Treaties. 

The Treaties on the establishment of the EEC, the European Communities and the 
establishment of the European Union from the beginning contain articles on: 

a) the European freedoms, and 

b) the right of citizens to safety workplaces. 

The above treaty provisions are treated as so-called primary sources of law. On their basis 
the so-called secondary EU legal acts such as Directives and Regulations. 

The European freedoms that underlie the emergence of the European Communities and the 
European Union assume free movement within the EU: 

• goods, 
• capital, 
• labor,  
• service. 

Compliance with these freedoms is guarded by the European Commission, which has at its 
disposal the appropriate legal tools in the form of Directives and Regulations. 



Multifunctional Innovative Learning Assisting Network for VET  
in AdvancedManufacturing  
Project No. 2018-1-PL01-KA202-050812  

 
 
 

 
-	8	-	

2 NEW APPROACH DIRECTIVES 

2.1 Primary and secondary sources of EU law 

Directives are acts of EU law addressed to the governments of member countries in order to 
implement the provisions contained therein by incorporating them into law in individual 
member countries. 

The provisions of EU law contained in the Directives, which were subsequently implemented 
into national law, apply to product manufacturers, importers, distributors and installers. EU 
regulations are legal acts addressed for direct application in member states. 

The abovementioned Treaty provisions regarding the free movement of goods and the right 
of citizens to secure jobs are the primary sources of law. 

They became the primary source of the right to create two complementary groups of legal 
provisions concerning: 

A. Safety of using manufactured products. These provisions are addressed to producers 
of products, importers, distributors and installers, 

B. Creating safe jobs. These provisions are addressed to employers who are workplace 
organizers. These provisions also oblige employees to cooperate with an employer 
and to comply with health and safety regulations. 
 

2.2 Machinery Directive 2006/42 / EC 

2.2.1 Structure of the Machinery Directive 

The Machinery Directive is a legal document regarding the design, manufacture and creation 
of technical documentation for safe machines and their conformity assessment, marking and 
making available on the Community market. 

The structure of the Machinery Directive is shown in Fig. 2: 
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Figure 2 Machinery Directive and harmonized standards 

The Directive contains a comprehensive introduction (preamble) which gives a broad 
justification for the purpose of introducing this Directive as an EU legal act. The principle of 
providing an exhaustive explanation of the purpose and benefits of introducing a new legal 
act at the beginning is a rule in EU legislation. 

The content of the Directive has been divided into 29 articles. At the beginning, the scope of 
the Directive and the so-called Exclusions. The provisions of the Machinery Directive do not 
apply, inter alia, to firearms, military and police equipment and household appliances, as 
these products are subject to different provisions. 

 

2.2.2 Definition of machinery and definition of partly completed machinery 

The machine definition given in the Machinery Directive differs significantly from the 
machine definition that can be found in physics or mechanics manuals. 
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In accordance with Article 1 of the Directive "Scope", it applies to the following products: 
 

1. a) machines; b) exchangeable equipment; c) safety components; d) lifting accessories; e) 
chains, ropes and belts; (f) detachable mechanical transmission devices; g) partly completed 
machinery. 

According to article 2 entitled: "Definitions", the term "machine" defines the products listed 
in art. 1 clause 1 lit. a) -f). 

The following definitions apply: 

(a) "machinery" means: - an assembly, equipped or intended to be equipped with a 
propulsion mechanism other than directly utilizing the strength of human or animal muscles, 
consisting of coupled parts or components of which at least one moves, joined together for a 
specific application, 

• the assembly referred to in the first indent, only excluding the elements intended for 
its connection at the workplace or for connection to energy sources and propulsion, 

• the assembly referred to in the first and second indents, ready to be installed and 
capable of functioning in its state only if mounted on a means of transport or 
installed in a building or structure, 

• assemblies of machines referred to in the first, second and third indents or partly 
completed machinery referred to in point (a) g) which, in order to achieve a specific 
end result, have been combined and are controlled in such a way that they act as an 
integrated whole, 

• a set of coupled parts or elements of which at least one moves, joined together, 
intended for lifting loads, and whose only source of power is the direct use of the 
strength of human muscles, 

g) "partly completed machinery" means --- an assembly that is almost a machine but cannot 
be used for a specific application alone. The drive system is an incomplete machine. The only 
purpose of an partly completed machine is to be incorporated into or connected to another 
machine or other partly completed machinery or equipment, thus forming a machine to 
which this Directive applies; 

According to the definition given in Machinery Directive, the industrial robot leaving the 
factory in which it was manufactured, which consists of a manipulator and control system, is 
an example of a partly completed machine. It is used to build into a work stand, a nest or a 
production line. In itself, it is a dangerous machine, posing hazards, requires "housing" with 
protective devices such as fences, covers, laser scanners, mats, light curtains, etc. 
 

2.2.3 Essential health and safety requirements relating to the design and construction of   
machinery 

The essential requirements are contained in the Annex IV of Machinery Directive. These 
requirements relate to various aspects of machine work and construction. They are 
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formulated in a general way with an emphasis on machine behavior. The essential 
requirements do not contain proposals for specific technical solutions. 

Detailed requirements can be found in the relevant harmonized standards, which are not 
mandatory. 

The group of essential requirements concerns machine ergonomics. Ergonomics and 
machine safety are related to each other. The machine built without taking into account the 
principles of ergonomics is an uncomfortable machine that forces the operator to make 
uncomfortable movements, taking unfavorable, uncomfortable positions of the operator's 
body. A workstation containing such a machine can contribute to occupational diseases, e.g. 
spinal diseases. Work is more tired then, distracting what may pose a threat. A more 
ergonomic machine is a safer machine. 

Designing and building the machine in compliance with the ergonomic principles is an 
investment in the health of machine users. 

Guidelines for designing machinery in accordance with the principles of ergonomics can be 
found in ergonomics standards harmonized with the Machinery Directive and in the 
scientific literature on the ergonomics of machines. 

2.2.4 Machines according to Annex IV of the Machinery Directive 

The Machinery Directive distinguishes a group of machines which, due to their construction, 
building and use, may pose special big hazards to the life and health of users. Designing 
these machines, as well as their performance and conformity assessment requires following 
procedures with the participation of so-called "third party" in the form of authorized 
entities. 

Annex IV of the directive contains a list of these machines. This list includes, among others: 

Circular saws (single and multi-saw) for working wood and similar materials or for working 
meat and similar materials, of the following types: 
 

• Planers for woodworking with manual feed. 
• One-sided planer thicknessers for woodworking with a built-in feed mechanism and 

manual feeding or collecting. 
• Band saws, with manual feeding or receiving, for working wood and similar materials 

or for meat and similar materials, 
• Presses, including press brakes, for cold metal working, with manual loading or 

unloading, whose movable working parts may have a stroke greater than 6 mm and a 
speed exceeding 30 mm / s. 

• Injection molding machines or plastic presses, with manual feeding or collecting. 
• Injection molding machines or rubber presses, with manual feeding or collecting. 

In addition, there are protective devices on this list: 
• Protective devices designed to detect people. 
• Mechanically driven movable locking guards for use as protection in presses and 

injection molding machines. 
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• Logic electric an electronic devices s providing safety functions. 

2.2.5 Conformity assessment procedures provided for in the Machinery Directive 

The method of conducting conformity assessment depends on the type of product (whether 
the product is listed in Annex IV and whether the design and use of the product were 
followed by the indications and requirements of the harmonized standards. The diagram of 
the procedure for selecting the procedure is shown in Fig. 3: 

 
Figure 3 Choice of conformity assessment procedure according to the requirements of the Machinery 

Directive 
 

If the machine is not listed in Annex IV of the Directive, then the procedure according to 
Annex VIII should be used. If the machine is on the list IV, but we have evidence that it was 
made in accordance with harmonized standards and these standards cover all the essential 
requirements, we can choose one of the procedures described in Annex VIII, IX, or X. 

If the machine has been manufactured with harmonised standards, the procedure according 
to Annex VIII is the easiest to use, but the Directive does not prohibit the use of other 
procedures, also according to Annexes IX and X. In the case of a machine when it is on the 
list of Annex IV, but was not manufactured in accordance with the requirements of the 
harmonized standards, the conformity assessment may be carried out according to the 
procedures according to Annex IX or X. Each of these procedures is described in detail in 
Annexes VIII. IX and X Directives. 

3 OTHER NEW APPROACH DIRECTIVES 

All New Approach Directives have a structure, similar to the Machinery Directive described. 

 The New Approach Directive usually includes: 
• definitions, 
• exclusion 
• annexes  
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o including list of essential requirements, 
o list of procedures according to which conformity assessment should be 

carried out 

4 HARMONIZED STANDARDS 

Harmonized standards are a special group of standard. These standards are developed by 
the CEN and CENELEC European Standardization Organizations at the request of the 
European Commission. A standard is formally harmonized after it has been placed on the list 
of harmonized standards with a given directive. Lists of harmonized standards are published 
in the Official Journal of United Europe on websites. A harmonized standard can be 
harmonized with one or more New Approach directives. 

There can be many harmonized standards for a given New Approach Directive. The 
Machinery Directive (MD) refers to a very wide group of products. Therefore, the list of 
standards harmonized with MD has a lot of items. 

Standards harmonized with the Machinery Directive are divided into type A, type B1 and B2 
and C (Fig 4): 

 
Figure 4 Division of harmonized standards with the Machinery Directive  

 

As mentioned earlier, the use of standards in the EU, including harmonized standards, is 
voluntary. However, the application of these standards is recommended because it is 
technically beneficial and convenient. 
 
Type A standard: 

• PN-EN ISO 12100: 2012 Safety of machinery - General design principles - Risk 
assessment and risk reduction. 

 
Type B1 standards: 
 

• EN ISO 13849-1 Safety of machinery - Elements of safety related control systems - 
Part 1: General principles of design. " 
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• EN ISO 13855: 2010 Safety of machines. The location of technical protective 
measures due to the speed of approaching parts of the human body. 

• EN ISO 13857: 2010 Safety of machines. Safety distances that prevent reaching the 
upper and lower extremities into hazardous areas. 

• PN-EN 349 Safety of machines. Minimum distances to prevent crushing of parts of 
the human body. 

 
Type B2 standard 

• EN ISO 13851: 2019-05 - Machine safety - Two-hand control devices - Design and 
selection rules 

• EN ISO 14119: 2014-03 - Safety of machinery - Interlocking devices coupled with 
guards. Design and selection rules 

• EN ISO 13856-1: 2013-08 Safety of machinery - Pressure sensitive protective devices - 
Part 1: General principles for the design and testing of pressure-sensitive mats and 
floors 

• EN ISO 13856-2: 2013-08 - Safety of machinery - Pressure sensitive protective devices 
- Part 2: General principles for the design and testing of pressure-sensitive edges and 
strips 

• EN ISO 13856-3: 2013-11 - Safety of machinery - Pressure sensitive protective devices 
- Part 3: General principles for the design and testing of buffers, plates, cables and 
similar pressure-sensitive devices 

• EN ISO 14120: 2016-03- Safety of machinery - Guards - General requirements for the 
design and construction of fixed and movable guards 

 
Type C standards: 

• EN ISO 10218-1: 2011 - Robots and equipment for robotics - Safety requirements for 
industrial robots - Part 1: Robots 

• EN ISO 10218-2: 2011 - Robots and devices for robotics - Safety requirements for 
industrial robots - Part 2: Robot system and integration 

• PN-EN ISO 16092-1: 2018-03 - Safety of machine tools - Presses - Part 1: General 
safety requirements 

• ISO 16092-2: 2019 - Machine tools safety - Presses - Part 2: Safety requirement for 
mechanical presses 

• EN ISO 16092-3: 2018-05 - Safety of machine tools - Presses - Part 3: Safety 
requirements of hydraulic presses 

5 PROTECTION OF THE EUROPEAN SINGLE MARKET 

5.1 Mechanisms for removing barriers to the free movement of goods 

The idea of creating a common market and free movement of goods has encountered 
numerous legal, technical and organizational problems from the very beginning. 

Creating conditions for the free movement of goods within the European Union countries 
required gigantic organizational and legislative work. From the assumption it was known 
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that this market was to be a regulated market, a market that is guided by the principles of 
democracy, ensuring equal access to it by all economic entities of the Community. 

It was necessary to create effective and effective barriers, which on the one hand would 
constitute a barrier to market access for dangerous goods for users and dangerous goods, 
and on the other hand to create conditions and regulations that would allow the free 
movement of goods safe for users that comply with the established requirements. 

Initially, when the European Community covered several countries, the free movement of 
goods was ensured by applying the principle of mutual trust and recognition of the laws and 
standards of individual member states. Goods that were compliant with the regulations of a 
given country were automatically considered to meet the requirements in other member 
countries. These goods could cross borders of individual member states without any 
obstacles. 

This rule became increasingly difficult to apply as the European Community expanded to 
include more countries. The essence of the barrier to the free movement of goods has 
become the diversity of regulations in individual countries. 

It became necessary to remove barriers, including cultural and technical ones, related to the 
flow of goods, such as: 

• different levels of work culture resulting from different traditions and work ethics, 
• using different systems for measuring and controlling the quality of goods, 
• different technical safety requirements and 
• various technical regulations and standards. 

Attempts to regulate the market with directives, which specified the requirements for 
individual products in detail, also proved to be insufficient and inconvenient. Due to their 
detail, these directives were similar in nature to technical standards. They quickly became 
outdated due to technical progress. They began to create bureaucratic barriers by 
themselves. 

The breakthrough came in the eighties of the last century, when the European Commission 
proposed the introduction of radical changes in regulations that will allow effective removal 
of existing technical barriers to the flow of goods. 

5.2 A new approach to technical harmonization 

The proposed changes in the approach to technical harmonization were called the New 
Approach. Despite the passage of years, the name has been used so far. 

The New Approach was based on four basic principles that became the foundation of the 
New Approach: 

1. Technical harmonization 

Technical harmonization is limited to the essential requirements which relate to the 
protection of life and health of persons, property and environmental protection. 
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Only a product meeting these requirements may be placed on the market and / or put into 
service on the Community market and enjoy the right of free movement within the 
Community. 

 

2. Reference to harmonized standards, principle of presumption of conformity 

Technical specifications of products that meet the essential requirements given in the 
Directives are set out in standards harmonized with those Directives. These standards 
provide ready-made technical methods or methods that, when applied during product 
design and production, ensure that the essential requirements specified in the Directives are 
met. 

Products that have been manufactured in accordance with harmonized standards benefit 
from the presumption of conformity of the product with the relevant essential 
requirements. 

       

3. Voluntary application of standards 

Application of harmonized standards and other standards and other specifications technical 
is voluntary.  

Manufacturers are free to choose technical solutions that will ensure compliance     product 
with technical requirements. 

 

4. Choice of conformity assessment procedures 

In order to carry out conformity assessment, manufacturers have a choice between 
different, alternative conformity assessment procedures included in the relevant Directive. 

 

6 PRODUCT CONFORMITY ASSESSMENT 

The assessment of compliance of a manufactured product with the essential requirements of 
the New Approach Directives is the responsibility of the manufacturer before introducing 
this product for the first time on the Community Market. A positive result of this assessment 
entitles the manufacturer to issue an EC / EU Declaration of Conformity and affix the CE 
marking to the product. The EC / EU Declaration of Conformity is a ticket for the product to 
be placed on the Community Market. 

The manufacturer is obliged to collect evidence that the manufactured product meets the 
essential requirements of the Directives. The product may require testing to determine its 
compliance with the Directives. The conformity assessment of mass-produced and mass-
produced products is slightly different than the examination of conformity of unit products. 
This issue is not the subject of this lesson. 

 



Multifunctional Innovative Learning Assisting Network for VET  
in AdvancedManufacturing  
Project No. 2018-1-PL01-KA202-050812  

 
 
 

 
-	17	-	

6.1 Conformity assessment of the unit produced product 

The machine, station, or robotic production line is usually built as the unit product to 
customer order. The conformity testing process is always carried out by the product 
manufacturer. The purpose of this process is to gather objective evidence that the machine 
manufactured meets all the essential requirements of all directives that apply to the 
machine. The machine may require laboratory tests. 

The basis for the machine conformity assessment is the essential requirements of the 
Machinery Directive. If it is substantively justified, other New Approach Directives should be 
taken into account during the assessment. 

Failure to consider any of the Directives for which the essential requirements apply to the 
manufactured machine during the assessment is an error and may be the basis for 
undermining the reliability of the product conformity assessment by market control 
authorities. 

A list of New Approach Directives is provided in Annex 1 to this lesson. 

The machine conformity assessment, e.g. in the form of a robotic production station, 
requires good substantive preparation and general knowledge of directives. 
 
Example: 

A robotic inspection station has been designed and made to customer order, the purpose of 
which is to make automatic measurements to control the geometry of machine body holes. 
This position is subject to assessment of compliance with the essential requirements of the 
New Approach. 

In this station, a Wi-Fi radio module with an antenna is installed in the control system, which 
allows internet connectivity to remotely modify the work programs of the station and 
remotely read reports from the measurements carried out. The stand includes an industrial 
robot that is used for spatial manipulation of the measuring head used for geometrical 
measurements of machine bodies. 

From the job description, it can be seen that the essential requirements of at least four New 
Approach Directives should be taken into account in assessing the conformity of the 
machine: 

1. Machinery Directive DM 2006/42 / EC, because the position described is a machine in the 
light of the definition given in this Directive. 

2. Electromagnetic Compatibility Directives EMC 2014/30 / UE, because the described 
inspection station contains a control system equipped with electronic systems that pose 
electromagnetic radiation hazards that interfere with other devices in the vicinity. The 
control system also poses threats to the correct operation of the station caused by the lack 
of immunity of the electronic control systems to the harmful effects of electromagnetic 
radiation from other machines nearby. 
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3. Radio Directive RED 2014/53 / UE, because the control system includes a Wi-Fi modem 
with an antenna. Such devices are subject to an assessment of compliance with the essential 
requirements of this Directive. 

4. MID 2004/22 / EC Measuring Instruments Directive, because a measuring device is used in 
the inspection station, which is subject to assessment of compliance with the essential 
requirements of this Directive. 

 

The product conformity assessment becomes simpler if the station has been designed and 
manufactured in accordance with the requirements of harmonized standards. 

According to the principle of presumption, the conformity of a product's production to a 
harmonized standard means that the product complies with the relevant essential 
requirement of the directive. 

In general, compliance testing may require testing in competent laboratories, preferably in 
accredited laboratories. 

Technical documentation is prepared from the assessment. The content of technical 
documentation and instructions attached to the machine are specified in the Machinery 
Directive. 
 

6.2 EC / EU Declaration of Conformity and CE marking 

If technical documentation has been prepared according to the Machinery Directive, 
including objective evidence of machine compliance with all the requirements of all 
directives that apply to a given machine, then the manufacturer has the basis for: 

- Issuing the EC / EU Declaration of Conformity for the machine. 

In this declaration, the manufacturer states with full responsibility that the product specified 
in the Declaration complies with the requirements of the directives. The manufacturer lists 
these directives in the Declaration. The template of the declaration is specified and given 
e.g. in the Machinery Directive. Only one EC / EU Declaration of Conformity is always issued. 
The declaration is issued on a new machine before it is placed on the market.   

- Putting CE marking on the machine (Fig 4): 
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Figure 5 CE marking of the machine with the European conformity mark 

 

Marking with a stylized European CE mark (from French: Conformité Européenne) (Fig 4) is a 
visual signal to the consumer that the machine complies with the essential requirements of 
the directives. This also means compliance has been confirmed in the EC / EU Declaration of 
Conformity by the manufacturer. 

Pay attention to the shape and proportions as well as the mutual positioning of the letters of 
the CE marking. 

The CE marking is protected by law. Incorrect use, e.g. application to a product that does not 
comply with the essential requirements of the directives, or the lack of this marking when it 
should be a criminal offense because it may mislead the customer. 

The CE mark of a different shape and with a different proportion of letters and their mutual 
positioning than that shown in Fig. 5 is not a European conformity mark (see Fig 6b). It can 
mean at most possible Chinese origin of the goods. 
 
 
 

 
Figure 6 CE marking and other mark which is not a CE marking 

 

6.3 Participation of Notified Bodies in conformity assessment 

The manufacturer is responsible for the safe use of the products. His duties include carrying 
out the product compliance process. Depending on the type of product (machine), 
production scale (piece production, serial or mass production), the manufacturer has a 
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choice of different ways (procedures) for carrying out conformity assessment. Possible 
procedures for use are given in the New Approach Directives to which the product is subject. 

In the case of products listed in the Annex IV of the Machinery Directive may be necessary (it 
is specified in the Directive) to carry out conformity assessment with the participation of the 
so-called an independent third party, which is the Notified Body. 

The Notified Body takes part in the conformity assessment at the request of the 
manufacturer on a commercial basis. The unit assesses the product documentation, sets up 
the product testing program in laboratories. The result of the work of the Notified Body is 
the Certificate of Conformity. A Notified Body Certificate is a good basis for issuing the EC / 
EU Declaration of Conformity for a given product by the manufacturer. The fact of 
participation of a Notified Body in the assessment of a product is noted in the Declaration of 
Conformity. The manufacturer may always use the assistance of a Notified Body in the 
conformity assessment process. Even when the procedures of the Directives do not require 
it. The participation of a Notified Body in conformity assessment does not change the 
producer's responsibility for the safety of use of the product. 
 

Attachment 1 

List of product groups for which the New Approach directives provide for CE marking: 
 

• Appliances burning gaseous fuels 
• Active devices 
• Cableway installations designed to carry people 
• Eco-design of energy-related products 
• Electromagnetic compatibility * 
• Equipment and protective systems intended for use in potentially explosive 

atmospheres 
• Explosives for civil uses 
• Water boilers 
• Household refrigerators and freezers 
• In vitro diagnostic medical devices 
• Elevators / cranes 
• "Low voltage" devices / electrical equipment 

 
Machinery 

• Measuring instruments 
• Medical equipment 
• Devices emitting noise into the environment 
• Non-automatic balances 
• Personal / personal protection equipment 
• Pressure equipment 
• Gas devices 
• Pyrotechnics 
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• Radio telecommunications equipment 
• Recreational boats 
• Toys for children under 14 years 
• Simple pressure tanks 

Note: Electromagnetic compatibility is not an article. Is a physical phenomenon that can 
occur in products and cause interference with their work. 
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SELF-CHECK QUESTIONS 

Please tick the sentences that are true: 
 

1. Directives are the primary sources of law in the European Union. 
2. The application of harmonized standards is compulsory in the European Union. 
3. New Approach Directives are addressed directly to producers of products in the 

European Union 
4. The EC / EU Declaration of Conformity is a document issued by the seller for used 

machine in which the seller confirms the technical and operational condition of the 
machine. 

5. The original sources of law in the European Union are the provisions contained in the 
articles of the founding treaties. 

6. The New Approach concerns technical harmonization. 
7. New Approach Directives are EU legal acts that contain the essential requirements 

for product safety and are directed by the Commission to the governments of the 
European Union Member States for their implementation into the law of the 
Member States. 

8. The EC / EC Declaration of Conformity is issued by the manufacturer to a new 
machine before it is introduced to the European Union market. 

9. The CE marking means that the machine is safe because it has a European Certificate 
issued by an authorized Notified Body. 

10. The term "harmonized standard" means that it is harmonized with other 
international standards, including American and Japanese. 

11. The CE marking is applied to the machine by the manufacturer after assessing the 
conformity of the machine and issuing the EC / EU Declaration of Conformity when 
the machine complies with all the essential requirements of all directives that apply 
to the machine. 

12. If the machine is subject to several New Approach directives, only one Declaration of 
Conformity is issued after conformity assessment related to all Directives. 

13. Harmonized standard means a standard whose requirements set out the essential 
requirement of a given New Approach Directive. 

14. Harmonized standards are developed by CEN and CENELEC European standardization 
organizations on commission from the European Commission. 

15. The conformity assessment process of a new machine is carried out by a special 
committee appointed by the market protection authority. 

16. The EC / EU Declaration of Conformity is issued by the machine manufacturer at the 
client's written request. 

17. The EC / EU Declaration of Conformity concerns the essential requirements of the 
directive. If the machine is also subject to the essential requirements of other 
directives, then the manufacturer is also obliged to issue further Declarations of 
Conformity regarding compliance with other individual directives. 

18. The Declaration of Conformity is a document addressed to the determined purchaser 
of the machine. After a change of machine buyer, another buyer may request a new 
declaration of conformity. 
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19. The machine conformity assessment process is carried out according to one of the 
procedures given in the relevant New Approach Directive. 

20. The principle of presumption in the New Approach to technical harmonization and 
standards, means that if the machine has been designed and manufactured in 
accordance with all the requirements of the harmonized standards that apply to a 
given machine, it must be presumed to comply with all the essential requirements of 
the New Approach directives. 

21. The EC / EU declaration of conformity is handed over to the customer when selling 
the machine together with the Manufacturer's Instructions. 

22. The participation of a Notified Body in the process of assessing the conformity of a 
machine means that it then is legally responsible, together with the machine 
manufacturer, for the safety of its use. 
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QUESTIONS – CORRECT ANSWERS 

Question  Answer(s) 

1 5, 6, 7, 8, 9, 11, 12, 13, 14, 19, 20, 21 
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INTRODUCTION TO THE LESSON 

Consumer safety related to the use of products and the safety of workplaces are treated 

with the greatest attention in the European Union. Relevant objectives related to ensuring 

the safety of citizens found an important place in the Founding Treaties and then are 

detailed in EU legal acts, such as Regulations and Directives. Safety legislation applies to both 

product manufacturers who are legally obliged to provide safe products, and employers who 

are legally obliged to create safe workplaces. European Union regulations that apply to 

products apply to large groups of products such as machines, toys, medical devices. 

European harmonized standards play an important role in the European system of ensuring 

product safety. Industrial robots, automated and robotic manufacturing cells and lines are 

treated at the stage of their design, manufacture and sale as products and are subject to the 

relevant regulations and directives on machinery. After installation and commissioning of 

these devices at the employer, they are treated as workplaces and are subject to the 

relevant requirements contained in the health and safety directives. In the case of the safety 

of robots as well as automated and robotic cells and production lines, we deal with legal 

requirements and technical requirements. This lesson introduces these topics. Their 

knowledge is needed by both the designer, contractor, importer of industrial robots and 

production lines, as well as the employer who will use these robots and production lines and 

where these devices are workplaces. This lesson focuses on securing of the robot's work 

area by use of protective device and systems. 

This lesson focuses on hazards, risk assessments, standards related to the industrial robots 

and robotized installations that are workstations. Also, the minimal requirements of the 

WED Directive are explain. 

LEARNING OBJECTIVES OF THE LESSON 

The purpose of the lesson is to familiarize students (pupils) with the requirements of the 

Directives and standards that apply to machines, including robotic workstations and 

machines that are workstations. 

After learning the lesson material, the student (pupil) will better understand EU product 

regulations, including the manufacturer's responsibility for the product and the employer for 

organizing a safe workplace. 

ABBREVIATIONS 
 
EMC -Directive        -  2014/30/EU - Electro-Magnetic Compatibility Directive  

EU-OSHA                  -  European  Agency for Safety and Health at Work 

LVD - Directive        -  2014/35/EU - Low Voltage Directive 

MD - directive         -  2006/42/ EC - Machinery Directive 

PPE                            -  Personal Protective Equipment 

WED 2009/104/EC -  Work Equipment Directive  
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GLOSSARY OF TERMS 
Table 0.1 Main terms 

Name Definition 
Harm Physical injury or damage to health. 

Hazard & Risk Hazards potential source of harm and a risk is the chance, high or low, that 
any hazard will actually cause somebody harm'. Examples of hazards could 
include working with heavy machinery, using chemicals at work, a poorly 
set up workstation or strained office relationships. 

Hazard identification Is part of the process used to evaluate if any particular situation, item, 
thing, etc. may have the potential to cause harm. The term often used to 
describe the full process is risk assessment. 

Hazard Is any source of potential damage, harm or adverse health effects on 
something or someone? Basically, a hazard is the potential for harm or an 
adverse effect (for example, to people as health). 
 

Hazards associated with 
working 

Hazards near or on machinery vary depending on the exact machine used 
but can include exposure to: 

• moving parts (e.g., risk of injuries from entanglement, friction, 
abrasion, cutting, severing, shearing, stabbing, puncturing, impact, 
crushing, drawing-in or trapping, etc., 

• energy (e.g., electrical, electromagnetic, magnetic, etc., 
• heat or cold , 
• noise, 
• vibration, 
• radiation,  
• gas or liquid under pressure (e.g., injuries from injection or ejection 

by hydraulic systems, pneumatic systems, compressed air, paint 
sprayers, etc., 

• psychosocial hazards (e.g., stress, job content, work organization, 
cognitive factors, etc.) 

Machinery maintenance Can involve a high risk of harm, whether from the activity itself or the 
location in which the work takes place. Maintenance can pose risks to both 
the maintenance operatives and others affected by the work as a result of 
exposure to dangerous parts or substances. 

Personal protective 
equipment (PPE) 

Are the protective clothing, helmets, goggles, or other garments or 
equipment designed to protect the wearer's body from injury or infection. 
The hazards addressed by protective equipment include physical, electrical, 
heat, chemicals, biohazards, and airborne particulate matter. Protective 
equipment may be worn for job-related occupational safety and health 
purposes, as well as for sports and other recreational activities.  

Protective means Are the means designed or intended to protect something or someone from 
harm. 

Risk The possibility of something bad happening. Risk involves uncertainty about 
the effects/implications of an activity with respect to something that 
humans value (such as health, well-being, wealth, property or the 
environment), often focusing on negative, undesirable consequences. 



Multifunctional Innovative Learning Assisting Network for VET  
in Advanced Manufacturing 
Project No. 2018-1-PL01-KA202-050812  

 
 
 

 
-	7	-	

Name Definition 
Risk assessment Is a term used to describe the overall process or method where you identify 

hazards and risk factors that have the potential to cause harm (hazard 
identification). Analyse and evaluate the risk associated with that hazard 
(risk analysis, and risk evaluation). 

• Identify hazards and risk factors that have the potential to cause 
harm (hazard identification). 

• Analyse and evaluate the risk associated with that hazard (risk 
analysis, and risk evaluation). 

• Determine appropriate ways to eliminate the hazard, or control 
the risk when the hazard cannot be eliminated (risk control).  

Risk evaluation Is defined as risk priorities through establishment of qualitative and/or 
quantitative relationships between benefits and associated risks. 

 

CONTENT OF THE LESSON 

1 REQUIREMENTS OF HARMONIZED STANDARDS 

1.1 Conformity assessment, presumption of conformity principle 

The regulations of European Union law require the manufacturer to carry out a conformity 

assessment of the product before it is sold. This requirement also applies to the importer of 

a product from a country not belonging to the European Union. Only products compatible 

with the so-called the essential requirements of the directives may be marketed by CE-

marking and sold and/or used on the European Single Market. The essential requirements of 

the directives refer to the requirements for the device in terms of its impact on the health 

and safety of the user of the products. The principles of technical harmonization called the 

New Approach define the role of the so-called standards that are harmonized with the New 

Approach directives in the product conformity assessment process. While the essential 

requirements relate more to the properties and safe behaviour of the product during use, 

the requirements of harmonized standards are much more precisely formulated and contain 

proposals for technical solutions. 

The presumption of conformity principle states that if a product meets the requirements of 

the harmonized standard relating to a given essential requirement of the New Approach 

Directive, it means that this essential requirement has been met. 

Therefore, it is much easier to obtain objective evidence of compliance with a given essential 

requirement of the Directive by applying the requirement of an appropriate harmonized 

standard in the assessment of conformity. 

 

1.2 Type C standards 

According to EU rules on product safety, industrial robot, and robotic production lines 

belong to a large group of products called machines. The Machinery Directive 2006/42/EC 

contains essential requirements for machines. 
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There is a large group of standards harmonized with the Machinery Directive. These 

standards are contractually divided into type A, type B1 and B2 standards and type C 

standards. 

Type C standards apply to specific types or groups of machines. Type C standards for robots 

and robotic systems are: 

• EN ISO 10218-1:2011 - Robots and equipment for robotics - Safety requirements for 

industrial robots - Part 1: Robots 

• EN ISO 10218-2: 2011 - Robots and devices for robotics - Safety requirements for 

industrial robots - Part 2: Robot system and integration. 

This standard is consisting of two parts: 

• Part 1, applies only to an industrial robot as a machine, without considering the 

safety of the robot's environment. 

• Part 2, deals with a system that is robotic, including the integration of the robot with 

the environment, including other machines.  

 

1.2.1 Requirements of EN ISO 10218-1: 2011 Robotics and devices for robotics- Safety 
requirements for industrial robots, Part 1: Robots 

This standard applies only to an industrial robot without taking into account the impact of 

the environment on its safety of use. Due to the limited space in this lesson, we only provide 

an overview of the EN ISO 20218-2 standard, which gives a more complete picture of 

hazards and safety problems at robotic workstations. 

1.2.2 Requirements of EN ISO 10218-2: 2011 - Robots and devices for robotics -Safety 
requirements for industrial robots - Part 2: Robot system and integration 

Chapter 3 of this standard provides explanations of the terms and terms that appear in the 

standard. 

 In chapter 4 titled: "Identification of hazards and risk assessment" there are given principles 

of machine design taking into account the principle of comprehensive safety. 

1.2.2.1 Hazards identification 

 
The EN ISO 10218-2: 2011standard recommends that in order to carry out the hazard 

identification process, first identify all the tasks that can be performed by the robot station 

operator. 

This standard distinguishes the following tasks: 

a. process control and monitoring, 

b. material loading, 

c. programming and program verification, 

d. short operator interventions that do not require disassembly of the machine, 

e. tool change and re-setting, 

f. procedure in case of failure, removal of defects, 

g. correction of incorrect operations (jams, falling parts, etc.), 
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h. control of hazardous energy (grips, clamps, rotary tables and other devices) 

i. and / service and repairs, 

j. cleaning the equipment. 

It recommends that the identification of hazards also use the standard EN ISO 12100: 2011 - 

Safety of machinery - General principles of design - Risk assessment and risk reduction, 

which is a type A standard. This standard should also be used by hazard identification.  

 

1.2.2.2 Safety related control system 

Chapter No 5 of EN ISO 10218-2 standard, titled "Safety requirements and protective 

measures" presents requirements for a safety related control system. Such system is present 

in every complex machine, including the robotized station. Safety control system related to 

safety is superior to other control systems, including the robot control system and the entire 

robotics station control system. The safety-related control system performs the functions of 

locks and safeguards, emergency stop, stopping and controlling the reduced speed of 

manipulator arm movement. The reliability of this system and the functions it performs must 

be appropriate to the hazards and the level of risk that would occur at the robotized stand if 

the system loses the ability to perform its functions. 

The safety related control system is implemented by use the so-called safety relays or safety 

controllers.  

The tasks of the robot station designer include: 

a. risk assessment before using protective devices, including a safety-related control 

system, 

b. application of a safety-related control system adapted to the level of reliability 

due to the absence of such a system. 

In safety technology are used the term "level of performance" more often instead of the 

term "reliability level", i.e. control capability. 

To this end, the type B1 safety standard should be used to select the safety-related control 

system: 

EN ISO 13849-1 Safety of machinery - Safety-related components of control systems - Part 1: 

General principles for design. " 

This standard distinguishes five levels (a-e) of performance of the safety related control 

systems. These degrees are called - Performance Levels (PL). 

PL = a - is the lowest level. The PL = a control system can be used where the risk is low. 

P = e - is the highest level. The safety control system PL = e is characterized by the highest 

resistance to loss of its properties, so we use this control system where the risk is very high. 

So by first step we carry out a risk assessment and determine the so-called required PLreq 

level. 

We select the control system implemented to make it PL ≥ PLreq. 
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When choosing the PL level, the requirement given in point 5.2.2 of EN ISO 10218-2: 2011 

standard should be taken into account. 

This requirement is worded as follows: 

Elements of the safety-related control system should be designed so that they correspond to 

PL = d level and category 3 structure according to EN ISO 13849-1standard. 

Safety relays and safety controllers are offered on the market. The PL level of their devices is 

given in the catalog card of these devices. 

An alternative way to select the safety-related control system is to use the EN/IEC 62061: 
2005 standard and Safety Integrity Levels (SIL). 

1.2.2.3 Electrical, pneumatic and hydraulic installations 

Should be taken into account following standards: 

EN/IEC 60204-1 Safety of machinery - Electrical equipment of machines - Part 1: General 

requirements 

EN ISO 4413: 2011 Hydraulic drives and controls - General principles and safety 

requirements for systems and their components 

EN ISO 4414: 2011 Pneumatic drives and controls - General principles and safety 

requirements for systems and their components 

Electrical installation should be carried out in accordance with the recommendations of 

EN/IEC 60204-1 standard. 

This standard gives detailed requirements and guidelines on how the correct electrical 

installation of the machine has been made, including the robot and the robotic station. 

The pneumatic installation of the robot should be made in accordance with the 

requirements of the EN ISO 4414standard. The pneumatic system also accompanies also 

electrical robots. Pneumatically powered grippers are very often used in robotic stations. 

Make sure that the pneumatic hoses are bundled together where possible. A broken long 

pneumatic hose under compressed air pressure performs very fast, hard to predict spatial 

movements. Such a cable can hurt, and even hit the eye irreversibly damage your eyesight. 

Therefore, use appropriate personal protective equipment such as sleeves, masks or safety 

glasses. 

The hydraulic installation should be made according to the requirements of EN ISO 4413 

standard. 

1.2.2.4 Stop functions 

Each robotic system should be equipped with two types of stops: 

• Emergency stop - manually operated which should be designed and operated in 

accordance with the requirements of EN/IEC  60204-1 standard, and 
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• Protective stop - which is intended for connecting external protective devices. 

• Emergency stop - can be category 0 or category 1. 

The choice of the emergency stop category should result from the risk assessment according 

to EN/IEC 60204-1 standard: 

• category 0 - it is an uncontrolled stop, 

• category 1 - is a controlled stop 1. 

In a category 0, the power is immediately cut off when the emergency stop button is 

depressed. The robot system is stopped in an uncontrolled manner. Motors do not generate 

torque, but machine elements by the influence of accumulated energy (kinetic and 

potential) can continue the move. Sometimes the so-called "system of safely released 

brakes" is applied to shorten the time of stopping. In a category 1 stop, when the button 

stop is depressed, the power is still supplied to the drive until it is completely stopped and 

only then the power to the motors is cut off. 

Protective stop - can be category 0 or 1. The choice should be based on a risk assessment. 

In the case of the robotized station also other external drive systems complying with the 

EN/IEC 61800-5-2 standard: Electric power drive systems with adjustable speed. Part 5-2: 

Safety requirements for this category 2 stop may be used in a robotic station. 

In the category 2 stop, after stopping the machine the power supply is not cut off. The 

supplied energy allows the drive to be held the shaft of motor in a fixed position. A category 

2 stop is sometimes called a technological stop, where it is required to temporarily stop the 

workstation, e.g. to change the tool. 

1.2.2.5 Prevention of unexpected start of the machine (robotic station) 

Unexpected start-up of the machine is a hazard that can lead to high risk. 

According to the definition given in the EN ISO 12100 standard, unexpected start-up is any 

start-up that poses a risk to people. 

An unexpected start can be the result of: 

• damage to the control system, 

• external impact on this system. 

To prevent unexpected start-up of the machine (robotized station) should be equipped with: 

• technical measures to disconnect the machine from power sources (including 

electricity and compressed air installations), 

• dispersion of accumulated kinetic energy 

• from rotating machine parts, potential from masses that can move vertically, 

potential  - energy - from hydraulic and pneumatic accumulators, springs, 

compressed air installations, etc. 

EN ISO 14118: 2018-05 - Safety of machinery - Prevention of unexpected start-up, provides 

requirements for technical measures to be taken to prevent unexpected start-up. 
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1.2.2.6 Guards 

The robotized station should be protected by fixed and movable guards. These guards 

should meet the requirements of EN ISO 12100 and EN- ISO 14120: Machine safety - Guards 

- General requirements for the design and construction of fixed and movable guards. 

The minimum distance between the guard and each hazard should be determined according 

to the requirements of EN ISO 13857: 2010 Safety of machines. Safety distances that 

prevent reaching the upper and lower extremities into hazardous areas. 

1.2.2.7 Protective devices 

Protective devices should be located at appropriate distances from the source of danger. 

Requirements for minimum distances are given in EN ISO 13855: 2010 Safety of machinery. 

The location of technical protective measures due to the speed of approaching parts of the 

human body. 

1.2.2.8 Working with a pendant 

A pendant is used by on-line robot programming. By this work operator is close to the robot 

tool or gripper. This work involves a hazard of collision between the operator and the robot 

arm.  

A pendant is connected by a cable to the robot control system. There are used also wireless 

pendants. Then the communication between the pendant and the control system is carried 

out by means of radio waves. On the pendant, except the buttons, screen and joystick, 

allowing saving and modifying the robot's work program are: 

• emergency stop button and 

• enabling button. 

The enabling button is a three-position (three-stage) button. 

Only after pressing this button to the middle position can the robot make movements. 

By working with pendant, the operator keeps this button still pressed to the middle position. 

If the pendant is dropped, or if the operator is in shock by hitting by the robot arm, then the 

enabling button can be involuntarily pressed by him to position 3 and the movement of the 

robot arm is stopped. 

1.2.2.9 Procedure for releasing an operator in an emergency 

By large industrial robots, there is a hazard for the operator being crushed by the robot arm. 

During normal, routine work of the robotic station there is no such hazard, because the work 

station is fenced and the fence door is blocked. However, there are situations when the 

operator enters the interior of the fence, e.g. to perform adjustment operations in the 

gripper. In the event of an operator being crushed by a robot arm into a machine or 

technological device, the quick steps should be taken to release him as soon as possible. 

Release of the operator is not easy due to the robot drive principle. 
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The arms of robots with significant loads are massive and heavy. They are driven by electric 

motors coupled with not self - locking harmonic gears and electromagnetic brakes. These 

brakes are powered by 24V DC. These brakes work in this way:  the motor shaft is braked by 

permanent magnets. While the supply of power to the brake causes the electromagnets to 

operate, the force of permanent magnets are removed by the force of electro- magnet. In 

this means the braking is removed. So while the movements of robot manipulator, there is 

no inhibitory effect because the brakes are supplied by the electric power. The kinematic 

structure of the robot manipulator is an unbalanced mechanical system. By large 

manipulators the pneumatic cylinders, spring and lever systems are used to relieve drives 

from gravity forces. In every position of the robot arms, if the program stops movements for 

more than a second or two, then the brakes are switched on by the program for blocking the 

rotation of the motor shafts. The manipulator is hold in fixed position not by motors but by 

the brakes. Also after turning off the power. Without electromagnetic brakes, after turning 

off the power to the motors, the arms of manipulator would always fall to the floor by the 

gravity force. 

If the operator is pinched, it is not possible to physically pull the robot arms to free the 

operator because the shaft of motors are braked by electromagnetic brakes. 

Therefore, in emergency mode, you must first turn off the brakes by switching on the 

electromagnets which are powered by 24V DC, then manually pull back the manipulator arm 

and free the operator. 

A description of the release procedure should be in the Robot Manufacturer's Instructions, 

but also in a prominent place on the robotized production stand. 

1.2.2.10 Means of verification of the safety requirements and measures list 

This list is included in Annex G to the EN ISO 10218-2 standard. It enables the assessment of 

a robotic station in terms of meeting the individual requirements of this standard. 

2 REQUIREMENTS OF THE WED DIRECTIVE 2009/104 / EC 

The above requirements of the EN ISO 10218-2 standard and other standards harmonized 

with the Machinery Directive 2006/42/EC apply to the new machines, which are being 

prepared for sale and handing over to the customer. These machines should meet the 

essential requirements of the Directives. Compliance with the essential requirements is the 

responsibility of the machine manufacturer (robotized station). 

The machine (including an industrial robot, robotic station), which was sold to serve as a 

robotic production station in the workplace, in the  EU law, ceases to be a new machine and 

becomes a workstation, the  tool that is subject to the Health and Safety Directives, including 

Directive No. 2009/104 /WE  also  called the WED Directive. This directive is not a New 

Approach directive. The employer's tasks include maintaining the level of workplace safety 

at least at the minimum level specified in the WED Directive and other Health and Safety 

Directives. 
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Occupational health and safety services are responsible for conducting periodic reviews of 

workplaces, including machines. A risk assessment is carried out to determine whether the 

existing risks are at an acceptable risk level. The level of minimum requirements contained in 

the Health and Safety Directives should be taken into account. 

"Minimum requirements" of Health and Safety Directives should be understood as meaning 

that these directives set a certain level of minimum requirements, but they do not prevent 

governments in the member states from setting their own levels of requirements,  higher 

and better than the minimum requirements adopted in the EU. 

3 IMPORTANT EU LEGAL ACTS AND HARMONIZED STANDARDS RELATING TO 
MACHINES, INCLUDING INDUSTRIAL ROBOTS AND ROBOTIC LINES AS WELL 
ROBOTIC WORKSTATION 

3.1 New Approach Directives: 

1. Directive 2006/42/EC of the EUROPEAN PARLIAMENT and of the COUNCIL on Machinery 

of 17 May 2006. This Directive is also called the MD Directive. MD is from: Machinery 

Directive. 

source: 

https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2006:157:0024:0086:EN:PDF 

 

2. Directive 2014/30/EU of  the EUROPEAN PARLIAMENT and of the  COUNCIL of 26 February 

2014 on the harmonization of the laws of the Member States relating to electromagnetic 

compatibility. This Directive is also called the EMC Directive. EMC is from: Electro-Magnetic 

Compatibility. 

source: 

https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32014L0030&from=EN 

 

3.2 Social Directives: 

1. Directive 89/391/EEC of the COUNCIL DIRECTIVE of 12June1989 on the introduction of 

measures to encourage improvements in the safety and health of workers at work. This 

Directive is also called the Work Frame Directive 89/391/EEC. 

source: 

https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:31989L0391&from=EN 

 

2. Directive 2009/104/EC of  the EUROPEAN PARLIAMENT and the  COUNCIL of 16 

September 2009 concerning the minimum safety and health requirements for the use of 

work equipment by workers at work (second individual Directive within the meaning of 
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Article 16(1) of Directive 89/391/EEC). This Directive is also called the WED Directive. (WED 

is from: Work Equipment Directive). 

source: 

https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32009L0104&from=EN 

 

3.3 Access to the European EN standards, international ISO standards and IEC standards 

Standards are protected by copyright. There is no free access to them, e.g. on the Internet. 

Copying the standards is illegal. The legal form of their possession is their purchase. 
 

SELF-CHECK QUESTIONS 

Please tick the sentences that are true. 

1. The essential requirements for the health and safety can be apply to all types of 

machinery, including those that can be met in the workplaces. 

2. The Machinery Directive 2006/42/EC contains the essential requirements which can 

be applied only for newly produced machine. 

3. The Health and Safety Directives provide requirements for the safe use of goods on 

the European Single Market. 

4. Harmonized standards concern machine safety requirements. 

5. The use of harmonized standards is compulsory, while other standards are entirely 

voluntary. 

6. The obligation to use harmonized standards results from the requirements specified 

in the New Approach Directives. 

7. The minimum requirements are given in the New Approach Directives. 

8. The application of standards is voluntary but the application of EU directives is 

mandatory. 

9. The obligation to comply with the requirements of harmonized standards applies to 

producers of products for the European Single Market. 

10. Health and safety directives contain minimum requirements. 

11. The obligation to carry out risk assessment applies only to the producers of products. 

12. The harmonized standard concerns the essential requirement of the Health and 

Safety Directive 

13. Meeting the requirements of all harmonized standards that refer to all the essential 

requirements of the New Approach Directives that apply to a given machine, means 

that the machine complies with the essential requirements of all New Approach 

Directives which are applied to this machine. 
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14. Risk assessment should be carried out not only for the newly manufactured machine 

but also in the initial design phase of this machine. 

15. The WED Directive 2009/104/EC concerns minimum requirements refers to safety of 

tools and workplaces. 

16. Health and Safety Directives concern the minimum safety requirements at 

workplaces. 
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QUESTIONS – CORRECT ANSWERS 

Question  Answer(s) 

1 2, 3, 4, 8, 12, 13, 15 
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INTRODUCTION TO THE LESSON 

Consumer safety related to the use of products and the safety of workplaces are treated 
with the greatest attention in the European Union. Relevant objectives related to ensuring 
the safety of citizens found an important place in the Founding Treaties and then are 
detailed in EU legal acts, such as Regulations and Directives. Safety legislation applies to both 
product manufacturers who are legally obliged to provide safe products and employers who 
are legally obliged to provide safe workplaces. European Union regulations that apply to 
products apply to large groups of products such as machines, toys, medical devices. 
European harmonized standards play an important role in the European system of ensuring 
product safety. Industrial robots, automated and robotic manufacturing cells and lines are 
treated at the stage of their design, manufacture and sale as products and are subject to the 
relevant regulations and directives on machinery. After installation and commissioning of 
these devices at the employer, they are treated as workplaces and are subject to the 
relevant requirements contained in the health and safety directives. In the case of the safety 
of robots as well as automated and robotic cells and production lines, we deal with legal 
requirements and technical requirements. This lesson introduces these topics. Their 
knowledge is needed by both the designer, contractor, importer of industrial robots and 
production lines, as well as the employer who will use these robots and production lines and 
where these devices are workplaces. This lesson focuses on securing of the robot's work 
area by use of protective device and systems. 

This lesson focuses on securing of the robot's work area by use of protective device and 
systems. 

LEARNING OBJECTIVES OF THE LESSON 

Mastering the lesson material will allow the student to better understand the essential 
requirements of the Directive and the requirements of the harmonized standards regarding 
protective measures used to ensure the safety of the operator of a robotic production 
station. The acquired knowledge will enable the student to make conscious choices of 
guards and protective measures adequate to the tasks related to ensuring safety at the 
robotic production station. 
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CONTENT OF THE LESSON 

1 WORK SAFETY IN A ROBOTIC PRODUCTION STAND 

1.1 Introduction 

Industrial robots are used in workstations, cells and production lines to perform tasks such 
as: 

• downloading, moving and positioning details, 
• manipulation of details in operations for deburring of castings, grinding and polishing 

surfaces, 
• spot welding, 
• welding, 
• gluing, 
• painting, 
• automatic assembly operations, 
• checking the correctness of technological operations, observations, etc. 
 

Industrial robots are also used in construction, agriculture, forestry, etc. 

The movable robot manipulator arm performs spatial movements that involve mechanical 
hazards for an operator. 

The basic methods used to avoid exposing the operator to the hazards of a robotic 
production station include: 

A. keeping people away from sources of danger, e.g. moving parts of machines, or 

B. preventing the movement of robots when a person is in the danger zone, or using 
both of these methods simultaneously. 

During normal operation of the robotic stand, the risk associated with mechanical hazards 
from the robot is small for the operator because the robot works in the fence and the 
operator is outside the fence. 

There are, however, situations when the operator has to open the fence door, go inside and 
be in the robot's hazardous work area, e.g. to modify the robot arm motion program, service 
work on such gripper adjustments, etc. 

From the point of view of the Machinery Directive 2006/42/EC and harmonized standards, 
fences belong to the guards. 

 

1.2 Legal and normative requirements for guards and protective devices 

The essential requirements for guards and protective devices, which are contained in 
chapter 1.4 of Annex IV to the Machinery Directive state that: 

"Guards and protective devices must: 
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— be of robust construction, 

— be securely held in place, 

— not give rise to any additional hazard, 

— not be easy to by-pass or render non-operational, 

— be located at an adequate distance from the danger zone, 

— cause minimum obstruction to the view of the production process, and 

— enable essential work to be carried out on the installation and/or replacement of tools and 
for maintenance purposes by restricting access exclusively to the area where the work has to 
be done, if possible without the guard having to be removed or the protective device having 
to be disabled. 

In addition, guards must, where possible, protect against the ejection or falling of materials 
or objects and against emissions generated by the machinery" 
 Fixed guards 

Fixed guards must be fixed by systems that can be opened or removed only with tools. 

Their fixing systems must remain attached to the guards or to the machinery when the 
guards are removed. 

Where possible, guards must be incapable of remaining in place without their fixings. 

Interlocking movable guards 

Interlocking movable guards must: 

— as far as possible remain attached to the machinery when open, 

— be designed and constructed in such a way that they can be adjusted only by means of an 
intentional action. 

Interlocking movable guards must be associated with an interlocking device that: 

— prevents the start of hazardous machinery functions until they are closed and 

— gives a stop command whenever they are no longer closed. 

Where it is possible for an operator to reach the danger zone before the risk due to the 
hazardous machinery functions has ceased, movable guards must be associated with a guard 
locking device in addition to an interlocking device that: 

— prevents the start of hazardous machinery functions until the guard is closed and locked, 
and 

— keeps the guard closed and locked until the risk of injury from the hazardous machinery 
functions has ceased. 

Interlocking movable guards must be designed in such a way that the absence or failure of 
one of their components prevents starting or stops the hazardous machinery functions. 

Adjustable guards restricting access 
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Adjustable guards restricting access to those areas of the moving parts strictly necessary for 
the work must be: 

— adjustable manually or automatically, depending on the type of work involved, and 

— readily adjustable without the use of tools. 

Special requirements for protective devices 

Protective devices must be designed and incorporated into the control system in such a way 
that: 

— moving parts cannot start up while they are within the operator's reach, 

— persons cannot reach moving parts while the parts are moving, and 

— the absence or failure of one of their components prevents starting or stops the moving 
parts. 

Protective devices must be adjustable only by means of an intentional action". 

We see that the essential requirements given in the Machinery Directive are formulated in a 
general way. Detailed requirements for guards and protective devices, including the 
principles of their design, construction and use, can be found in the following harmonized 
standards: 

• EN ISO 14119: 2014-03 Safety of machinery - Interlocking devices coupled with 
guards - Design and selection rules 

• EN ISO 13857: 2010 Safety of machines. Safety distances that prevent reaching the 
upper and lower extremities into hazardous areas. 

• EN ISO 14120: 2016-03 Safety of machinery - Guards - General requirements for the 
design and construction of fixed and movable guards. 

• EN ISO 12100: 2012 Safety of machinery - General design principles - Risk assessment 
and risk reduction. 

• EN ISO 13855: 2010 Safety of machinery. Location of technical protective measures 
due to the approach speed of parts of the human body 

The machine safety standards are wider in scope than just fences and safety doors for 
robots. They also apply to all types of covers and protective flaps that are used in machines 
to protect the operator against hazards. 

 

1.3 Methods and protective measures used in robotic manufacturing workstations 

The division of methods and protective measures used in robotic production stations is 
shown in Fig. 1: 
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Figure 1 Methods and protective measures used in robotic production stations  

 

Guards used in robotic production stations take the form of fencing, see the Fig 2: 

 
Figure 2 Safety fence, 1- robot, 2-fencing, 3-control system, 4-security door, 5-blocking and locking devices

  
1.4 Safety fence 

The fencing separates the robot workspace from the operator's workspace. Robotic fences 
are very often built of fixed segments covered with metal mesh. On the one hand, the grid is 
an effective protection for the operator against approaching a dangerous distance to the 
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robot, on the other hand it allows observation of the robot's work. In the robotized welding 
stations, fences made of plastic sheets or plates, resistant to welding spatters, are used. 

There must be a door in the fence of the robot, called a safety door. Through the safety 
door, the operator can enter inside the fence to perform work that requires close presence 
of the operator relative to the robot, e.g. to carry out programming work or other work 
related to the service of the work station. 

1.5 Safety doors 

The safety door of the robotic manufacturing stand should meet the requirements of the 
standards listed in 1.2.The safety door must be equipped with a device that performs the 
function of: 

a) interlocking or/and 

b) interlocking with door locking. 

Choosing the right solution for opening and closing the safety door should be made on the 
basis of the analysis carried out according to the EN ISO 12100 and EN ISO 14119. 

1.5.1 Interlocking 
Interlocking - consists in operating the door in such a way that if the door is not completely 
closed, the robotic station cannot be activated. However, if the door is opened during the 
work of the station, it is automatically stopped in emergency stop mode. So the locking 
function does not refer to locking the door as such, but to the operation of the robotic 
station safety control system, which causes that when the door is opened, the robotic 
station stops (i.e. interlocked). 

After closing the door, the robotic work station does not run. To run the robotic station the 
execution of a procedure is required, which always takes place after an emergency stop. 

The method of operation of the safety door described above is not always beneficial and 
safe because in many robot applications, the sudden interruption of the technological 
process as a result of opening the door causes: 

• it is possible for the operator to physically contact the robot that is still in motion due 
to the masses and moments of inertia that cause the station to stop working 
immediately after opening the door after the operator quickly joins the fence. 

• This situation creates mechanical hazards for the operator. In order to assess the 
level of threat arising from this reason, calculations according to EN ISO 13855: 2010 
and carry out a risk assessment according to EN ISO 12100 should be carried out 

• interruption of the technological process at any time can generate losses. 
• For example, by apply of robot for gluing or welding. In such cases it is expedient to 

use in the door the interlocking device with the door locking.  

Fig. 3 shows the division of covers and various locking methods. 
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Figure 3 Division of guards 

1.5.2 Interlocking with guard locking 
Interlocking with guard locking means that the safety door operates in such a way that if the 
door is not completely closed, the robotized station cannot be activated. The door must be 
closed before the station can be started. At the start of work of robotized station, the door is 
locked by passing a signal from the control system to the locking the door. Thanks to this, 
the door cannot be opened until the robot has completed the cycle of its work. 

Interlocking devices with guard locking are commercially available. The catalogue data of this 
device includes such information as e.g.: 

• Performance Level PL, 

• locking principle (locking  by spring  force locking and deactivating  of locking by 
switching on the power supply or activating locking and deactivating locking by 
supply energy supply), 

• the possibility of emergency release from the inside of the enclosure, 

• IP protection level. 
 

2 PROTECTIVE DEVICES 

The task of guards is to eliminate mechanical hazards from the working robot by separating 
the work space of the robot and the work space of the operator. The purpose of protective 
measures is to detect the presence of the operator in the danger zone. If its presence is 
confirmed, the robot's work is stopped. 

Fig. 4 shows the division of protective devices. 
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Figure 4 Division of safety devices  

 

2.1 Laser scanner 

Fig 5 show a laser scanner which is used as safety optoelectronic safety devise: 
 

 
Figure 5 Safety Laser Scanner (model SD3-A1, Panasonic) 

  

A sketch showing the principle of operation of laser scanner is in Fig.6: 
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Figure 6 Principle of operation of laser scanner 

 

The main task of a safety laser scanner is to detect the presence of a human in a given plane. 
The laser scanner uses the Time of Flight method to measure distances. 

The short pulses of laser light are sent into space. The beam of light is reflected and returns 
to the mirror. This method allows you to determine the time from sending a light beam to 
the return of this beam after reflection from any object in the scanning range, e.g. 0-2600. 
The scanner software allows you to configure the virtual field. If an object is in this field, 
then a signal is sent from the scanner to the safety-related control system to stop the robot. 

3 OTHER SAFETY MEASURES 

If the robot is used in technologies such as welding, welding, painting, plasma cutting, arc 
cutting, deburring of castings, the operator is exposed to harmful fumes, UV radiation, 
welding fumes, dusts, volatile fumes that are harmful. They are the cause of occupational 
diseases, invalidity, and serious illnesses and premature death. In such cases, the robot's 
fences must be adapted to eliminate hazards caused by existing exposures. Fencing walls 
must be made of non-flammable, opaque material. 

Roofs are used. That roofs are functionally connected to the exhaust ventilation system. 

The efficiency of the exhaust ventilation system on the robotic installation should be 
regularly checked by specialists of an accredited laboratory. Reports should be made of the 
tests carried out. It should be remembered that, in accordance with European Union law on 
workplace safety, all kinds of individual protective measures, such as e.g. gloves, glasses, 
masks, are used to improve the operator's safety at the workplace and in no case should not 
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be understood as an alternative to inefficient exhaust ventilation. Acceptable exposure 
levels for various hazards are given in EU Social Directives and national laws. The minimum 
requirements in this case should be understood as the maximum allowable exposure doses. 

SELF-CHECK QUESTIONS 

Please tick the correct sentences: 

 

1. Fencing of industrial robot is a fixed guard. 

2. Safety doors serve the safety of operator by use of the industrial robot. 

3. The guard locking device is used to lock the safety door during service work. 

4. The guard locking device is used to lock the safety door during normal work cycle of 
the robotized work station. 

5. The safety door is a movable guard. 

6. The safety door is locked by use the locking key by the operator. 

7. The door can be unlocked automatically when the robot stops after work cycle. 

8. Closing the safety door starts automatically the robot work cycle. 

9. The robot starts automatically when the door is locked by the operator. 

10. The laser scanner is used to detect objects in space. 

11. The laser scanner is used to detect objects on a plane. 

12. The laser scanner is a non-contact protective device. 

13. The interlocking device with guard locking is used to protect the robot against 
unauthorized use. 

14. The exhaust ventilation system at the robotic welding station is designed to improve 
the efficiency and quality of welds. 

15. Modern individual protective measures as the protective gloves, masks and glasses 
can be an effective, cheaper alternative to the fixed professional exhaust ventilation 
system in a robotic paint shop or in a welding station. 

16. Interlocking device with guard locking protects robot manipulator drives during 
transport. 
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QUESTIONS – CORRECT ANSWERS 

Question  Answer(s) 

1 1; 2; 4; 5; 7; 11; 12 
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INTRODUCTION TO THE LESSON 

Consumer safety related to the use of products and the safety of workplaces are treated 
with the greatest attention in the European Union. Relevant objectives related to ensuring 
the safety of citizens found an important place in the Founding Treaties and then are 
detailed in EU legal acts, such as Regulations and Directives. Safety legislation applies to both 
product manufacturers who are legally obliged to provide safe products, and employers who 
are legally obliged to provide safe workplaces. European Union regulations that apply to 
products apply to large groups of products such as machines, toys, medical devices. 
European harmonized standards play an important role in the European system of ensuring 
product safety. Industrial robots, automated and robotic manufacturing cells and lines are 
treated at the stage of their design, manufacture and sale as products and are subject to the 
relevant regulations and directives on machinery. After installation and commissioning of 
these devices at the employer, they are treated as workplaces and are subject to the 
relevant requirements contained in the health and safety directives. In the case of the safety 
of robots as well as automated and robotic cells and production lines, we deal with legal 
requirements and technical requirements. This lesson introduces these topics. Their 
knowledge is needed by both the designer, contractor, importer of industrial robots and 
production lines, as well as the employer who will use these robots and production lines and 
where these devices are workplaces.  

This lesson focuses on issues related to machine certification, specifically on the certification 
of robotized production lines. Issues, problems and differences related to voluntary and 
compulsory certification have been explained. The benefits of third-party certifications and 
independent third-party assessments are given. The certification of complex machines, 
which include robotic production lines, both those produced in the EU and machines 
originating in non-EU countries, has been described. 

LEARNING OBJECTIVES OF THE LESSON 

The purpose of the lesson is to familiarize students with practical problems related to the 
certification of robotic production lines. The student received detailed explanations of what 
certification is, which brings benefits for both producers and recipients, what is the 
assessment of product conformity and how these two concepts: certification and conformity 
assessment serve the safety of product use. The meaning of the CE marking is explained in 
detail and why this marking cannot be confused with, for example, quality or the European 
certification mark. Students were sensitized to looking at certificates of unknown origin with 
caution. 
  

CONTENT OF THE LESSON 
• Manufacturing systems - basic concepts and definitions.  
• Structure of the manufacturing process  
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• Classification of the manufacturing processes 
o by continuity and time course 

§ discrete processes 
§ continuous processes 

o by types of technologies used 
o according to the employed means of work 

1 EC / EU CERTIFICATES AND DECLARATIONS OF CONFORMITY 

1.1 Introduction 

European Union law, including the laws of the Member States, creates conditions for the 
free movement of goods within the EU. The European Commission safeguards the free 
movement of goods. The market of European Union is a market regulated by law. The 
European Commission is equipped with instruments of legal impact on the Single Market of 
the European Union in order to protect it against goods dangerous for users and goods of 
unknown origin. Under EU law, the free movement of goods is to apply only to goods that 
are safe for users, that is to say goods that comply with the law on product safety. For a 
group of goods called machines, which also include industrial robots and robotic industrial 
installations, safety regulations are included in the essential requirements given in the New 
Approach Directives, including in the Machinery Directive 2006/42 / EC. These provisions are 
addressed to manufacturers and concern projects and requirements for new machines that 
are to be sold and / or put into service on the European Single Market for the first time. 

These provisions are specified in harmonized standards in a more detailed form. 

 New Approach Directives also specify the procedures for examining conformity assessment, 
the participation of Notified Bodies in conformity assessment, rules for issuing conformity 
certificates by these bodies and for issuing the EC / EU Declaration of Conformity by the 
machine manufacturer. 

1.2 Certification and certificates 

1.2.1 Parties to commercial transactions 

In commercial transactions, the supplier, producer of the goods has been called the first 
party, and the recipient of the goods, the customer should be called the second party. In 
transactions involving complex products including machines and in transactions of high 
value, the potential recipient is often unable to assess the quality and properties of the 
goods being offered or purchased, and then often uses the help of an independent, impartial 
expert or expert organization. The goods are tested for compliance with previously 
established requirements and / or normative documents. The independent expert or expert 
organization involved in the assessment is called the third party to the transaction. So if we 
are talking about a third party audit, it is an audit carried out by an independent organization 
on behalf of the parties involved in a given transaction. 
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1.2.2 Certificates and product certification organizations 
A document called a certificate of conformity is drawn up from the product assessment 
carried out by an independent organization for compliance with normative requirements. 

The substantive value of the certificate is based on the credibility and trust of the 
organization that issued the certificate. The demand for an impartial and reliable assessment 
of the product being the subject of the transaction has always been high. Hence, the market 
developed over time various specialist organizations dealing with certification, i.e. 
commercial testing of products and their assessment presented in a document called a 
certificate. Certification is a paid service commissioned by an interested party. These 
organizations specialize in certain product groups. Well-known and operating certification 
organizations for a long time (but also services, processes and staff certification) have built 
their positive image on the market for years (e.g. BSI, TÜV, De Noske Veritas, DEKRA, 
EUROFINS, CCQS and many others). Such organizations ensure impartiality, reliability and 
substantive correctness of services rendered, including issued certificates. The quality of the 
services they offer has an impact on their market position. 

Certification may be voluntary or compulsory when it results from legal provisions. 

1.3 Voluntary certification, CE certificate 

Voluntary certification is carried out at the request of the product manufacturer. 

Requirements for various certification processes are given in the standard EN ISO / IEC 
17067 "Conformity assessment - Fundamentals of product certification and guidelines for 
certification schemes". 

This standard distinguishes and describes in detail the so-called: certification schemes. These 
schemes are classified from 1 to 6, with type 6 scheme related to process certification. For 
robotized production installations, only the Type 1a certification scheme is practical. It is a 
scheme for individually manufactured products, and therefore also for robotic production 
installations, because these installations are usually made individually, each time on the 
customer's order. 

In the Type 1a scheme, conformity assessment activities are limited to testing the delivered 
product sample. In this case, it will be a robotized production installation. The issued 
certificate confirms the compliance of the sample submitted for assessment with the 
specified requirements. The certificate indicates that a sample of the product whose 
characteristics are given in the certificate has been tested and meets the requirements of 
the referenced standards or normative documents. The certificate applies only to the 
robotized installation concerned. Any subsequent installations of this manufacturer will not 
be covered by the issued certificate. 

The Type 1a certification scheme is used by the manufacturer or supplier. It enables 
confirmation of the manufacturer's self-assessment that a given robotized installation 
actually meets the specified requirements. 

Please note that:  
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• The certificate issued by the organization certifying products on a voluntary basis 
constitutes for the manufacturer, is for the supplier confirmation of his own 
assessment of the machine, and in this case the robotic installation. 

• Under no circumstances does the CE certificate replace the EC / EU Declaration of 
Conformity, which can only be issued by the manufacturer and, under certain 
circumstances, also by the supplier. 

• The CE certificate is issued for an indefinite period. The validity of the certificate, 
however, automatically ceases when at least one of the normative documents that 
was the basis for the assessment ceases to be recognized by the European 
Commission as a harmonized document. 

• The CE Certificate is not a Declaration of Conformity, nor can it replace the EC / EU 
Declaration of Conformity. 

• Confusing the CE Certificate with the EC / EU Declaration of Conformity and (which 
is still common) and calling the CE Certificate or EC / EU Certificate a document 
declaring compliance issued and signed by the manufacturer is not allowed. 

• A document such as the CE Declaration of Conformity has no legal value and should 
not be accepted by the customer (recipient). 

• The CE certificate does not blur the responsibility for the product between the 
manufacturer and the certification body that issued the certificate. 

1.4 Mandatory certification, Notified Bodies 

Mandatory third party certification occurs when the machine is listed in Annex IV of the 
Machinery Directive, and when the machine has not been produced in accordance with 
harmonized standards, which cover all the essential requirements according to Annex I 
Machinery Directive (Fig 1): 

 

Figure 1 Proceedings during the machine conformity assessment according to Art. 12 of the Machinery 
Directive 
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Then the machine is subject to the EC type-examination procedure according to Annex IX of 
the Machinery Directive with the participation of a third party in the form of Notified Bodies. 

Pursuant to EU law, the Notified Body for a given New Approach Directive (or group of 
Directives) is an organizational unit assessing compliance which (Fig. 2): 

• was notified to the European Commission by the competent minister of the 
government of a given Member State, 

• passed the certification process for Notified Bodies and was accredited at the 
Accreditation Center of a given Member State. 

The organization and functioning of Notified Bodies to a given Directive (group of Directives) 
are regulated in detail by EU law, among others in Art R17 to Art R30 of Annex I to the 
Decision of Council and European Parliament No 768/2008/EC of July 9, 2008 on a common 
framework for implementing marketing products, repealing Council Decision 93/465 / EEC. 

Notified Bodies examine compliance with the essential requirements of the Directives on a 
commercial basis as part of the services commissioned by the manufacturers. They examine 
the compliance of products and documentation. The area of the activity of these Units is the 
area of the European Union. The manufacturer of the machine (robot, robotic installation) 
orders a conformity assessment to a notified body of its choice in the EU. It does not have to 
be the nearest unit. A manufacturer from Germany can, for example, choose a Notified 
Body, e.g. from the Czech Republic, Slovakia or Poland. Similarly, manufacturers from these 
countries may commission a conformity assessment to a Notified Body, e.g. in Germany. 
Please note that the manufacturer may only choose one Notified Body for conformity 
assessment. It cannot commission this assessment to be carried out simultaneously in 
several Notified Bodies. The manufacturer may also commission a conformity assessment at 
these Units on a voluntary basis, even when not required by European Union regulations. 

 
Figure 2 Machine conformity assessment with the participation of a Notified Body according to Annex IX of 

Machinery Directive 2006/42/EC 
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Fig 2 shows the process of testing machine compliance with the participation of a Notified 
Body act to Annex IX of Machinery Directive. 

The tests carried out include examination of the machine documentation, tests of the 
machine, tests in accredited laboratories in accordance with the test program prepared by 
the Notified Body. The result of this work is the issue of an EC Type Examination Certificate. 

The unique number of the Notified Body is applied to the machine, close to the CE marking 

There is often a misinterpretation that the CE marking means the CE Certificate mark or that 
it is a European Quality Certificate mark. In fact, CE means product compliance with the 
Essential Requirements of the New Approach Directives. It is an abbreviation of French (CE - 
Conformité Européenne). 

The EC-type examination certificate issued by a Notified Body is a document for the machine 
manufacturer, which is included in the machine's technical documentation. There is an EC / 
EU Declaration of Conformity for the customer. The type-examination certificate number is 
entered by the manufacturer in the EC / EU Declaration of Conformity. The EC / EU 
Declaration of Conformity is prepared in a language that the customer understands, e.g. in 
Czech if the machine is for a customer in the Czech Republic. The customer receives a copy 
of the Declaration. The original is kept by the customer together with the technical 
documentation. Notary authentication is not required. 

Please note that: 
• The EC type-examination certificate is issued by a Notified Body at the request of 

the machine manufacturer. 
• The EC / EU Declaration of Conformity is issued by the machine manufacturer, 
• the most important document for the customer is the EC / EC Declaration of 

Conformity, the EC type-examination certificate or CE certificate are included in the 
documentation, but they cannot replace the EC / EU Declaration of Conformity. 

• EC type-examination certificate issued by a Notified Body cannot be treated as an 
alternative to the EC / EU Declaration of Conformity, 

• CE marking is applied to the machine by the machine manufacturer after issuing the 
EC / EU Declaration of Conformity, 

The EC type-examination certificate issued by a Notified Body is not intended to remove part 
of the manufacturer's responsibility for the machine's safety. The participation of a Notified 
Body is to ensure that the conformity assessment process is carried out in accordance with 
EU regulations and the machine manufactured will conform to the approved type. 

The EC / EU Declaration of Conformity is a special type of Declaration of Conformity. 
Therefore, the title of the Declaration must indicate EC / EU. 

Naming the EC / EU Declaration of Conformity, CE Declaration or CE Certificate of 
Conformity is a mistake. In the EU legal system, the terms "CE Declaration" or CE Certificate 
of Conformity "do not appear. 
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2 CONFORMITY ASSESSMENT AND CERTIFICATION OF A ROBOTIC INSTALLATION 

2.1 Robotic installation consisting of new and old machines 

2.1.1 The role of the general contractor 
Robotized installations which may include many industrial robots, feeders, machine tools, 
presses, machining sockets are complex machines, they are not produced on the market for 
an anonymous customer. These are machines built as part of projects for a specific 
customer. 

 The recipient signs a contract with the contractor for the implementation and 
commissioning of the entire turnkey robotic installation. The contractor becomes the so-
called the general contractor for the entire installation project. 

The general contractor is responsible, among others, for: 
• designing the entire installation, 
• performing risk assessment at the beginning and during the project, 
• design of control and software systems and control system (s) related to machine 

safety, 
• purchases of elements and components, assembly, software, commissioning, 

preliminary tests, 
• carrying out the conformity assessment process, including validation of the machine's 

safety system. 

In the event that a given employer intends to rebuild or thoroughly modernize its own line 
with its own efforts, then in the light of EU law it becomes a manufacturer of a new machine 
and a general contractor who must assess the conformity of this machine for compliance 
with the essential requirements of the Directives. In this case, carrying out the certification 
process under optional certification may be beneficial because it confirms the self-
assessment carried out as part of the conformity assessment. 

2.1.2 Designing a robotized installation, the role of CE coordinator 
The design of a robotic installation can turn out to be a complex task to be carried out by a 
team that should involve at least one person who has expanded knowledge in the field of 
machine conformity assessment, risk assessment, New Approach directives, harmonized 
standards and preparation of technical documentation in compliance assessment. Such a 
person has both good theoretical and practical preparation of technical design issues as well 
as an adequate knowledge of EU law in the field of conformity assessment of machinery and 
harmonized standards. Such a person is called the CE coordinator (eng. CE-coordinator, ger. 
CE-Coordinator, fr. coordinateur CE). The person's task is to coordinate, from the initial 
design stage, the correct course of the design process and preparation of technical 
documentation for the robotic installation in terms of conformity assessment, issuing of the 
EC / EU Declaration of Conformity and CE marking. This person is not responsible for 
preparing the technical documentation of the project. Often she is also the CE coordinator in 
several projects. 
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It would seem that the new robotic installation, which includes only new components having 
EC / EU Declarations of Conformity issued, i.e. components that are safe, should also be safe. 
This is not the case, however, because the interacting elements can cause hazards that result 
in risks. So the superposition of safe machines can be a dangerous machine. Therefore, in 
accordance with the requirements of the Machinery Directive, risk assessment should be 
carried out at various stages of project implementation (Fig 3). The risk assessment should 
be followed by documentation. 

 
 

Figure 2.1 Risk assessment and risk reduction 
 

Tasks related to the design of the machine, taking into account the provisions of the 
Directives on safety and ergonomics, including: performing risk assessment at various stages 
of the project, assessing the compliance of the machine and its certification (mandatory and 
voluntary) have their specific time and financial dimension. Expenditure on this work is 
usually a significant part of the project budget. 

These works should be planned and should have their place in the project schedule and cost 
estimate. 

2.1.3 Directives and harmonized standards applicable to the project 
At the beginning of the project implementation, a detailed diagnosis should be made, which 
should result in which directives of the robotic installation are subject to the New Approach 
directives. 

This work requires appropriate qualifications and time. This list may be subject to 
corrections and supplements during the project implementation. 

Essential health requirements, which are set out in the New Approach Directives, including 
in Annex and the Machinery Directives are deliberately formulated in a very general way. 
Detailed requirements and suggestions on how to comply with them are given in standards 
harmonized with the requirements of the New Approach Directives. The use of standards is 
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not mandatory in the EU, but there is no better method than applying the standard and 
applying the solutions proposed there to meet the given essential requirement. So you need 
to do some research and get to know the relevant harmonized standards as well. 

2.1.4 Voluntary certification as confirmation of the correctness of the conformity 
assessment process 

Submission of a complex robotic certification system by a specialized certification body as 
part of the voluntary certification 1a scheme according to the standard EN ISO / IEC 17067 is 
a very good way of verifying the conformity assessment already carried out and as part of 
the technical documentation required by the legal provision and referred to in the 
declaration. 

2.2 Conformity assessment and certification of an imported robotized line 

The robotized production line imported from countries outside the European Union, 
regardless of its technical condition and age is always treated in the European Union as a 
new machine, which is to be introduced to the Single Market of the European Union. Thus, 
as a machine, which must have appropriate technical documentation of the conformity 
assessment process carried out and have an EC / EU Declaration of Conformity and CE 
marking issued, if EU regulations require it. Adaptation of the robotic line to EU 
requirements is the responsibility of the importer. The importer has the same tasks as the 
designer and manufacturer of the new robotic line in the EU. Before purchasing a line from a 
country which is not a member of the EU, a thorough audit of its technical condition and 
accompanying documentation should be carried out and the work consumption related to 
bringing the line to compliance with the essential requirements of the Machinery Directive 
should be well assessed. The cost of this work can be significant, and the exceptionally low 
price of the sold line can be a trap. The costs of adapting such a line to the essential 
requirements of the New Approach Directives, covering the actual costs of the project, 
including: costs of designing, purchasing or making and installing new covers, safety devices, 
modifications to the control system and software, replacing cabling, creating documentation 
and instructions in accordance with the requirements of the Directives , they may turn out to 
be unexpectedly high altogether. These costs may cause that the seemingly attractive 
purchase of a line at a low price may turn out to be a completely unprofitable undertaking. 

3 RELIABILITY OF CERTIFICATES 

In the case of voluntary certification, a certificate is a document included in the 
documentation, issued and signed by an independent organization confirming the 
compliance of a given product, e.g. a machine with specific requirements from normative 
documents. Such a certificate confirms your own assessment. Such a certificate may be an 
element of the competitive advantage of offers in various types of tenders. 

The value of the certificate is based on the credibility and recognition of the competence of 
the organization that issued the certificate. In the case of Notified Body certificates, their 
credibility and competence are guaranteed by the Member State concerned. These units 
were reported (authorized) to the European Commission by a Member State, and then 
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underwent a detailed audit and certification, and were accredited by the Accreditation 
Center of a given EU Member State. In the case of conformity assessment bodies under 
voluntary certification, the credibility and reliability of a product certification organization 
can be demonstrated by a maintained certified quality management system according to the 
standard EN ISO / IEC 17065: "Conformity assessment - Requirements for bodies certifying 
products, processes and services" , and accreditation of the unit at the Accreditation Center 
of the Member State. 

In the case of imports of goods from the Far East, we may have the situation that the 
properties and compliance of goods are confirmed by numerous certificates issued by 
organizations and laboratories testing compliance in Europe and the world, including 
primarily from EU member states and North America. However, such certificates should be 
approached with great caution. In many cases, these certificates are merely a product of art 
and printing finesse. They have very little in common with reality. Such certificates do not 
constitute any confirmation of the quality and compliance of goods with the requirements of 
the standards. Checking the number and date of the certificate by phone in the organization 
that appears on the certificate as the unit that issued the certificate does not always give the 
decision that the certificate is true and it concerns just a given product. 
 

SELF-CHECK QUESTIONS 

Please mark the sentences that are true: 
 

1. The CE certificate of conformity is issued in the EU by the machine manufacturer 
after successful completion of the machine conformity assessment process. 

2. Mandatory certification of product can be the results from the machine supplier's  
obligations that are specified in the contract. 

3. The CE certificate is issued by a certification body for products under voluntary 
certification on behalf of the manufacturer. 

4. The EC / EU Declaration of Conformity is a document issued by the manufacturer 
confirming the product's compliance with the requirements specified in the contract. 

5. The Notified Body assesses the conformity of the product with the essential 
requirements of the New Approach Directives of UE. 

6. The range of operation of a given Notified Body is limited only to the area of a given 
EU Member State. 

7. The CE certificate is a replacement document until the complete conformity 
assessment process has been completed. 

8. The EC/UE type-examination certificate is issued by a Notified Body on the basis of 
positive results of product assessment. 

9. The participation of a Notified Body in conformity assessment may be required for 
machines listed in Annex IV of the Machinery Directive. 

10. The CE certificate is treated as the participation of a third party in the assessment of 
the conformity of the machine under voluntary certification. 

11. The document called: "CE Certificate" does not exist at all in the EU legal system.  
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12. The manufacturer may commission a conformity assessment of a given machine 
simultaneously to a maximum of three Notified Bodies in three EU member states 

13. The costs of testing the compliance of machines with the essential requirements of 
the Directives are covered by the special CE fund of the European Commission. 

14. The CE certificate is part of the machine's technical documentation. 
15. The EC/UE Declaration of Conformity is issued for the machine subject to the CE 

marking. 
16. CE marking means European conformity, i.e. product compliance with the essential 

requirements of the New Approach Directives. 
17. CE is the European product quality mark. 
18. The European Certificate is a document regarding product safety and constitutes a 

document equivalent to the UE Declaration of Conformity. 
19. Legal mandatory certification of product results from legal regulations. 
20. The EC/UE type examination certificate applies to machines listed in Annex IV of the 

Machinery Directive. 
21. The EC/UE type examination certificate is a document issued by a Notified Body only 

at the request of the product manufacturer. 
22. The CE marking is applied by the machine manufacturer after the EC / EU Declaration 

of Conformity. 
23. The EC/UE type examination certificate issued by Notified Body is the legal basis for 

issuing by the manufacturer the UE Declaration of Conformity for the new machine 
listed in Annex IV of the Machinery Directive 2006/42/WE..  

24. A new or used machine imported from a non-EU country is subject in the EU to a 
conformity assessment process as a new machine before it becomes available on the 
Single European Market. 

25. It is a mistake to call the "EU Declaration of Conformity" a "CE certificate". 
26. EC/UE Declaration of Conformity can be issued only by product manufacturer.  
27. Used industrial robots imported from Japan to Poland do not require the conformity 

assessment procedure and do not have to have the issued EC/ EU Declaration of 
Conformity.  

28. The CE Coordinator in a company can oversee the design documents, conformity 
assessment and certification process of the machine in accordance with the 
requirements of the New Approach Directives, harmonized standards and other EU 
legislation. 
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QUESTIONS – CORRECT ANSWERS 

Question  Answer(s) 

1 2; 5; 8; 11; 16; 19; 20; 21; 22; 23; 24; 25; 
26; 28 

 
 

 

 


