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Populärvetenskaplig sammanfattning  
Nyckelord:  Svetsning; FSW; processtyrning; temperaturstyrning; robot; 

utböjning; kraftstyrning 

Majoriteten av metallfogning i industrin består av klassisk smältsvetsning och 
motståndssvetsning. Dessa har dock några karakteristiska egenskaper som inte 
är önskvärda såsom rök, intensivt ljus i svetsbågen eller farligt laserljus. 
Dessutom kräver de flesta processer skyddsgas för att undvika oxidering. 
Eftersom grundmaterialet går över till smältfas ändras materialegenskaperna 
vilket ofta leder till deformationer, porer och andra ogynnsamma effekter. De 
flesta av dessa nackdelar kunde elimineras med en svetsprocess som utvecklades 
på The Welding Institute (TWI) i England, 1991. Denna process kallas Friction 
Stir Welding (FSW) och fick namnet friktionsomrörningssvetsning på svenska. 
Processen är en ”solid-state” fogningsmetod, vilket innebär att materialet aldrig 
övergår till smältfas. Detta har flera fördelar, bland annat att det blir betydligt 
mindre defekter och legeringsegenskaperna är i stort sett samma som 
grundmaterialets. Dessutom kan FSW foga helt olika typer av material såsom 
olika aluminiumlegeringar men också aluminium-koppar, aluminium-stål och 
nyligen även aluminium-komposit. En nackdel med processen är att det krävs en 
hög kraft mellan verktyget och arbetsstycket, för att generera tillräcklig 
friktionsvärme och ett bra materialflöde. Det innebär att maskinen som används 
vid svetsning måste generera höga krafter, högre än vad klassiska svetsrobotar 
klarar. Det krävs också en robust fixtur och ett mothåll som tar upp krafterna.  

FSW-processen kan jämföras med en extruderingsprocess, där varmt material 
extruderas mellan det roterande verktyget och det kalla materialet i arbetsstycket. 
Kombinationen av verktygsrotation och linjär rörelse orsakar ett asymmetriskt 
materialflöde runt verktyget. Denna obalans skapar en sidokraft på robotens 
verktyg vilket ger en betydande utböjning av FSW-roboten. Det resulterar i en 
avvikelse från den programmerade svetsbanan och medför svetsdefekter. Denna 
avhandling studerar hur krafterna påverkar robotens positionsnoggrannhet. 
Baserat på den kunskapen har en utböjningsmodell skapats. Modellen är baserad 
på relationen mellan momentet på robotaxeln och utböjningen i axeln, för 
robotens respektive axlar. Med modellen kan man prediktera banavvikelsen och 
kompensera bort den. 

Vid svetsning av tredimensionella fogar kan värmespridningen variera väsentligt 
över arbetsstycket, vilket kan leda till stora temperaturvariationer längs med 
svetsbanan. Det kan orsaka ojämna materialegenskaper och svetsdefekter. I 
extrema fall blir materialet för mjukt vilket gör att verktyget kan sjunka ner i 
materialet, en så kallad ”meltdown”. Detta medför oreparerbara svetsdefekter 
och möjlig fixturskada. Det är därför viktigt att temperaturen håller sig inom 
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vissa gränser. I avhandlingen presenteras ett helt nytt sätt att mäta temperaturen 
inne i svetsfogen. Istället för att mäta med termoelement i verktyget eller 
arbetsstycket används själva kopplingen mellan stålverktyget och arbetsstycket 
som temperatursensor. Metoden är baserad på den termoelektriska principen 
och mäter mikrospänningar mellan arbetsstycket och verktyget. Metoden kan 
snabbt upptäcka temperaturskillnader vilket är viktigt för styrning av 
temperaturen i FSW-processen. 

Tidigare forskning har visat att processtemperaturen kan styras på två sätt: med 
varvtalsstyrning på spindelmotorn eller med kraftstyrning på roboten. 
Forskningen som presenteras i denna avhandling använder primärt styrning av 
varvtal. Det finns dock begräsningar på styrsignal; dels för att processen kräver 
att varvtalet håller sig inom ett visst parameterfönster och dels för att motorn är 
begränsad till ett maximalt varvtal. När styrsignalen når varvtalsgränsen kommer 
även börvärdet till kraftregulatorn att justeras. Kombinationen av dessa två 
styrsignaler gör att risken för meltdown minskas betydligt. Det möjliggör även 
svetsning av geometrier med stor variation i värmespridningen, vilket tidigare 
inte kunnat svetsas. 

Implementering av utböjningsmodellen och temperaturregulatorn är två viktiga 
tillägg till befintliga processtyrningsmetoder för FSW, vilket ökar systemets 
robusthet, minskar risken för svetsdefekter och möjliggör svetsning av 
komplexa geometrier. 
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Abstract 
Title: Feedback Control of Robotic Friction Stir Welding  

Keywords: Friction stir welding; Process automation; Temperature control; 
Force control; Deflection model; Robotics 

ISBN: 978-91-87531-01-9 (printed) - 978-91-87531-00-2 (digital) 

The Friction Stir Welding (FSW) process has been under constant development 
since its invention, more than 20 years ago. Whereas most industrial applications 
use a gantry machine to weld linear joints, there are applications which consist 
of complex three-dimensional joints, requiring more degrees of freedom from 
the machines. The use of industrial robots allows FSW of materials along 
complex joint lines. There is however one major drawback when using robots 
for FSW: the robot compliance. This results in vibrations and insufficient path 
accuracy. For FSW, path accuracy is important as it can cause the welding tool 
to miss the joint line and thereby cause welding defects.  

The first part of this research is focused on understanding how welding forces 
affect the FSW robot accuracy. This was first studied by measuring path 
deviation post-welded and later by using a computer vision system and laser 
distance sensor to measure deviations online. Based on that knowledge, a robot 
deflection model has been developed. The model is able to estimate the 
deviation of the tool from the programmed path during welding, based on the 
location and measured tool forces. This model can be used for online path 
compensation, improving path accuracy and reducing welding defects. 

A second challenge related to robotic FSW on complex geometries is the 
variable heat dissipation in the workpiece, causing great variations in the welding 
temperature. Especially for force-controlled robots, this can lead to severe 
welding defects, fixture- and machine damage when the material overheats. 
First, a new temperature method was developed which measures the 
temperature at the interface of the tool and the workpiece, based on the thermo-
electric effect. The temperature information is used as input to a closed-loop 
temperature controller. This modifies primarily the rotational speed of the tool 
and secondarily the axial force. The controller is able to maintain a stable 
welding temperature and thereby improve the weld quality and allow joining of 
geometries which were impossible to weld without temperature control. 

Implementation of the deflection model and temperature controller are two 
important additions to a FSW system, improving the process robustness, 
reducing the risk of welding defects and allowing FSW of parts with highly 
varying heat dissipation. 
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Vocabulary list and abbreviations 
ARoStir Increased Automation of Robotic friction Stir welding, research 

project funded by KK-foundation 
Bobbin tool FSW tool consisting of a probe and two shoulders, providing more 

heat generating and more symmetry across the weld 
CFD Computational Fluid Dynamics, a method for numerical modelling of 

physical effects in processes such as FSW  
Cooling rate The rate at which the temperature of the weld drops after the FSW 

tool shoulder has passed a certain location 
FEM Finite Element Method, a numerical technique for finding 

approximate solutions for differential equations 
FSSW Friction Stir Spot Welding 
FSW Friction Stir Welding 
GMAW Gas Metal Arc Welding 
HAZ Heat Affected Zone, transition zone from parent material to the 

actual welded material  
JE Joint Efficiency, as a percentage of the base material strength 
Joint line Interface between two workpieces along which the weld is performed 
NDT Non-Destructive Testing, a group of analysis techniques to evaluate 

the properties of a material without causing damage 
Payload The load that can be applied on the default robot tool  in any location 

in the robot’s workspace 
PCBN Polycrystalline Cubic Boron Nitride, ceramic material used for FSW 

tools with a hardness comparable to diamond 
PID Proportional, Integral, Derivative (control theory) 
PKM Parallel Kinematics Machine 
Pose The location of a robot tool, consisting of a position and orientation 
Quaternion Mathematical representation of an orientation, consisting of 4 

numerical values, avoids singularity problems  
RAPID Programming language used in the ABB IRC5 control system 
Rosio ESAB Rosio™ FSW robot, used for most FSW experiments 

described in this thesis 
SKR Serial Kinematics Robot 
SPH Smooth Particle Hydrodynamics, a method for numerical modelling 

of physical effects in processes such as FSW 
SSFSW Stationary Shoulder Friction Stir Welding, a process variant where 

only the probe is rotating 
StiRoLight Friction Stir welding with Robot for Lightweight vehicle design, 

research project funded by Vinnova FFI 
TCP Tool Centre Point, A coordinate system attached to the robot, 
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describing the location of a robot tool, relative to the default tool 

TIG Tungsten Inert Gas (welding) 
TMAZ Thermo-Mechanically Affected Zone 
Tool In this thesis, short for robot tool. A robot tool consists of a TCP, a 

mass, a centre of gravity and an inertia matrix. 
TWI  The Welding Institute, where FSW was invented in 1991 
TWT Tool-Workpiece Thermocouple, temperature measurement method 

based on the thermo-electric effect 
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1 Introduction to the thesis 

In this introductory chapter, the aim of the conducted research is explained in 
terms of research questions, scope and limitations. The adopted research 
method is discussed as well as the industrial framework in which the research is 
conducted. 

1.1 Thesis structure 
This doctoral thesis consists of an introduction to fundamentals of the relevant 
research areas, followed by the scientific results. The introduction to the subject 
of friction stir welding (FSW), robotics and automation are collected in chapter 
3 and chapter 4. The experimental platform is described in chapter 5. This 
includes the specifications of the FSW robot, the measurement systems and the 
communication protocols which are used for the research related to this thesis. 
The research is conducted in two main areas: path deviation control and 
temperature control. The compensation of path deviations is described in 
chapter 6, from discovery of the problem, leading to deviation measurement 
methods and resulting in a robot deflection model, used for online control of 
path deviation. The second research area is related to control of the welding 
temperature as is described in chapter 7. This includes the development of a 
new temperature sensor for FSW which is then used for temperature control of 
the welding process. Based on these results, some suggestions for further 
research are presented and discussed in chapter 8. Finally, chapter 9 will provide 
some general conclusions from the performed research in the area of robotic 
FSW.  

Several people have contributed to certain sections of the research presented in 
this thesis. In such case, it will be mentioned at the start of each section who 
contributed and in what form. If the work originates from earlier published 
research, the journal and title of the paper is provided. 

Complementary to this thesis, several movies are available with demonstration 
of the system and simulation of e.g. the temperature measurement method. 
These movies can be found online at www.youtube.com/FrictionStirWelding. 
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1.2 Research questions 

Although FSW robots were commercially available at the start of this research, 
there were no industrial applications known to the author. Where the majority 
of welds in many industries are performed by robots, this was not the case for 
FSW. Previous research has highlighted different problems when welding 
complex geometries with a FSW robot. Several reasons were given for the 
inferior quality of FSW joints, performed by a robot, compared to the joints 
performed on a gantry FSW machine. This led to two relevant research 
questions. 

RQ 1: Can a robot deflection model be implemented to reduce path deviations and thereby 
avoid root defects? 

This PhD-thesis addresses the problem of welding defects and path deviations 
due to deflection of the FSW robot. The cause of these deflections was 
investigated and compensation methods for path deviation have been 
developed, based on a robot deflection model. 

RQ 2: Can a temperature controller prevent overheating of the material during FSW and 
thereby improve process robustness and weld quality?  

The second challenge addressed in this thesis is the varying heat dissipation 
during FSW on complex geometries, causing overheating of the material. This 
includes the development of a new temperature measurement method and the 
implementation of a temperature controller which adapts both the rotational 
speed and the axial force. 

These two research questions were selected as their solution would enable FSW 
of new applications including 3D-joints, with increased robustness. 

1.3 Limitations of this thesis 
The research on control of robotic FSW is an overlap between three main 
research fields: welding, feedback control and robotics. Hence, neither of them 
can be covered in full in this thesis. Figure 1 shows the main research areas, 
each with some of their ongoing research topics. Those topics are not covered 
in this thesis but parts of them are used as needed. For example, no new control 
strategies have been developed but the existing PID-control theory is applied to 
robotic FSW. 
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Figure 1: The thesis topic (in the centre) within the surrounding research areas 

The welding experiments described in this thesis are limited to workpieces in a 
range of aluminium alloys, apart from section 5.4, where the limitations of the 
robot system in terms of force and torque are discussed, based on the FSW 
experiments conducted in mild steel. 

The process automation part is limited to classic control strategies as these were 
shown to be sufficiently fast and accurate. This included the selection of suitable 
control parameters by measuring the response of the welding temperature to 
parameter changes. It also included the development of a PID-controller for 
temperature control. 

In this thesis, the word “simulation” is used in different contexts. The most 
common simulation throughout this research is the offline simulation of the 
robot motion. This implies path calculation, collision tests between robot and 
environment, and verification of the robot program. For verification of the 
temperature measurement method, the term simulation is used in a different 
context; measurements are compared to numerical simulations and 
phenomenological models in literature. However, no numerical simulation 
models were developed within this thesis work. Finally, a third simulation type 
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use is related to closed-loop control of the welding temperature. The 
performance and stability of the developed controller was verified through 
simulations, using a simplified model of the process, based on step responses. 

A complete description of the robot requires both dynamic and kinematic 
models. The study of robot deflections and path deviations in this thesis are 
however limited to robot kinematics only. This will be justified in chapter 6. For 
the sake of completeness, a short introduction to robot dynamics will be 
provided in chapter 4. 

1.4 Research methodology 
This research is conducted within the frame of two industrially supported 
projects (StiRoLight and ARoStir). It is a typical example of how a modern 
research project could be used to deliver scientific results which are directly 
applicable to industrial applications. Process suppliers were required to do 
additional product development to meet specific demands of certain end-users. 
This development needed however a profound scientific base, for example 
understanding of how the process forces influence the robot kinematics. The 
university provided the scientific results, presented in reports, papers and in this 
thesis, which allows process suppliers to further develop their system and adapt 
it to the end-users’ needs. 

The great benefit of this type of research is that industrial partners are in close 
cooperation with a university. Instead of pure scientific work where the results 
may – or may not – be applied in a next step, the research is fitted into a 
technological context, where companies have clear aims and expectations from 
the start. It is then the task of the researchers to find a good scientific base to 
start the research, without falling into technical solutions for a problem which 
relates to specific production conditions only. In this context, the governmental 
agencies (e.g. Vinnova and KK-foundation in Sweden) can be seen as an 
institution, judging whether the funding is used for innovative research which is 
generally applicable or just as an extra cash-input for the R&D department in 
one specific company. This approach corresponds well to the “triple helix 
structure” described by Sismondo where is stated that university, industry and 
government are in constant interaction in modern research [1]. The participating 
companies take benefit from the research first, but other interested parties can 
also access the scientific results through publications in scientific journals and 
conference presentations. 

Nunamaker et al. presented a framework for information systems which can be 
applied to the research described in this thesis [2]. The followed method for the 
research in this thesis is described by means of Figure 2. A classical research 
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approach consists of three main elements: experiments, observations and a 
theory, often based on a hypothesis. For this research however, a hypothesis 
cannot be verified in experiments without the development of a measurement 
platform. This platform includes communication networks, software 
development and sensor development. The development of the deflection 
model can be used as an example for this approach. First it was observed that 
there exist significant path deviations in robotic FSW, which led to the 
hypothesis that robot accuracy was affected by the welding parameters and 
materials (indicated as A in Figure 2). However, the results were too scattered to 
confirm this hypothesis. More accurate measurements were needed, but these 
were not possible without the development of a new measurement system (B). 
First, the measurement system itself had to be tested and then the actual welding 
experiments could be performed (C). The measurements were analysed (D) and 
showed that there was no clear relation between the parameters and the 
deviation as assumed in the first hypothesis. Instead, the robot positioning was 
considered the main factor affecting the deviation. This led to a new hypothesis 
which stated that a robot deflection model could reduce path deviations during 
welding (E). This model had to be implemented in the robot controller (F), 
before it could be verified through experiments (G). Evaluation of the 
experimental results showed that the deflection model significantly improved 
the accuracy of the robot (H). 

 

Figure 2: The adopted research method 
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Experiment Observation 
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Develop-
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In analogy with the approach for the deflection model, a similar approach was 
adopted for the development of temperature control. From the invention of a 
new temperature sensor to the implementation in a temperature controller, a 
significant amount of time was put into system development. Of the four 
elements of research in Figure 2, system development can be considered the 
most time-consuming element. 
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2 Philosophical reflection on the 
research topic 

In 1991, Wayne Thomas came upon the idea to try to join two aluminium plates 
with a rotating tool on a milling machine. He got the inspiration from friction 
welding, another solid state welding process where two rotating tubes are joined 
by frictional heat. At that time, Wayne Thomas was working on other welding 
techniques at The Welding Institute in Cambridge, UK. The first friction stir 
weld was directly successful and it was clear that this technique was very 
interesting for aluminium joining and FSW was filed for a patent. The invention 
of FSW was the result of a lot of general knowledge about welding and material 
properties. However, the process was not the result of pure scientific research. 
It was an intuitive test based on “out of the box thinking”, rather than applied 
science. Where many researchers were forced into optimization of existing 
welding processes by science, Wayne Thomas thought about what could be a 
radically different approach to avoid all the problems they faced with traditional 
fusion welding. The typical drawbacks like distortion, defects and spatter are 
mainly because of the transitions from solid to liquid phase and back. A critical 
reflection on this could be: Why do we need to melt the materials to join them 
and why do we add a consumable metal wire? These thoughts led to the 
invention of FSW.  

FSW as technique 

While many European languages have a very different definition of 
“technology” and “technique”, this distinction is less profound in the English 
language. A common way to describe the term technique in literature is that 
techniques create what nature cannot offer [3]. Techniques concern a set of 
actions which include an operator, a material, a tool or an action on the material 
which ends in the production of an object or a product. Techniques consist in a 
complete set of tools employed by human beings to do things with them. In this 
definition, welding in general fits in well. Nature cannot join two pieces of metal 
in a controlled way. By using a heat source (tool) which is melting a wire (action 
on the material), a mechanical material movement (user action), the two metal 
pieces become one (product). FSW is a specific variant of welding and is thus 
also a technique. 
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FSW as technology 

Nowadays, friction stir welding is a generally known term in mechanical 
engineering and material science.  Since its invention more than 20 years ago, 
the industrial interest has increased continuously. Every year, there are several 
hundreds of publications in this field of study (as discussed in section 3.2 by 
means of Figure 5). However, all these research activities are a consequence of 
the invention of a technique, not a scientific topic. The British English 
definition of technology, “The study and knowledge of the practical, especially 
industrial, use of scientific discoveries” cannot be applied since FSW was not a 
purely scientific discovery. In Dutch and German, technology is defined 
differently, as “leer van techniek”, the “study of techniques” or also, the knowledge 
of transforming raw materials into finished products. Here, FSW does fit the 
definition of technology. 

FSW as science 

Previous reasoning (following the British English definition) suggests that FSW 
is not a technology but a technique. The invention of FSW did not meet the 
requirements of applied science, which makes some philosophic theories 
contradictive. FSW is not the final step on the path from science over applied 
science to technology and by consequence is the so-called “FSW technology” in 
this case not applied science [1]. 

FSW as interaction between science and technology 

After successful use of FSW for aluminium alloys, researchers learned that there 
was no theoretical limit to weld high temperature alloys such as stainless steel. 
Tests proved that this was indeed possible, but only if the used tools were able 
to maintain their strength at high temperatures and more wear-resistant than 
those used in aluminium alloys. Therefore FSW researchers started focusing on 
the development of ultra-hard materials that could be used as FSW tools. The 
research was then down on a level of molecular structures, which can be 
considered as pure science. There was an evolution from technique (FSW 
invention) to technology (Steel FSW) to science (material development) instead 
of the opposite way. Once the scientists had developed a material that met the 
required properties e.g. cubic boron nitride tools, the scientific level was left and 
it was again the task of the technologists to find a way to produce tools of the 
discovered material in the desired shapes and sizes.  

Finally, FSW is a good example of how an invention can lead to a whole new 
research area. It does not follow the typical pattern from science to applied 
science to technology, but as the definitions of these differ in different 
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languages, it is not relevant and depending on the context, FSW can be called a 
technique and a technology, as well as a scientific research area. 
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3 Friction Stir Welding 

FSW is a relatively new joining process which first found its applications in 
niche-markets such as joining of aerospace aluminium alloys. The process 
competes with other joining processes, most of them far more common in the 
area of production technology. These competitors include the typical gas metal 
arc welding (GMAW) processes but also resistance spot welding, mechanical 
fasteners and even adhesives. This chapter starts with an overview of common 
joining processes and continues with an overview of FSW in terms of 
properties, applications, simulation models and testing methods. 

3.1 Competing joining processes 
Joining is categorised as a group of manufacturing processes which allow the 
creation of a value-added product out of raw material. Joining includes a wide 
variety of methods to join two pieces of solid material into one. Some main 
categories that can be identified are mechanical fastening, adhesive bonding, 
soldering, brazing and welding. The selection of the most suitable method can 
be based on many criteria such as cost, mechanical properties, sustainability, 
energy-efficiency, visual requirements, equipment availability, automation 
suitability etc.  

Mechanical fasteners are a very competitive alternative for welding as they can 
be cheap, sufficiently strong and time-efficient. Typical mechanical fasteners are 
clinch joints, rivets, nuts and bolts. The use of adhesives is increasing 
significantly, mainly because more advanced chemical compositions have greatly 
improved the joining properties and because of the lack of alternatives to join 
dissimilar materials such as metals and plastics. Adhesives have come to a point 
where they can be equally strong as a comparable weld, but often at a higher 
cost. Additional benefits of adhesives can be acoustic and vibrational damping, 
sealing, reduction of stress concentration and the possibility of joining dissimilar 
materials [4]. Adhesive joining often requires some surface preparation to ensure 
a good bond, which also has an environmental impact [5]. Soldering and brazing 
are similar to welding but use a filler material with lower melting point than the 
actual work pieces. Soldering (e.g. with lead or zinc) is performed at lower 
temperatures than brazing (e.g. with copper or nickel). Soldering is used a lot in 
electronics, to connect electronic components on printed circuit boards. Brazing 
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can be advantageous over welding because of its lower energy consumption and 
lower distortion of the joined workpieces. 

3.1.1 Welding 

Joining metals by welding has been under constant development for thousands 
of years [6]. Initially, forge welding was the only known welding process. Forge 
welding is performed by hammering two metal components while the material is 
red-glowing hot. The heat, combined with the mechanical energy will cause the 
material to bond, due to solid-state diffusion. Oxy-fuel welding is another old 
welding method, where fuel gases and oxygen are burned to melt, and thereby 
weld, metals. During the industrial revolution, electric welding was developed 
and replaced basically all forge welding applications. Most adopted type of 
welding is GMAW, using a shielding gas and a continuously fed consumable 
which is melted by electric current between an electrode and the materials to be 
joined. 

The American Welding Society (AWS) adopts a classification scheme with seven 
categories: arc welding, solid state welding, resistance welding, soldering, 
brazing, oxyfuel gas welding and other processes [7]. Most welding processes 
can also be divided into two main categories, based on the welding temperature: 

• Solid-state welding: materials plasticise but do not exceed the melting 
temperature, e.g. forge welding, friction welding, friction stir welding, 
explosion welding and diffusion bonding. 

• Liquid-phase welding: solid materials are locally converted into a molten 
state. The joint is created as the material solidifies. These processes are 
often called fusion welding e.g. arc welding, laser welding and electron 
beam welding. 

It was only around the beginning of the 19th century that electric fusion welding 
methods were developed and spread in industry. At the beginning of the 20th 
century, the Swede Oscar Kjellberg invented the coated iron electrode, 
improving the weld quality significantly. His invention led to the foundation of 
ESAB (‘Electric Welding Ltd. Company’). The idea of electric welding with 
coated electrodes is widely adopted nowadays, together with other types of 
fusion welding processes.  

Resistance welding processes such as spot welding were developed in the same 
period and are very common in the automotive industry. Many other processes 
have been invented throughout the 20th century and Friction Stir Welding is one 
of them. The FSW process is an evolution from the “friction welding”, where 
materials, typically rods or tubes, are rotated against each other under pressure 
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until the material plasticises. When the rotation stops, the material solidifies and 
leaves a high-quality solid-state joint. 

3.1.2 Joining in the automotive 

The materials used for car manufacturing have changed completely in the last 
century as shown in Figure 3. The early cars consisted mainly out of wood and 
had no low carbon steel while in the seventies, the opposite was true. A 
remarkable fact is that a vehicle in the early 1900’s consisted of about 25% 
aluminium. The Ford Model T from 1909, for example, had a hood, body 
panels and closures made out of 1000- and 3000-series aluminium. These alloys 
had good formability but low strength. Due to the increasing demand for 
vehicles around the first world war, the labour-intensive aluminium bodies were  
replaced by the stronger steel [8]. Only when the oil crisis came in the 1970’s, 
the vehicle mass became an important factor and aluminium was reintroduced. 

 

Figure 3: Evolution of materials used in the vehicles manufacturing [8] 

For environmental and safety reasons, the car weight had to decrease and 
therefore, low carbon steel components were gradually replaced by a variety of 
other materials, typically including aluminium, high-strength steel and 
composites. This is the so-called “hybrid design”. Crash beams for example, are 
now often made out of high-strength steels due to their high energy absorption. 
Steel engine blocks were replaced by cast magnesium and aluminium [9]. The 
large engines have been gradually replaced by smaller turbocharged engines with 
electronic fuel injection, resulting in much lighter engines with similar power 
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output as large engines [10]. The hybrid approach can reduce the weight 
noticeably while keeping the costs lower than a full aluminium or full composite 
body. It can be expected that a wider variety of materials will be used in future 
cars.  

Steel is still the most common material used in cars today. There are however 
several examples of production cars which partially or fully excluded steel and 
replaced it by other, lighter materials such as carbon fibre, glass fibre, aluminium 
and magnesium. Audi built their A8 model on a complete aluminium chassis. 
According to a study in 2001, the total production cost for the aluminium car 
body-in-white was $2000, compared to $1250 for the steel design, which made 
the aluminium chassis 60% more expensive, calculated for a total production of 
100’000 cars [11]. The decision to make the Audi A8 out of aluminium was 
inspired by weight reduction and to gain more knowledge about this type of 
design. The main reason for the higher cost of an aluminium body is the higher 
material cost and higher tooling cost of aluminium parts. The mechanical 
properties of aluminium make the sheet forming more complex than for steel.  

A study by Lotus Engineering came to a different conclusion, claiming that by 
2017, the use of lightweight materials in cars can result in a weight reduction of 
21% compared to a similar 2010 car model, with little or no impact on the cost 
per vehicle [12]. This study was performed on a compact SUV and all 
components including interior, chassis, electrics and body were checked if they 
could be replaced by a lighter variant, without significantly increasing the 
technical risk or the component cost. It breaks with the general assumption that 
the use of lightweight materials is more expensive. 

This mixture of materials in a car has one major drawback: it makes the 
production design much more complex. Some of the issues are caused by the 
different thermal expansion factors of the materials. The cars in the paint shop 
go through a thermal cycle, causing different expansions of different materials 
and therefore causing distortion of e.g. body parts. Another problem is to find a 
suitable joining method, capable of joining different alloy types. Welding 
dissimilar materials is not obvious with fusion welding. There exists a trend 
towards replacing the commonly used spot welding by mechanical fasteners like 
rivets and clinch joints, because the spot welding method is less suitable for 
aluminium than for steel. This is due to the high electric conductivity of 
aluminium, combined with the low electric conductivity of the aluminium oxide 
layer [13], requiring a higher current at the start and lower current during 
welding, compared to steel.  FSW is one of the few welding methods, capable of 
joining materials with highly different properties. 
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3.1.3 Energy consumption and cost 

Comparison of energy consumption between different processes is difficult as 
there are many side-effects which have to be taken into account. These can be 
the required cooling, energy consumption of robots and post-processing of the 
product. FSW operates at a temperature lower than fusion welding and the heat 
input is very local. Thereby the energy efficiency of FSW is higher than for 
example TIG-welding. The FSW robots are amongst the most powerful robots 
on the market and are therefore expensive, leading to a higher investment costs. 
The absence of consumables and the low energy results in lower operational 
costs. One study compared resistance spot welding (RSW) with friction stir spot 
welding (FSSW) and self-piercing rivets (SPR) in the automotive industry [14]. It 
was concluded that the energy consumption for producing one car body 
containing 4000 welds (or 3000 rivets) is 80 kWh for RSW and only 8.0 kWh for 
FSSW and 6.6 kWh for SPR. For a specific production facility, that would 
reduce the production cost for an annual production of 35’000 cars from 
$201’600 for RSW to $19’950 for FSSW, $16’450 for SPR. However, the SPR is 
an expensive method in terms of consumables. The study concluded that for an 
equipment lifetime of 5 years, FSSW was approximately 70% cheaper than SPR 
and 45% cheaper than RSW. An important remark is that the study assumes a 
similar price for FSSW robots and RSW and SPR robots. For continuous FSW 
joints however, the robots need to be more powerful and hence the equipment 
cost is significantly higher. 

3.2 The basics of friction stir welding 
At its invention in 1991, there were many reasons to believe that FSW was a 
major breakthrough in the area of metal joining. FSW was able to reach a joint 
strength beyond conventional fusion welding processes while avoiding typical 
drawbacks like intensive light, fumes, spatter, high currents, shielding gas and 
consumables.  

The friction stir welding process uses a rotating non-consumable tool, consisting 
of a shoulder and a probe. The probe is penetrated into the workpiece material 
while the shoulder is pressed against the workpiece surface. The combination of 
plastic material deformation and friction creates heat, which softens the 
material. The tool rotation causes the plasticised material to mix, creating a joint. 
The FSW process is typically described in four steps, as shown in Figure 4: 

• Plunging: The probe is pressed down into the material until the shoulder 
touches the workpiece surface 
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• Dwelling: The tool maintains its position and rotation while the 
temperature increases, until the desired welding temperature is reached 

• Welding: The rotating tool moves forward along the joint line, 
mechanically stiring the plasticised material and thereby creating a solid 
state welding joint 

• Retraction: The probe is pulled out of the material, leaving a key-hole in 
the end 

The combination of the welding speed and the rotational speed causes an 
asymmetry across the weld. The side where both speeds are in the same 
direction is called the advancing side; the opposite side is called the retreating 
side. The FSW tool is often tilted backwards (relative to the welding direction) 
to generate more pressure at the backside, the “trailing edge”, of the tool. This 
tilt angle is an important process parameters. In section 6.3.2, a side-tilt angle 
will be introduced, implying a tilt towards the advancing or retreating side. 

Several textbooks on FSW are available, covering applications, microstructure 
and mechanical properties of different alloys [15, 16].  

 
Figure 4: The four steps of the FSW process with indication of parameters  

After the invention of FSW at The Welding Institute (TWI) in Cambridge, UK 
in 1991, it was filed for patent in 1992 [17]. The patent was extended in 1995, 
covering more specified tool geometries and weld configurations [18]. Each 
company using the technology pays a licence fee to TWI until the extended 
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patent expires in 2015.  Besides the patent on the process, about 1500 FSW-
related patents have been granted. These include tool geometries, product 
designs, apparatus for FSW, etc. Today there are around 300 companies 
worldwide which perform FSW on one or more machines. FSW is a fairly small 
but growing research field. Currently the Scopus database has around 3500 
publications related to FSW with USA and China being the biggest producers of 
research articles. 

 

Figure 5: FSW licences provided by TWI and total number of publications on FSW 

3.3 Tool geometries 
The initial FSW tools had a concave shoulder and a cylindrical probe. A large 
amount of tool geometries has been developed since. The shoulder can be flat, 
concave or – more recently – convex. Probe geometry can be for example an 
oval, circular or triangular prism or a conical frustum. Typical features that are 
added for improved material flow are scrolls on the shoulder and threads on the 
probe. These features add to a better material flow and thereby allow higher 
welding speeds. Scrolled convex shoulders have, besides the improved material 
flow, also the advantage of leaving a smooth surface without flash. Sometimes 
very advanced tools were presented such as the MX Triflute™ by TWI with a 
frustum-shaped probe with both clock- and counter-clockwise threads, as 
shown in Figure 6 [19]. Some of the experiments described in this thesis were 
performed with a CounterFlow™ tool. This tool has both clock- and counter-
clockwise threads and is created to reduce the hooking effect in lap joints. 
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Figure 6: Different FSW tools with (in foreground) a tungsten tool with scrolled 
shoulder and MX Triflute™ pin geometry 

3.4 Metallurgy 
As with all welding processes, the base material will go through a thermal cycle 
during welding. For FSW, there is also a severe mechanical processing of the 
material, providing some unique features in the microstructure. The zone of 
material most far away from the weld which has a microstructure different from 
the base material is called the heat affected zone (HAZ). The material in this 
zone has been subjected to a thermal cycle but not to plastic deformation. The 
microstructure is the same as the base material but material in the HAZ could 
have different mechanical properties (e.g. increased hardness) due to the thermal 
cycle [20]. Further towards the centre of the weld, there is a thermo-
mechanically affected zone (TMAZ) which has been subjected to higher 
temperatures and forces, causing plastic deformation of the grains. For 
aluminium alloys, there is often a drop in hardness in the TMAZ. For lap joints, 
a so-called hooking effect has been reported in the TMAZ, causing grains at the 
interface of two workpiece to be dragged upwards as indicated in Figure 7. The 
centre of the weld called the stirred zone (SZ) has been subjected to severe 
plastic deformation and temperatures up to 90% of the solidus temperature. In 
the weld nugget of a FSW joint in aluminium, a typical fine-grain microstructure 
is observed, sometimes combined with circular rings called “onion rings”.  
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Figure 7: Cross section of a lap joint with indication of the hooking effect 

Throughout this thesis, several micrographic images will be shown but only with 
the aim of investigating defect formation and geometric changes (e.g. thinning 
of the workpiece). Profound metallurgical analysis is not considered within the 
scope of this thesis. 

As a convention in this thesis, the welds are considered free of volumetric 
defects when the microstructure analysis does not show any volumetric 
indications which are considerably larger than the porosities observed in the 
base material. Welds are considered defect-free if they are both free of 
volumetric defects and free of root and surface defects. 

3.5 Process parameters   
The tool geometry plays an important role in the material flow and the 
generated process forces, acting on the tool. If the tool does not have features 
like threads or scrolls, the vertical material flow is limited. This will result in a 
lower vertical force on the tool. The threads on a FSW tool are in the opposite 
direction of a normal screw, this means that instead of the tool pulling itself 
down into the workpiece, the material will be forced downwards and requiring 
more effort to push the probe down. Therefore, it takes more axial force for 
FSW with a threaded probe than with a smooth probe. The softer the material, 
the less vertical force will be required.  

The most relevant forces subjected to the tool during FSW are: 

• Axial force: To perform a successful robotic FSW operation, a force 
controlled mode of the direction, perpendicular to the workpiece, is 
required. This guarantees that the welding tool stays in contact with the 
workpiece with a constant contact force. The axial force is one of the 
main process parameters and affects the friction between the tool and 
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the workpiece. This friction is the main contributor to the heat 
generation in the process. 

• Traverse force: This force is a result of the material’s resistance to the tool 
movement along the joint line. This force will be influenced by the 
welding parameters (faster welding usually generates more force) and 
the type of welded material (i.e. the temperature dependant material 
hardness). 

• Side force: This force is perpendicular to the traverse and axial force. It is 
caused by the asymmetric character of the welding process. The force is 
directed towards the advancing side of the weld. These forces are 
applied to the welding tool and can cause the actuator (which is, in this 
thesis, an industrial robot) to deflect. This is subjected to a further 
studied in chapter 6. 

• Torque: The torque is a result of the friction between the tool and the 
workpiece and corresponds to the heat input into the system. Higher 
friction and a larger contact area result in a higher torque. The motor 
which drives the tool must be sufficiently powerful to guarantee a stable 
rotation of the tool i.e. without undesired speed fluctuations. 

 

Figure 8: Input parameters affecting the FSW process (left) and the resulting output 
parameters and weld properties (right) 
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The terminology as used in Figure 8 is according to the international standard 
for friction stir welding of aluminium (ISO 25239). Parameters which apply to 
FSW and are not in this standard, are previously defined in other standards such 
as the international standard for friction welding (ISO 15620). 

3.6 Typical defects and their causes 
Despite the many differences between FSW and fusion welding, similar defects 
can be observed in the weld. Two typical defects on the root side of the weld 
are related to geometric properties of the tool and the workpiece:  

• Incomplete penetration: No full consolidation at the bottom side of the 
weld, caused by a too short probe of the tool. 

• Lack of fusion: No full consolidation at the bottom side of the weld, 
caused by improper alignment of the tool. A great part of this thesis is 
dedicated to reducing this problem for robot systems (chapter 6).  

Defects can also be related to the material flow and can be associated with the 
incorrect choice of welding parameters. Some typical flow-related defects are: 

• Cavity: volumetric defect often referred to as wormhole defects when it 
continues in the longitudinal direction of the weld. The defect arises 
due to a combination of high welding speed and low rotational speed 
(“Cold weld”). 

• Hooking effect: The upward or downward curving of the interface 
between two workpieces in lap-joint configuration, causing thinning of 
the top or bottom sheet respectively. This can be reduced with 
optimised probe geometries such as the CounterFlow™ tool [21]. 

• Surface lack of fill:  Longitudinal defect, looking like a crack, at the top 
surface of the weld. Usually associated with high rotational speed and 
low welding speed (“Hot weld”). 

• Excessive flash: When the tool position is programmed too deep, or – in 
case of force-controlled machines – when the axial force is too high, 
material will build up at the edge of the weld. The plate thickness 
reduces accordingly which results in lower strength. 
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3.7 Application areas 
Shortly after the invention of the process in 1991, several industries showed a 
great interest in FSW. The initial interest came from the aerospace industry, 
mainly because of the exceptional mechanical properties of the welds and the 
absence of typical defects and porosities. The first aerospace application with 
FSW components was the Delta II rocket, launched in 1999. One of the world’s 
largest FSW machines is developed jointly by ESAB and Boeing for the NASA 
space launch system (SLS) project and is anticipated to be completed in 2014. 
The SLS includes a heavy-lift rocket which enables sending humans to deep 
space destinations such as Mars. The system called “vertical assembly center”, 
shown in Figure 9, involves domes, rings and barrels which will be joined by 
FSW for assembly of the tanks. The system is 52 m tall, 24 m wide and weighs 
over 3000 tons [22]. 

  

Figure 9:  Vertical Assembly Center, part of the NASA  
space launch system – Courtesy NASA 

The railway and marine industry are the leading industries when counted in 
welding length. The SAPA facility in Finspång, Sweden, produces large 
aluminium panels with production rates of over 10’000 km/year. The panels 
consist of extruded profiles of up to 14.5 m length which are welded together.  
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Only few industrial robotic FSW installations are publicly known. SAPA 
produces automotive components using an ESAB Rosio robot system (Figure 
10). Apple uses FSW robots for joining the front and the rear part of the iMac 
computers and uses the technology for marketing purposes as a sign of their 
environmental friendliness [23]. 

 

Figure 10: Robotic FSW installation at SAPA for automotive applications – © SAPA 

Some applications have extreme requirements on durability and weld quality 
which cannot be obtained with conventional welding methods. In such cases, 
the welding cost is a side issue. One example is the FSW machine at the Swedish 
nuclear fuel and waste management company in Oskarshamn, Sweden, shown 
in Figure 11. The radioactive rods are intended to be placed in large copper 
cylinders which are sealed with a lock using FSW. The cylinders are to be placed 
in solid rock, 500 m below the ground level. In order to reach a safe radioactive 
level, the waste must remain there for 100’000 years. The lock is welded to the 
cylinder in one FSW pass. This process takes about 45 minutes to complete the 
entire circumferential distance of over 3 m. The machine welds a thickness of 
50 mm in one step, without filler material. The tools are specially designed for 
this application and consist of a nickel-based super-alloy probe and a tungsten-
based shoulder.  
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Figure 11: FSW machine at the Swedish nuclear waste management company, 
welding copper of 50 mm thickness – Courtesy SKB 

Mercedes is one of the automotive pioneers and announced the introduction of 
FSW to join the floor panel parts of the new Mercedes SL-class in 2013. Earlier, 
Audi has produced components for the R8 where aluminium sheets of different 
thicknesses were joined by FSW. Honda had the automotive premiere for 
adopting FSW of dissimilar materials, by joining aluminium and steel [24].  

3.8 Process simulation 
As with all welding methods, the process of joining can be explained by physical 
and chemical laws. By identifying the factors which contribute to the weld and 
the underlying physical phenomena, the process can be modelled. This allows 
prediction of the welds in terms of mechanical properties (strength, fatigue, 
hardness, distortion, etc.), material flow [25, 26] and process variables 
(forces[27], temperature[28], cooling rate [29], etc.). A model can provide a 
suitable set of welding parameters before performing a weld, avoiding a process 
of long and possibly expensive trial-and-error. Based on the temperature field 
models, it can be predicted whether the resulting weld will be cold or hot.  Cold 
welds are often associated with high tool forces and possible tool fracture. Hot 
welds have been associated with higher tool wear [30]. Thermal models can also 
provide information about the resulting tensile strength of the welds. Especially 
the strength of heat treatable alloys is affected by the maximum temperature and 
cooling rate. When thermal models show a non-uniform temperature 
distribution in the weld, different expansions and contractions will occur in the 
material which often results in residual stresses and distortion of the plates.  
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Two popular modelling approaches for FSW have been described in literature, 
each with their advantages and drawbacks. The early models were based on 
computational fluid dynamics (CFD) simulations, assuming that a solid FSW 
tool moves through a highly viscous fluid [25, 31]. More recent models adopt 
solid mechanics formulations and are able to predict the process more in detail 
[26, 32]. The three-dimensional thermo-mechanical models are complex and 
therefore computationally intensive. Simplified models such as the 2D fluid 
model by Seidel and Reynolds can provide a good understanding of the material 
flow and require far less computational power [33]. 

Initial models assumed that the tool was sliding through the material like a knife 
through butter with no material sticking to the tool. In that case, the heat is only 
generated through friction between the tool and the workpiece. The total 
frictional heat generation 𝑄𝑄𝑓𝑓,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 can be expressed as the sum of the heat 
generation for each contacts area between the tool and the workpiece: 

𝑄𝑄𝑓𝑓,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑄𝑄𝑓𝑓,𝑠𝑠ℎ𝑡𝑡𝑜𝑜𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜 + 𝑄𝑄𝑓𝑓,𝑝𝑝𝑜𝑜𝑡𝑡𝑝𝑝𝑜𝑜 𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜 + 𝑄𝑄𝑓𝑓,𝑝𝑝𝑜𝑜𝑡𝑡𝑝𝑝𝑜𝑜 𝑡𝑡𝑠𝑠𝑝𝑝  (1) 

Based on the basic Coulomb friction law, each of the contributions to heat 
generation could be calculated using:  

𝑄𝑄𝑓𝑓 = ∫ 𝜏𝜏𝑓𝑓 ∙ 𝜔𝜔 ∙ 𝑟𝑟 ∙ 𝑑𝑑𝑑𝑑  (2) 

With 𝜔𝜔 being the rotational speed, 𝑟𝑟 the tool radius and τf being the frictional 
shear stress between the tool and the workpiece for the contact area A. The 
shear stress is influenced by the axial force (Fz) and friction coefficient (μ). This 
initial model did not include a major process parameter: the welding speed. 

The model by Colegrove and Shercliff assumed that the material fully sticks to 
the tool surface, so the material velocity is equal to the angular velocity of the 
corresponding location at the tool [25]. 

To be able to combine the sliding and sticking condition in one model, Schmidt 
et al. introduced the “contact condition”. This is a weighting function which 
accounts for both frictional heat and plastic material deformation, as these are 
believed to be the two major contribution to the heat generation [28]. This 
model assumed that a portion of the material is sticking to the tool, sometimes 
following the tool for several rotations and then leaving the tool again. This 
assumption could explain practical experiments better. This model uses the 
Arbitrary Lagrangian-Eulerian method (ALE), a finite element method (FEM) in 
which the computational system is not fixed in space (Eulerian-based FEM) or 
attached to material (Lagrangian-based FEM).  
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A comprehensive modelling approach was presented by Arbegast. The model 
assumes that the material flow is caused by an extrusion of material from the 
front to the back of the tool, through two small zones at the side of the tool 
[34]. As the tool rotates and the material sticks to the tool, more material will be 
extruded through the retreating side than through the advancing side. This 
causes a different extrusion pressure and accordingly an asymmetry in the forces 
on the tool. Based on results of several previous models, a mass-balance flow 
model was proposed which related flow and mass of material to defect 
formation. FSW was seen as a forging process with different “extrusion zones” 
and some typical welding defects as described in Section 3.6 could be predicted 
from the model. 

Beside the CFD and solid mechanics model, current modelling research is also 
developing towards a new method called Particle Hydrodynamics (SPH). These 
models are able to simulate the dynamics of interfaces, large material 
deformations, void formations and the material’s strain and temperature 
history [35]. 

3.9 High temperature alloys 
Although this thesis has mainly directed the research questions to FSW of 
aluminium alloys, several other research groups have put a lot of effort in the 
development of FSW for steel and high temperature alloys. Although the 
process as such is exactly the same, it is more difficult to implement for these 
materials due to the higher welding temperature and hardness. The main 
challenge is the tool material which, at high temperature, has to be strong, wear- 
resistant and tough. These harsh specifications are difficult to unite. Several 
solutions have been presented, mainly using refractory alloys like tungsten-
rhenium, cobalt-based cermets or ceramics like Polycrystalline Boron Nitride 
(PCBN) [36].   Miyazawa et al. reported good initial results with iridium-based 
FSW-tools [37]. At the Gesellschaft für Schweißtechnik in Germany, promising 
tests were conducted with tantalum-based tools. The weld quality was 
comparable to the welds with PCBN tools [38]. A recent study by Deplus et al. 
compared several, more economical, alternatives to the commercially available 
tools, mainly based on tungsten-carbide. Several tool materials were considered 
suitable for further investigation [39]. It is expected that the tools for ferrous 
and nickel alloys will become cheaper, less brittle and more wear-resistant in the 
near future. 

Where previously was stated that FSW does not require shielding gas, it must be 
added that this is only valid for alloys within the scope of the thesis, i.e. with low 
melting point. Although FSW of copper is possible without shielding gas, the 
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quality can be improved by adding a local argon atmosphere around the tool 
[40]. For nickel and steel alloys, no good welds can be obtained without 
shielding gas, due to the higher temperatures and the higher sensitivity to 
oxidation. Figure 12 shows the result of a weld in nickel alloy 718 with and 
without a local argon atmosphere. The shielding gas reduced oxidation and 
clearly improved the surface roughness and mechanical properties of the weld. 

    

Figure 12: Start of a weld without shielding gas (L) and end of a weld with argon 
shielding gas (R), performed on nickel alloy 718 by a gantry FSW machine  

3.10 Non-destructive testing 
The most common way to identify the properties of a weld is destructive 
testing, by cutting the welds up and analyse the mechanical properties. Typical 
tests include microstructure analysis, hardness measurement, bend-tests, tensile 
and fatigue tests. This allows an accurate analysis of the welds. It is however 
more desirable (and in some case necessary) to assess the quality during welding, 
without having to destroy the welds. Many non-destructive testing (NDT) 
methods are available for fusion welding. The most common methods are 
radiographic, ultrasonic, magnetic particle inspection, eddy current (EC) 
inspection [41]. More recently thermography was proven to be a suitable 
method for detection of surface defects in welds [42]. However, only few of 
these methods have been successfully applied to FSW.  

Rosado et al. presented an eddy-current based NDT method for FSW and 
FSSW, able to detect defects in the range of 50 μm [43]. A common problem 
with EC inspection is the disturbance in the signal which occurs when the 
measurement probe loses contact with the workpiece, so called “lift-off”. This 
makes it difficult to distinguish noise from the actual signal. A newly developed 
probe called iOnic induces current in three dimensions, allowing deeper 
penetration and being less sensitive to lift-off than other probes. This NDT 
method was able to identify different levels of FSW root defects and there 
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existed a good proportionality between the defects size and the signal 
perturbation. 

A study by Britos et al. demonstrated the relation between tool forces and weld 
quality, where low frequency force oscillations in the side force on the tool 
could be related to wormhole defects [44]. Based on the Fourier analysis of the 
side force, a neural network was trained. With sufficient experimental data, the 
method was able to compare new force frequency profiles with existing profiles 
and predict the occurrence of a defect. The method was able to predict the 
formation of defects before they were observable in the microstructure image 
and thereby able to detect defect formation faster than e.g. X-ray and ultrasonic 
phased array. Further investigation is needed to verify the repeatability for 
different thicknesses and tool geometries. 

3.11 FSW process variants 
Several alternatives to the conventional FSW approach have been presented and 
some are very interesting for implementation on robots because they can 
decrease the loads on the robot. One successful attempt is the bobbin tool, 
where no axial force from the robot is required. Instead, the process forces will 
be produced between the two tool shoulders which are mechanically locked to 
each other. This process variant is less suitable for short welding distances 
because each new weld requires either a pre-drilled hole or a run-in distance to 
let the process stabilize when entering from the side of the workpiece [45].  

Another process variant is friction stir spot welding (FSSW) with a so-called C-
frame. This is a big C-shaped metal fram attached to the robot, in which a 
spindle and a motor are mounted. The tool can be pressed down with an electric 
or hydraulic actuator. The axial force is generated by this actuator and not by the 
robot. The robot can be seen as a device which carries and moves the FSW 
equipment but is not involved in the actual welding process. Several types of 
FSSW have been presented. The most revolutionary FSSW variant is probably 
Friction Spot Welding, invented at HZG in Germany and now commercially 
available from the company Harms & Wende [46]. The tool consists of an outer 
ring, an inner ring and a pin. The independent movement of these three parts of 
the tool allows FSSW without the typical keyhole, providing a much stronger 
weld than a normal FSSW [47]. 
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4 Robotic FSW 

Although FSW is worldwide covered by many research groups, only few have 
been focusing on the implementation of the process on industrial robots. Some 
of the research groups and companies working on robotic FSW are HZG, 
Riftec, IWB and KUKA (jointly with Airbus Group) in Germany, ESAB in 
Sweden, Institut Maupertuis and Institut de soudure in France, Cewac in 
Belgium and Friction Stir Link in the USA.  

Already in the early years of the FSW technology, it was understood that process 
automation and flexibility gave important contributions to the success of FSW 
in the transportation industries. Short after the invention of FSW, a comparison 
study of Gas Metal Arc Welding (GMAW) and FSW of aluminium indicated 
that FSW should be automated and further exploited [48], but without 
mentioning robots. In an attempt to increase FSW productivity, Thomas 
presented in 1997 a moving anvil concept, providing local support below the 
welding tool and allowing a continuous welding operation of long parts [49].  It 
was, however, not until the Friction Stir Welding Symposium in Gothenburg, 
Sweden, in 2000 that the first robotic FSW application was presented to the 
public. Different research groups presented successful robotic FSW of 
aluminium, one using an ABB IRB-6400 serial kinematics robot combined with 
a 220 W electric motor [50]. Another research group used a Neos parallel 
kinematics robot [51]. The work by Smith was initiated in 1997 with an internal 
feasibility study at Tower Automotive [52] and can be seen as the first 
investigation of robotic FSW. 

The following sections in this chapter provide an introduction to robot 
kinematics, dynamics and force control, directed towards robotic FSW. The 
kinematics equations are required for the development and implementation of 
the deflection model for FSW, as described in chapter 6. 

4.1 Serial versus parallel kinematics 
The most common type of robots in manufacturing industries is the serial 
kinematics robot (SKR), also called articulated arms. The parallel kinematics 
machines (PKM) are usually a more accurate, more powerful but also more 
expensive alternative to SKRs. The PKM was introduced much later than the 
conventional SKRs. One of the first and best known applications of PKMs were 
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the flight simulators for training of pilots. These “virtual cockpits” are mounted 
on a platform and actuated by 6 prismatic links. This type of PKM, often 
referred to as a Stewart platform, simulates airplane movements during a flight 
with 6 degrees of freedom. Their development started in the sixties [53]. In 1986 
a patent on an industrial robot with parallel kinematics was filed by the Swedish 
company Neos [54]. The novelty in that system was the addition of a central 
stabilizer in combination with three parallel prismatic joints.  

Powerful tricept robots are commercially available such as the PKM tricept 
P9000, specified to produce a continuous actuator force of 20 kN and a peak 
actuator force of 40 kN with a path following accuracy of 50 μm [55]. One of 
the most powerful serial kinematics robots available is the KUKA KR 1000 
titan, with a maximal payload of 1000 kg, which corresponds to less than half 
the nominal force of the PKM tricept robot. However, experiments in 
section 5.4 show that the maximal force of the ABB IRB-7600 can exceed the 
specified payload with up to three times the specified payload, reaching 15 kN 
instead of the specified 5 kN. PKMs are as mentioned capable of a higher 
maximal actuator force but the payload (the load that can be applied in any 
point of the workspace) is usually much smaller than the maximal force. 
Furthermore, the positioning accuracy is highly depending on the tool location 
and orientation [56]. A general disadvantage with PKMs is the limited 
workspace, compared to SKRs which make them less suitable for advanced 3D 
applications. Due to geometric constraints, for example, it would not be 
possible to perform a weld with the FSW tool pointing vertically upwards. 

The serial kinematics FSW system by Tower Automotive was based on an ABB 
IRB-6400 with 200 kg payload. The first trials with position controlled welding 
were not successful, due to intense robot vibrations [52]. To compensate for the 
robot’s lack of stiffness, a robot deflection model was developed, allowing 
calculation of TCP forces from joint torques. Through a PID-control loop, the 
position was modified to achieve a desired axial welding force. The computing 
power in the robot system was however too low to give a robust control 
method [57]. The development of robots with higher payload has contributed to 
more robust FSW systems [58, 59].  

Even though PKMs are more suitable for FSW because of their stiffness, there 
are still relatively few reports about FSW tests with parallel kinematics robots. 
Major contributions to the research on FSW using PKMs were made by HZG 
(former GKSS) in Germany, with first tests in 1998 [51]. Though the robot’s 
stiffness is seen as a big advantage over the SKR, it was shown that force 
control was necessary to avoid uncontrollable robot vibrations and to prevent 
welding defects. 
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4.2 Robot kinematics 
In the most simplified way, an industrial robot can be described as a set of 
moveable joints and links that can be configured to obtain a desired pose in a 
limited workspace. The joints can be revolute (rotational movement) or 
prismatic (linear movement). Kinematics is the study of the position, speed and 
acceleration of an object with respect to its environment. More specifically, the 
relation between position and speed of the joints, and the robot’s TCP can be 
described by a kinematic model of the robot. This section will describe in more 
detail the development of a kinematic model, applied to the robot used 
throughout this thesis.  

A common method to describe the kinematical chain of a robot is by using the 
Denavit-Hartenberg (DH) parameter notation [60]. This describes each 
transformation from one robot joint to the next by a set of four parameters: two 
distances (a, d) and two angles (α, θ). A kinematic model for the ABB IRB-7600 
robot is identified using the typical DH-parameters and the robot dimensions, 
provided by ABB, as shown in Figure 13. The DH-parameters for this robot are 
provided in Table 1. Previous research has also adopted this approach to 
identify a kinematic and dynamic model of this type of industrial robot [61]. 

 
Figure 13: ABB IRB 7600-255 robot dimensions, required for the kinematic model [62] 
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Table 1: Denavit-Hartenberg parameters for the ABB IRB 7600-255 robot 

Joint αi  [rad] a i  [m] θi  [rad] di  [m] 
1 -π/2 0.410 0 0.780 
2 0 1.075 -π/2 0 
3 -π/2 0.165 0 0 
4 π/2 0 0 1.056 
5 -π/2 0 0 0 
6 0 0 π 0.250 

Once the parameters are identified for each of the joints, they can be 
transformed into a “homogeneous transformation matrix”, 𝑇𝑇0𝑡𝑡. This matrix 
describes the transformation from the robot base frame (index 0) to the tool 
frame (index t) in a [4×4] matrix, consisting of a [3×3] rotational part, R and a 
[1×3] translational part 𝑃𝑃 =  [𝑥𝑥,𝑦𝑦, 𝑧𝑧]′ in equation (3). For mathematical 
simplicity, a last row [1×4] is added, making the matrix square. The 
transformation matrix of the robot can be calculated for each joint 
configuration. In the default position of the robot, all the joint values are zero. 
The calculations in this study are performed in MATLAB using the robotics 
toolbox [63]. The homogeneous transformation matrix from base to tool 
coordinates for a given set of joint angles 𝑞𝑞 = [𝑞𝑞1 … 𝑞𝑞6]′ can be written as: 

𝑇𝑇0𝑡𝑡(𝑞𝑞) =  �𝑅𝑅 𝑇𝑇
0 1�  

(3) 

The homogeneous transformation matrix relates joint angles to the TCP 
position and orientation. Similarly, there exists a relation between the first-order 
time derivative of the joint angles, i.e. the joint velocity (�̇�𝑞), and the TCP speed. 
This relation is described by the Jacobian matrix (𝒥𝒥 ). In general, the relation 
between an infinitesimal tool position variation (𝛿𝛿𝛿𝛿) and an infinitesimal joint 
angle variation (𝛿𝛿𝛿𝛿) can be written as: 

𝛿𝛿𝛿𝛿 = 𝒥𝒥 ∙ 𝛿𝛿𝛿𝛿 (4) 
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Applied to a six-axis robot with the base coordinate system as reference, the 
TCP speed consists of a linear speed 𝑣𝑣 =  [𝑣𝑣𝑥𝑥 ,𝑣𝑣𝑦𝑦 , 𝑣𝑣𝑧𝑧]′ and a rotational 
speed 𝜔𝜔 =  [𝜔𝜔𝑥𝑥  ,𝜔𝜔𝑦𝑦 ,𝜔𝜔𝑧𝑧]′, the Jacobian relation becomes: 

�𝑣𝑣𝜔𝜔� = 𝒥𝒥0 ∙ �̇�𝑞 (5) 

This formulation of the Jacobian is very useful as it can also be applied to the 
relation between joint torques and tool forces. This relation is a fundamental 
part of the deflection model, as will be further discussed in section 6.4. 

4.3 Robot dynamics 
Robot dynamics involves the study of the relationship between the forces acting 
on a robot mechanism and the accelerations they cause. The only variable which 
can be manipulated for obtaining a certain joint angle, speed and acceleration, 
are the joint torques (𝜏𝜏), usually through manipulation of an electric current on 
each of the joint motors. All the components that affect the required joint 
torque are included in the dynamic robot equation and can be written as: 

𝑀𝑀(𝑞𝑞) ∙ �̈�𝑞 + 𝐶𝐶(𝑞𝑞, �̇�𝑞) ∙ �̇�𝑞 + 𝑔𝑔(𝑞𝑞) + 𝜏𝜏𝑓𝑓(�̇�𝑞) + 𝜏𝜏𝑜𝑜 = 𝜏𝜏 (6) 

Accelerating a link with a mass and inertia requires a joint torque. 𝑀𝑀(𝑞𝑞) 
represents the inertia matrix of the all links: rotating a mass around an axis with 
a certain speed requires a joint torque. 𝐶𝐶(𝑞𝑞, �̇�𝑞) represents this coriolis and 
centrifugal torque. 𝑔𝑔(𝑞𝑞) represents the gravitational torques: depending on the 
TCP position, this torque to prevent the robot links from “falling on the 
ground” will vary. 𝜏𝜏𝑓𝑓(�̇�𝑞) represents the speed-depending friction in the 
joints. 𝜏𝜏𝑜𝑜 represents the external disturbances, e.g. the load which the robot is 
carrying or, for the case of FSW, the process forces generated at the tool.  

Without going into details, there are two commonly used methods to find 
numerical solutions to the dynamic equation. These two methods allow 
calculation of the torques on each robot axis based on the robot’s position, 
speed and acceleration.  

The first is the Newton-Euler method, combining the Newton law for 
translational motion and the Euler law for rotational motion. The method first 
propagates speeds and acceleration forward; from the base to the tool. Then the 
forces are propagated backwards; from the tool to the respective links. Newton-
Euler approach allows the dynamics to be written as a recursive algorithm, 
making it computationally efficient.   
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Another approach is the Lagrange method, which is less useful from 
computational point of view but conceptually easier. Instead of describing a 
force and torque balance in each link, The “Lagrangian” is based on the total 
energy content, kinetic and potential, of the complete robot system:  

𝐿𝐿 = 𝐸𝐸𝑘𝑘𝑠𝑠𝑘𝑘 − 𝐸𝐸𝑝𝑝𝑡𝑡𝑡𝑡 (7) 

The Lagrange equation states that for a robot with n joints the relation between 
the energy of the system and the required joint torque is given by: 

𝑑𝑑
𝑑𝑑𝑑𝑑

𝛿𝛿𝐿𝐿
𝛿𝛿�̇�𝑞𝑠𝑠

−
𝛿𝛿𝐿𝐿
𝛿𝛿𝑞𝑞𝑠𝑠  

= 𝜏𝜏𝑠𝑠      ∀    𝑖𝑖 = 1, … ,𝑛𝑛 (8) 

In which 𝜏𝜏𝑠𝑠 is the torque on joint 𝑖𝑖 which can be described as a function of the 
Lagrangian L. 

The kinetic energy for the complete robot system can be described as the sum 
of the kinetic energy of each link: 

𝐸𝐸𝑘𝑘𝑠𝑠𝑘𝑘 = �  
𝑘𝑘

𝑠𝑠=1

1
2
𝑞𝑞�̇̇�𝚤𝑇𝑇 ∙ 𝑀𝑀(𝑞𝑞) ∙ 𝑞𝑞�̇̇�𝚤 =

1
2
�  
𝑘𝑘

𝑠𝑠=1

�𝑚𝑚𝑠𝑠 ∙ 𝑣𝑣𝑠𝑠𝑇𝑇 ∙ 𝑣𝑣𝑠𝑠 + 𝜔𝜔𝑠𝑠
𝑇𝑇 ∙ 𝐼𝐼𝑠𝑠 ∙ 𝜔𝜔𝑠𝑠� (9) 

With 𝑣𝑣𝑠𝑠 representing the linear speed at the centre of gravity of each link with 
mass mi  and ωi  representing the rotational speed of that link with inertia 𝐼𝐼𝑠𝑠. 
The aim is to identify the mass-matrix M(q) and implement this in the dynamic 
equation (6). Since the differential kinematics give the relation between the joint 
speeds and the end-effector speeds through the Jacobian matrix 𝒥𝒥 (as described 
in section 4.2), equation (9) above can be solved to M(q), including the kinetic 
energy in the links, the motors and the gears. 

The potential energy of the system is the sum of the potential energy of each of 
the motors (including gears) and the links: 

𝐸𝐸𝑝𝑝𝑡𝑡𝑡𝑡 = �(𝑚𝑚𝑡𝑡𝑠𝑠 ∙ 𝑔𝑔𝑡𝑡𝑇𝑇 ∙ 𝑝𝑝𝑡𝑡𝑠𝑠 +𝑚𝑚𝑚𝑚𝑠𝑠 ∙ 𝑔𝑔𝑡𝑡𝑇𝑇 ∙ 𝑝𝑝𝑚𝑚𝑠𝑠)
𝑘𝑘

𝑠𝑠=1

 (10) 

Where 𝑚𝑚𝑡𝑡𝑠𝑠 and 𝑚𝑚𝑚𝑚𝑠𝑠 are the masses of links and motors respectively, 𝑔𝑔𝑡𝑡  is the 
vector representation of the gravity 𝑔𝑔 and 𝑝𝑝𝑠𝑠 is the position vector to each 
centre of gravity of the components. It should be noted that 𝐸𝐸𝑝𝑝𝑡𝑡𝑡𝑡  only depends 
on the location and not on the speeds or accelerations of the robot joints.  

Implementing both energy equations in the Lagrange-equation finally provides a 
dynamic equation that relates the joint angle, speed and acceleration to the joint 
torque. Once the mass-matrix is defined, the matrix for coriolis and centrifugal 
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forces 𝐶𝐶(𝑞𝑞, �̇�𝑞) can be found from the derivative of the kinetic energy. Finally 
the gravity matrix G(q) can be identified from the partial differential of the 
potential energy to q. 

Describing the robot dynamics is a complex mathematic problem. This section 
only provides an introductory description of two approaches to solve the 
dynamic equation, based on the comprehensive works by Craig [64], Sciavicco 
and Siciliano [65] and Spong and Vidyasagar [66]. The deflection model, 
developed in this thesis will only be based on robot kinematics, which is justified 
by the assumptions in section 6.4. 

4.4 Force control 
Interaction between the robot and the environment is a key element in robotics. 
Some examples of cases when a robot is in direct contact with the environment 
are: approaching to a surface, holding a product, machining a workpiece etc. For 
all these applications, interaction control can be beneficial. Interaction control 
has evolved from indirect to direct force control (FC). The main difference is 
that indirect FC is achieved through motion control, whereas direct FC involves 
closed loop force feedback. This implies that the force can be set to a desired 
value. Indirect force control includes two approaches: Compliance where to 
force is estimated from a displacement and stiffness, while impedance control 
involves a mass-spring-damper equivalent of the system with the force as input.   

Common in industrial robots is “parallel force control” where an outer force 
control loop is closed around an inner position control loop. When a detailed 
description of the environment is available (e.g. an accurate offline model), a 
common FC method is “hybrid force and position control” where the force is 
only controlled in one constrained direction, while the other directions maintain 
position control [67, 68]. This is for example the case when the robot writes 
with a pen on a whiteboard. The writing pattern is position controlled while the 
contact between the pen and the board is force controlled. In practice, the 
movement in force-controlled direction can be constrained, e.g. with the box-
function in ABB IRC5, which specifies a cuboid by length, width and height, 
around the tool in which force-controlled movement is allowed. Once the tool 
leaves the area, the force-controlled movement is aborted.  

A force sensor is a device which is able to measure forces (and optionally 
torques) from small displacements between two elastically connected parts. If 
the elastic element is assumed to have a certain damping and stiffness, a 
unidirectional force sensor output 𝛷𝛷 can be written mathematically as: 
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𝛷𝛷 = 𝑘𝑘 ∙ 𝛿𝛿 + 𝑏𝑏 ∙ �̇�𝛿 (11) 

where 𝛿𝛿 is the displacement and �̇�𝛿 its time derivative, 𝑘𝑘 the stiffness (i.e. a 
spring-constant) and 𝑏𝑏 the damping of the sensor. The displacement is 
converted to an electric signal, often by use of a strain gage. The force 𝛷𝛷 is thus 
a function of the electric voltage measured by the strain gage. For industrial 
robot applications, the forces and torques are often measured, each in three 
directions. This can be written in analogy with equation (11) where the stiffness 
and damping is given by a 6×6 matrix and the measured forces by: 

𝛷𝛷 = �𝐹𝐹𝑥𝑥 ,𝐹𝐹𝑦𝑦,𝐹𝐹𝑧𝑧,𝑀𝑀𝑥𝑥 ,𝑀𝑀𝑦𝑦,𝑀𝑀𝑧𝑧�
𝑇𝑇 (12) 

The FSW process involves low TCP speeds and high process force. The 
contributions to the joint torques are assumed to come only from the external 
load on the tool and the acceleration torques are neglected. Therefore all the 
further theories in this thesis will assume that the forces on the robot are static, 
reducing the mathematical complexity of presented models significantly. 

The challenges faced with force control of FSW are of a different kind than for 
example in robotic deburring or grinding. In those applications, the forces are 
typically much lower, making it difficult to distinguish the actual signal from the 
noise [69]. 

If the robot is assumed to have no velocity changes and all gravitational effects 
on the different links are neglected, then the robot can be seen as a static 
structure. This structure can be solved for static equilibrium, by solving a 
kinematic force-torque balance, which comes down to a simplification of the 
Newton-Euler formulation. When there is no movement, there is no energy 
consumed in the system, thus: 

𝐹𝐹𝑇𝑇 ∙ 𝛿𝛿𝛿𝛿 = 𝜏𝜏𝑇𝑇 ∙ 𝛿𝛿𝛿𝛿 (13) 

According to (4), the equation above can be rewritten as: 

𝐹𝐹𝑇𝑇 ∙ 𝒥𝒥 ∙ 𝛿𝛿𝛿𝛿 = 𝜏𝜏𝑇𝑇 ∙ 𝛿𝛿𝛿𝛿 (14) 

This results in a relationship between the forces and the joint torques: 

𝜏𝜏 = 𝒥𝒥𝑇𝑇 ∙ 𝐹𝐹 (15) 

A static force applied on the TCP can thus directly be translated into joint 
torques using the transposed Jacobian (𝒥𝒥𝑇𝑇) [64].  
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4.5 Plunging strategies for robot systems 
One major problem for robotic FSW is the transition from plunging to forward 
welding movement. To understand this, the start of the welding operation has 
to be analysed. The typical approach for a robotic FSW system is in the 
following consecutive order: 

1. The robot moves from a random location to a location at a safe 

distance from the surface to-be-welded, typically a few centimetres 

2. The force sensor is calibrated in this location for gravity compensation 

3. The rotational speed of the FSW tool is set to a desired speed for 

plunging, typically in the range of 500 to 3000 rpm 

4. The robot moves in position controlled mode to a location very close 

to the workpiece, typically one tenth of a millimetre from the surface 

5. Force control in the tool’s axial direction is enabled and plunge force is 

set (order of a few 1000 N), causing the tool to penetrate into the 

material 

6. The tool probe is fully penetrated and the tool shoulder touches the 

surface of the workpiece 

7. The tool is kept at this position for a certain period of time (typically a 

few seconds), to preheat the material 

8. Welding parameters are set (i.e. rotational speed, welding speed, tilt 

angle, welding force) 

9. The robot moves forward and follows the programmed welding path. 

10. The tool force is set in the opposite direction for a short time, causing 

the tool to retract from the material 

11. Force control is disabled 

12. Robot moves to a location at a predefined distance from the surface 

13. Tool rotation is disabled 

The main issue in this approach is the detection of the moment when the probe 
is fully penetrated and the tool shoulder reaches the surface, i.e. the transition 
from step 6 to step 7. As the robot deflects, the encoder reading of the robot 
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axes and accordingly the calculated TCP position are not reliable. This “virtual 
plunge depth” is the sum of two components: the real plunge depth i.e. the 
length of the tool probe, plus the deviation caused by robot deflections. This 
problem is already discussed in the PhD thesis by Soron [70] and several 
solutions have been presented: 

• Measurement of spindle torque: When the shoulder comes in contact 
with the surface, the contact area between tool and workpiece suddenly 
increases and this variation can be detected in the torque signal of the 
spindle motor. However, in work by Soron, this method was proven to 
be insufficiently robust.  

• Laser distance sensor: By using an external sensor, mounted on the 5th 
robot axis, the absolute distance between the workpiece and the 
shoulder can be measured more accurate. However, there are several 
drawbacks associated with this method. First, the loaded robot 
incorporates a deflection around the 5th robot axis, which causes an 
error in the sensor measurement as the tool is no longer perpendicular 
to the surface. Furthermore, this approach can be hard to implement in 
3D surfaces as the sensor cannot measure in the tool centre but at short 
distance from the shoulder.  

• Plunge depth parameter: Estimating the plunge depth, based on plunge 
force and implementing this as a process parameter in the system. This 
method is used in the ESAB Rosio system and works well. It is 
however more up to the operator’s experience to estimate the machine 
deflection and thereby the plunge depth parameter. 

In an attempt to avoid the plunge depth as an extra process parameter, a new 
approach was developed and implemented in the robot system during this thesis 
work. This method is based on knowledge about both the process and the 
robot. After the axial force control is enabled (step 5 in the above described 
plunging process), a wait instruction is started with an algorithm to detect when 
the tool shoulder touches to workpiece surface (step 6). The robot’s TCP 
position is logged in the robot system and the zw-position will change during the 
plunge operation as the tool sinks down into the material (index w refers to 
“weld” as explained later in section 5.1.2). The TCP speed is calculated from the 
time derivatives of the position. As soon as the tool shoulder comes in contact 
with the material, the speed will instantly decrease. The obvious reason is that 
the material is not soft enough to plunge the shoulder into the plate with the 
existing axial force. Once the drop in the TCP speed in zw-direction is detected 
by the algorithm, the wait instruction is ended and the program proceeds to the 
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next instructions (for execution of step 7 in the plunge process). This approach 
is implemented as the “IsMoving” instruction in the robot control system. The 
RAPID code for this instruction can be found in Appendix 1.  

Although this method is generally an improvement to the first method, it is still 
fairly sensitive to tool geometry changes and has to be tuned for a certain range 
of material thicknesses. When temperature feedback is available as described in 
chapter 7, the approach with the IsMoving-function becomes unnecessary and 
instead, the transition from plunging to welding can be based on reaching the 
desired temperature. The temperature-based method has shown to be far more 
robust for robotic FSW than the ones described in this section. 
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5 Experimental platform 

All the equipment, required to perform the robotic FSW experiments conducted 
throughout this thesis, is explained in this chapter. Equipment which is specific 
for one experiment will be described in the respective sections. 

5.1 The FSW Robot system 

5.1.1 ESAB Rosio FSW robot 

All experiments described in this thesis are performed on the ESAB Rosio FSW 
robot system, shown in Figure 14. The system is located at the Production 
Technology Centre in Trollhättan, Sweden and the lab facility is equipped with 
the required ventilation, shielding gas and compressed air supplies. The lab has 
access to a fibre laser and reflective walls, suitable for future experiments of e.g. 
laser-assisted FSW. The development of this FSW robot system is extensively 
described in a dissertation by Soron [70]. The system is based on the ABB 
IRB-7600 robot, which is the most powerful ABB robot available at the 
moment of writing. The robot has a specified payload of 500 kg.  

 

Figure 14: ESAB Rosio FSW robot at the Production Technology Centre 
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The original robot is modified to suit the FSW process. The last (6th) robot axis 
is redundant because that axis performs the same rotational movement as the 
welding spindle. Therefore, the last axis gear and motor is removed and replaced 
by the FSW equipment. The spindle motor is mounted on the side of the robot 
and an angular gear is mounted where the original 6th axis motor used to be 
placed. The welding spindle motor is a compact AC servo motor, type Mavilor 
MSA-45. The motor can deliver up to 4500 rpm speed and 30 Nm torque, 
which enables both high welding speed (high rotational speed requirement) and 
welding of up to 7 mm thick aluminium (high torque requirement).  

The axial force of the FSW tool is controlled using the force control functions 
in ABB’s IRC5 control system. This is based on force measurements from an 
ATI Omega 190 force and torque sensor. This sensor can measure compressive 
forces in axial direction of 18 kN and 7.2 kN in planar direction. The maximal 
torque is 1400 Nm around all sensor axes. 

5.1.2 Coordinate systems and conventions 

The used FSW robot system, ESAB Rosio, has no longer a 6th joint axis and the 
robot control system interprets the 6th axis as being locked to the 5th axis. This 
implies that the tool coordinate system is not aligned with the desired welding 
path. This has certain consequences: 

• The joint angle of the original 6th joint axis cannot be read from the 
robot system. 

• The measurements from the force sensor, locked on the 5th robot axis, 
cannot be measured in a coordinate system aligned with the welding 
path. 

The 6th joint axis value is required for alignment of e.g. the forces with the 
welding path. The only way to identify this value is through an inverse 
kinematics calculation where the current TCP is sent as input to the kinematic 
model. A less accurate approach is by using the orientation of the pose to which 
the robot is moving. For the used robot system, this is the pose in the executing 
Move-instruction. Especially for paths with large radii and many targets, this 
approach is sufficiently accurate. For paths with small radii, the orientation 
could be calculated from the transformation from the previous to the current 
TCP pose. 

Figure 15 shows the base coordinate system of the robot (index 0) and the weld 
coordinate system (index w) in two locations. 
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Figure 15: The FSW robot with indication of the joint axes (in red) and the robot base 
coordinate system (left) and a close-up of a workpiece with indication of the weld 

coordinate system (right) 

5.1.3 Robot control scheme 

The original control scheme of the FSW robot is shown in Figure 16. The 
kinematic input to the robot motion loop consists of a desired tool pose with 
position and orientation. The robot control system will generate a timed 
sequence of angles for each of the robot joints, which are sent to the five servo 
motors in the system. Resolvers on the motor of each axis measure the current 
position of the motor axis and send them to the motion control loop. In 
addition to the motion control loop, there is a closed force control loop with a 
set-force input. The joint angles generated from the programmed robot path 
will be modified by the force control loop in order to reach the desired force in 
the force-controlled direction.  

 

Figure 16: Control scheme of a force-controlled FSW robot 
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Although the rotational speed of the spindle motor is set from the same robot 
program, it is not part of the robot control system as such; therefore it is not 
included in the control scheme of Figure 16. The scheme will be complemented 
with a robot deflection model as described in chapter 6. Finally, the scheme will 
be completed by a closed-loop temperature controller, developed in chapter 7 
which will have the ability to overwrite the set values of both the axial force and 
the rotational speed. 

5.1.4 Offline robot programming 

For the FSW experiments on 3D-geometries, it is beneficial to program the 
welding path offline, to get a proper alignment of the targets with the 
components. ABB Robotstudio is selected as robot simulation software, due to 
its user-friendliness and the simplicity to communicate with the ABB IRC5 
control system. The virtual environment has to be calibrated to match the real 
environment (see Figure 17). Both have to correspond in a very precise way for 
e.g. accurate tilt angles and limited path deviations. Once the paths are 
programmed, they can easily be uploaded to the robot controller. 

  

Figure 17: The FSW robot with aluminium component (left) and the corresponding 
offline programming environment in Robotstudio (right) 

5.1.5 ISO testing procedure for robots 

The preferred procedure for testing the robot’s performance is following the 
ISO standard: “Manipulating industrial robots – Performance criteria and 
related test methods” (ISO 9283:1998).  The main interest for robotic FSW on 
relation to this standard is “Positioning Accuracy” (𝑑𝑑𝑃𝑃), describing how well the 
requested pose (Pc = [xc yc zc] ) and the resulting pose (Pi  = [xi yi zi] ) 
correspond: 
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𝑑𝑑𝑃𝑃𝑃𝑃 = �(�̅�𝑥 − 𝑥𝑥𝑐𝑐)2 + (𝑦𝑦� − 𝑦𝑦𝑐𝑐)2 + (𝑧𝑧̅ − 𝑧𝑧𝑐𝑐)2 = �𝑑𝑑𝑃𝑃𝑥𝑥2 + 𝑑𝑑𝑃𝑃𝑦𝑦2 + 𝑑𝑑𝑃𝑃𝑧𝑧2  (16) 

where �̅�𝑥 = 𝑛𝑛−1 ∙ ∑ 𝑥𝑥𝑠𝑠𝑘𝑘
𝑠𝑠=1 . The tests should be repeated for n=30 cycles. Similar 

to the Positioning Accuracy, a procedure is described for the Position 
Repeatability, which describes the repeatability in a certain pose, independent 
from the requested location. The ISO 9283:1998 standard was investigated for 
determining the accuracy of this FSW robot, but rejected for the following 
reasons: 

• The positioning accuracy and repeatability should be tested with 100% 
of the rated load conditions. In this case, a load of 500 kg should be 
added to the robot TCP. The force of interest, the side force, is usually 
much lower than 5000 N. 

• The specified testing load on the robot implies a gravitational force 
directed to the ground. The process forces in FSW will, however, 
usually be induced in the opposite directions, causing inverse loads on 
the gears. 

• The experiments should be conducted at 100%, 50% and 10% of the 
maximal TCP speed according to the standard. These speeds are far 
above the welding speeds of interest and furthermore, moving around 
500 kg at full speed cannot be performed safely in the current robot 
cell. 

• The standard specifies testing of the stabilisation time of the robot’s 
TCP in free air. This is not of interest as the tool of the FSW robot can 
be considered as moving through a highly viscous fluid. This prevents it 
from quick position variations where stabilisation effects are damped to 
a great extent. 

For calibration of the deflection model in chapter 6, a procedure is developed 
for the purpose of measuring the positioning accuracy and joint deflection. This 
procedure is more suitable for heavy duty robots and for the used FSW robot in 
particular. 

5.2 Communication network layout 
At the start of the conducted FSW research, the measurement system included 
only the FSW robot system, as provided by ESAB, and a PC with ABB’s 
RobotStudio for robot programming. The robot controller communicates with 
the spindle drive through a Profibus network. The force controller 
communicates with the force sensor values through an internal protocol in the 
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IRC5 control system. Throughout the conducted research, several sensors and 
communication protocols are added to the system: 

• Measurement PC in the Profibus network: To allow online control of the 
welding process from the measurement PC, a fast communication was 
required. Profibus was selected as this was already available in the robot 
system. The network was reconfigured with the PC as PB-master. 

• National Instruments data acquisition system (NI-DAQ): For a 
communication between NI-sensor modules for temperature and 
distance, and the PC, a NI-DAQ system was implemented. Both are 
physically connected through USB.  

• Optris PI Thermal camera: The thermal camera is used for measuring the 
temperature at the edge of the tool shoulder and how the heat is 
distributed into the rest of the robot. The camera has a measuring range 
of −20 to +900°C, measures at wavelengths of 7.5 to 13 µm at a frame 
rate of 100 Hz. The optical resolution is 160×120 pixels. The camera is 
compact (45×45×62 mm) and can be mounted on the robot close to 
the welding tool. 

• Procilica EC650 monochrome camera: The fireWire camera is able to capture 
up to 90 frames per second with a resolution of 659×493 pixels. The 
compact size allows it to be mounted on the robot. The camera is used 
for joint line detection and path compensation. 

The spindle motor is connected to a servo controller through a Profibus 
network. The speed is controlled by the Infranor servo drive. The 
communication scheme is provided schematically in Figure 18. 

 

Figure 18: Measurement system with different communication protocols 
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5.3 ContRoStir: Control and Supervision of 
Robotic FSW Software 

As mentioned in the research methodology section, an important part of the 
research time was put into system development (indicated centrally in Figure 2). 
The ContRoStir software was developed as part of this research to allow quick 
measurement and control of a variety of parameters from one single application. 
The software was created using the National Instruments LabVIEW software 
and provides the communication between the measurements PC and the ESAB 
Rosio FSW robot. It can however easily be modified to communicate with other 
FSW robots. Some functionalities of the software are: 

• Communication handling: The robot, sensors and the PC are 
communication through a Profibus network with the PC set up as 
Profibus Master in the ContRoStir software. 

• Data logging: Measured data are stored in a text file. This includes time, 
temperature, TCP position, TCP orientation, rotational speed, 
controlled (set) force, measured forces, joint angles and external 
distance sensors measurements. 

• Path deviation controller: based on the TCP and force information the path 
deviations are predicted and returned to the robot system. 

• Temperature controller: sending out a control value for the rotational speed 
and the axial force, based on the measured and desired temperature. 

• MATLAB communication: ContRoStir handles communication with 
MATLAB for visualisation of the current TCP position and calculation 
of robot kinematics. 

The graphical user interface of ContrRoStir is provided through the screenshots 
in Appendix 3. 

5.4 Limitations of the robot system 
Although the used robot system is one of the most powerful available at the 
time of this research, the stiffness is limited and the maximal forces and torques 
are lower than most conventional FSW machines. Welding speeds of 2.5 m/min 
in 3 mm thick aluminium were experimentally verified for the used robot 
system.  

For identification of the maximal deliverable force of the robot, a spherical tool 
is mounted on the spindle and pressed vertically against a steel table which is 
assumed to be stiff and incompressible. This is similar to the set-up in Figure 15. 
The robot axial force is applied in z0 direction and is increased from zero until 
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the current limit on one of the servo motors is reached, by steps of 500 N. The 
applied force when a joint reaches its torque limit is logged. This gives 
information about where the robot can deliver the highest forces and how 
workpieces could be positioned strategically to allow higher welding forces. 

Table 2: Maximal deliverable axial force as function of the distance to the robot base 

Distance to base along x0 [m] 1.43 1.61 1.86 2.11 
Maximal axial force [kN] 15 13 11 8 
Limiting joint axis 2 2 3 3 

As a general rule counts that, the further the robot’s TCP is moved away from 
the robot base, the less axial force can be delivered. The maximal force that the 
robot could apply on the welding table was 15 kN. This corresponds to about 
three times the specified payload by the robot manufacturer. Axis 2 and 3 are 
providing the major contribution to the axial force in this configuration. 

The results in Table 2 are based on a vertical force on the robot’s tool as the 
robot applies force to the table. This is however not the maximal force for the 
whole work space. Based on the kinematic rules presented in Section 4.4, an 
algorithm can be developed to identify the maximal deliverable force more 
accurately, in the complete workspace. This can be found as follows: 

• Identify the torque limit for each joint. 
• Calculate the resulting force at the maximal torque in the default 

position. 
• Vary the joint angles in discrete steps for all joint axes between the 

respective joint limits. This creates a 5-dimensional joint configuration 
matrix. 

• Calculate for each configuration the corresponding tool force, based on 
maximal joint torque. 

• Search for local maxima in the resulting force matrix. 

Another important limitation of the robot is the stiffness. When the robot 
applies the maximal axial force, it is associated with significant deflections in the 
system. When the robot is stretched out and applies maximal force on a solid, 
incompressive object (corresponding to 2.11 m and 8 kN respectively in Table 
2), the robot tool will virtually be positioned 8.7 mm below the surface to obtain 
the desired force. This distance corresponds to the deflection in the system for 
that specific setting. It also implies that external forces, applied on the tool will 
cause a significant deviation of the tool from its programmed position. Chapter 
6 will further discuss this and provide a solution to reduce deviations by means 
of a deflection model. 
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5.4.1 Feasibility study on Robotic FSW of steel and 
nickel alloys 

Experimental results in this section have been shown at the “9th International Trends in 
Welding Research Conference” in Chicago, USA. Parts of the experiments were performed at 
ESABs facilities in Laxå, Sweden, with support from Jörgen Säll and Mikael Soron [71].  

In an attempt to join super alloys by FSW, two plates of nickel alloy 718 
(Haynes® 718) with 2 mm thickness were joined in butt-joint configuration. 
PCBN tools were used, which were designed for welding joints of 2 mm 
thickness. The first welding trial on the FSW robot system did not pass the 
plunging stage. As the tool penetrated into the material, the motor exceeded the 
stall torque and generated an emergency stop. The tool was stuck in the material 
and had to be removed, causing the brittle PCBN probe to break. The gear, 
connected to the spindle motor with 2:3 ratio was replaced by a new gear with a 
2:1 ratio. This increased the maximal spindle torque to 90 Nm and decreased the 
maximal rotational speed of the spindle to 1500 rpm. With the used welding 
parameters, a tool rotational speed of 900 rpm generated a maximal tool torque 
of 72 Nm in earlier experiments. This corresponds to 1800 rpm and 36 Nm at 
the motor side, which is just within the rated performance as shown in Figure 
19. 

 
Figure 19: Performance curve of the spindle motor (Mavilor MSA-45)  

A new welding trial successfully plunged the tool into a 2 mm plate of alloy 718 
to the required depth without stalling and could maintain an axial force of 
12 kN. However, as the tool started moving forward, the temperature dropped 
and the applied force was not sufficient to maintain good contact between the 
material and the tool. The penetration depth decreased as the tool moved 
forward and the process was aborted. 
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A similar experiment was then performed on mild steel. A 1.2 mm thick plate 
was successfully welded on another 1.2 mm plate in overlap configuration. The 
temperature drop was not observed here. The tool maintained good contact 
with the workpiece and a defect-free weld was performed on the FSW robot. A 
microstructural analysis of the weld is provided in Figure 20. The grain size for 
the base material (A), the heat affected zone (B) and the stir zone (C) was 
measured from the pictures. The average grain size of the stir zone is about 
twice the size of the base material. This is different from the stir zone in 
aluminium alloys, which typically has much finer grains than the base material. 

 

 

Figure 20: Microstructure of a steel joint, performed by the FSW robot  

A local argon atmosphere could not prevent the formation of a thin oxidation 
layer on the top side of the weld. A very smooth surface was obtained as shown 
in Figure 21. 

The experiment showed that performing FSW of super alloys on the present 
FSW robot was not possible without additional heat input or preheating. Mild 
steel was successfully welded but requires the system to exceed the specified 
load limits. The use of this robot system for FSW of steel in production will 
most likely decrease the life length of the system significantly due to excessive 
overloading. However, it could be an economical way to benefit from the 
flexibility of the robot system for producing prototypes. The possibility to test 
3D joints of super alloys on a robot system allows end-users to experiment with 
the new technology at a relatively low cost.  

It was not possible to reduce the loads by increasing the rotational speed of the 
tool. This is expected to be caused by the limited friction (sticking) between tool 
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and workpiece. Combinations of tools and workpieces with higher friction 
coefficient might allow good welds at higher rotational speed with lower loads. 
For future experiments, higher preheating temperatures should be used in the 
range of 800 K and above. This would enable a further decrease of the loads on 
the robot and would allow welding of thicker joints. 

 
Figure 21: Robotic FSW of 2 mm mild steel, providing a high-quality weld 

Even though the performed welding test with the robot was short, the tool and 
the FSW equipment, including gears, bearings and force sensor, heated up fast. 
Hence, a good cooling system is mandatory to prevent overheating of gears and 
sensors. 
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6 Robot deflection compensation 

The results of the conducted research on robot deflection are presented in this 
chapter. Initial tests showed that the tool deviates from its programmed path, 
due to the induced process forces in FSW, applied on tool of the compliant 
robot. The primary aim was to find a relation between path deviations and FSW 
parameters such as rotational speed of the tool. The results of this study are 
presented in section 6.1. It was found that measured deviations could not be 
directly related to the process and that they were depending on the robot’s 
position and orientation during welding. In order to understand these 
observations, a laser-distance sensor and a camera-based computer vision 
system was implemented in the system, as described in section 6.2. This system 
showed that the tool was not only deviating linearly but also angularly. Two 
cases were selected to further investigate the effect of these deviations on the 
weld quality. The effect of linear and angular deviation is studied in section 6.3.  

The linear path deviation study in section 6.3.1 provided the allowable path 
deviation, to guarantee a weld without lack-of-fusion defects and thereby 
providing a tolerance window for further path deviation studies. The accuracy 
of the developed deflection model was verified, based on that tolerance window. 

6.1 Path deviation and its relation to process 
parameters 

This section originates from the publication “A local model for online path corrections in 
friction stir welding” as presentation at the FSWP 2010 conference in Lille, France, with 
major contributions from Mikael Soron to both the experiments and writing [72]. 

In the initial welds with the Rosio system, it was observed that the high process 
forces were affecting the position of the welding tool significantly. Especially in 
the high-strengh aluminium alloys such as AA 7075-T6, the deviations at the 
start location were clearly observable as demonstrated in Figure 22.  
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Figure 22: Macroscopic image of the path deviation between plunging and welding 
position in AA 7075-T6 at the start (left) and end (right) of a weld 

First, a range of aluminium alloys were selected in an attempt to relate the 
welding parameters to the side forces on the tool. A total of more than 50 test 
welds were performed on various materials under different conditions. In this 
study, the welds were performed in four different welding directions (positive 
and negative x0 and y0-direction). The materials, the rotational speed and the 
welding speed are summarized in Table 3. 

Table 3: The materials used with parameter settings for the deviation tests 

Material type Rotational speed [rpm] Welding speed [mm/s] 
AA 2024-T3 700-1200 2-15 

AA 5754 1000-1500 5-15 
AA 6063-T6 2500 8-10 
AA 7075-T6 800-1250 5-12 

The used materials had a thickness ranging from 2.0 to 3.2 mm. The tools used 
were suitable for the respective material thickness. The dimensions are given in 
Table 4. 

Table 4: Tool geometries used during the tests 

Probe length [mm] Probe diameter [mm] Shoulder diameter [mm] 
1.8 3 10 
2.8 4 10 
3.0 5 14 

After the samples were welded, the deviations from the joint line were measured 
on calibrated microscopic images from the start and stop positions. No clear 
relation could be identified between any of the input parameters and the path 
deviations. The results of the force sensor measurements did show a correlation 
with the path deviation, although highly scattered, as indicated in Figure 23 for 
x0-direction.  
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Figure 23: Correlation between the side forces and the path deviations in x0-direction, 
with indication of the linear approximation model 

The difference between welds in x0 and y0-direction can be explained by the 
robot construction. For the welds in x0-direction, the path deviation is mainly 
related to the deflections in the first axis of the robot. The path deviation of the 
welds travelling in the y0-direction (plotted in Figure 24) was mainly caused by 
deflections in robot axis 2 and axis 3. The deviation is thus dependent on where 
and in which direction in the working envelope of the robot the weld is being 
performed. Therefore two first-degree polynomial models (for x0 and y0 
direction respectively) are calculated from the data, based on a least square 
estimation: 

𝑑𝑑𝑥𝑥(𝐹𝐹𝑦𝑦) = 0.47 ∙ 𝐹𝐹𝑦𝑦 + 173 (17) 

𝑑𝑑𝑦𝑦�𝐹𝐹𝑦𝑦� = 0.18 ∙ 𝐹𝐹𝑦𝑦 + 417 (18) 

in which the deviation 𝑑𝑑 (in μm) is given as a function of the side force 𝐹𝐹𝑦𝑦 in N.  

The linear deflection models in (17) and (18) were verified by correcting the 
robot path for a set of welds in AA 7075-T6. The side force 𝐹𝐹𝑦𝑦 was measured 
until steady state was reached. The side force increased during the first 5-6 
seconds after the weld was initiated and then reached a steady state value. After 
that time, a set of force samples were saved in a buffer. The average value was 
returned to the deviation model and the path was adjusted with the resulting 
offset value of 0.7 mm, using the path offset algorithms by ABB. After the 
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buffer was filled, no more correction was applied because the correction 
reached a maximum level (steady state). The welds with correction were 
compared to the initial welds. The compensated welds resulted in much lower 
deviation, difficult to measure without microscope. 

As the measured deviations in y0 direction were highly scattered, they were 
further investigated and separated into two categories: +y0 and −y0 direction 
welds. A clear direction-dependency is demonstrated in Figure 24. Welding in  
−y0 direction resulted in deviations of up to 800 μm, while welding the same 
material with the same parameters in +y0 direction resulted in deviations up to 
1500 μm.  

 

Figure 24: Path deviation as a function of the side forces for welds in y0 direction 

This initial study on path deviations has demonstrated the need for path 
compensation since deviations up to 1.5 mm are measured during FSW, which 
can lead to inferior quality. The allowable tolerance for path deviations depends 
on the size of the tool and will be subject of further investigation in section 
6.3.1. This study has also shown highly scattered deviation measurements, 
indicating the need for a more accurate deviation measurement method. Two 
such methods are described in section 6.2. The models developed in this section 
can only be applied when welds are performed in the same direction as for 
which the model was created. They cannot be applied to 2D or 3D paths. A 
deflection model based on joint coordinates instead of Cartesian coordinates is 
able to account for this, as will be shown in section 6.4. 
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6.2 Sensor-based deviation measurement 
and deviation control 

The work presented in this section originates from the journal publication “Investigation of 
Path Compensation Methods for Robotic Friction Stir Welding”, published in “Industrial 
Robot, An International Journal”. Jens Oqueka did the practical development of the two 
measurement methods. Anna-Karin Christiansson and Gunnar Bolmsjö contributed with 
extensive revisions [73]. 

In the tests of section 6.1, several butt-welded FSW samples were 
microscopically investigated to measure the maximum deviation from the 
welding joint. The distance between the joint line and the edge of the tool in the 
start and stop locations was measured from images, taken from the weld 
samples. However, unpredictable vibrations in these start and stop locations and 
the characteristic weld flash contributed to highly scattered results. The limited 
precision of that method resulted in a new approach where the deviations are 
measured online, during welding. Two systems were developed for measuring 
path deviations: one is a camera-based computer vision system and another one 
is based on laser distance sensors. With a feedback controller, the path offset 
can be compensated online, during welding. Figure 25 describes the sensor 
arrangement for both systems during the welding experiments. 

 
Figure 25: Arrangement for the sensor-based path deviation measurements 

6.2.1 Camera-based computer vision method 

The device for image acquisition was a monochrome camera, type Procilica 
EC650, with a resolution of 640×480 pixels and a maximum frame rate of 90 
fps. This camera was mounted on the FSW robot and looking at the front of the 
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FSW tool (un-welded side). The setup is shown in Figure 25 on the left side. 
The camera was connected through a FireWire interface to the data acquisition 
system in LabVIEW. The camera was first calibrated for intrinsic parameters, to 
compensate for lens imperfections that cause distortions at the edges of the 
image. These parameters have to be calibrated just once. In addition, the camera 
extrinsic parameters have to be defined. They provide the relation between the 
camera pose and a base coordinate system of the robot. Extrinsic parameters 
have to be redefined, every time the camera position or the welding tool is 
repositioned. Both calibrations were done using the Image Processing Toolbox 
and Camera Calibration toolbox from the mathematical software MATLAB. 
Figure 26 shows the used parameter calibration pattern. 

 
Figure 26: Calibration image of the camera for extrinsic parameters 

Once calibrated, the vision system could be tested during welding. The images 
of the weld, shown in Figure 27, are first transformed to the base coordinate 
system of the robot. Then an image processing algorithm in MATLAB was 
applied to detect the joint line. The difference between the known location of 
the TCP, indicated as a red dot in Figure 27 and the detected joint line 
(indicated as a yellow line in the same figure) provided a numerical value, 
corresponding to the absolute distance between the TCP and the joint line. This 
value was sent to the data acquisition system in LabVIEW for logging. 
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Figure 27: Camera image during welding after applying the line detection algorithm 

6.2.2 Laser based method 

For the laser based deviation measurement method, a laser distance sensor was 
used to measure the distance from the laser sensor to a reference plane. The 
FSW experiments were performed in x0-direction and the reference plane for 
deviation measurement was mounted parallel to x0, about 150 mm away from 
the welding joint. The laser sensor, mounted on the robot, was pointing 
perpendicular to the reference plane. The sensor, type Micro-Epsilon 
optoNCDT 1302-200, sends an analogue current signal to a data converter, 
which sends the data via USB to the measurement PC with ContRoStir 
software. The sensor has a measurement range of 20 to 200 mm and a 
maximum sampling rate of 750 Hz.  

In its current setup, this method can only be used for welds in x0 direction, due 
to the absence of a sixth robot axis on the Rosio system. If the system is to be 
used with curved joints, an extra rotating axis, carrying the sensor, has to be 
integrated so the sensors can be aligned with the welding path. 

6.2.3 Comparison of the computer vision and 
laser-based method 

Unlike the microscope measurements, computer vision and laser sensors can be 
used as an automated path compensation method during welding similar to 
seam tracking for arc welding. Both measuring methods have their advantages 
and disadvantages. 
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The laser system: 

• Requires a reference plane 
• Produces high precision measurements 
• Sensitive for angular deviations around the tool axes 
• Only works for straight joint lines 

The computer vision system: 

• Requires certain lighting conditions (controlled illumination) 
• Needs a visible joint line (no overlap joints) 
• Does not require a reference plane 
• Unreliable measurements during plunging because the system is only 

calibrated when the shoulder is in contact with the workpiece 

Both methods give a precise profile of the deviation of the tool from the joint 
line, as shown in Figure 28. Note that the welding starts at frame 140 in Figure 
28 and the measurement before reflects an approach path of the robot which 
are measured differently by the two systems.  

 

Figure 28: Profile of the absolute path deviation from the centreline of the weld 
measured by computer vision and laser sensors 

Both methods show good agreement and can be used for online path 
compensation. For FSW, the welding speed is relatively low and the correction 
of the path as an offset can be used using the functionality provided by the ABB 
IRC5 controller. The control signal for path correction can be sent to a register 
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inside the robot system via a Profibus network and the ABB robot control 
system IRC5 facilitates for online path offsetting through the “xyCorr-
function”. Figure 29 shows how they can be integrated in the control system for 
online path compensation. This is however only conceptual, the methods were 
in practice only used for measurement of deviation. 

 Figure 29: Implementation of laser and vision system for online path compensation 

6.2.4 Use of sensors for path deviation compensation 

Due to the absence of a 6th robot axis, the sensors cannot be aligned with the 
programmed robot path. This implies that the system, in its current setup, is 
only useful for straight joint lines. Thus, it cannot be used for online seam 
tracking on work pieces located arbitrary in the work space. This is a major 
limitation for the measurement system. However, this could be solved by adding 
an external axis to the system for the purpose of aligning the sensor in the 
welding direction, using the data signal of the original 6th axis. In this way, the 
robot would be able to measure the misalignment and use the tracking data to 
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compensate its path during welding operation. This axis can be kept compact as 
it will only carry sensors, no process-related loads. 

In this section, different sensor-based methods were developed to provide more 
accurate path deviation measurements during robotic FSW. In principle, the 
FSW process is a “clean” process with respect to the use of a sensor close to the 
joint line and applying and selecting a sensor for measuring the path or other 
parameters is based on the specific case. This is more complicated for e.g. laser 
welding, where sensors have to be protected from intensive light.  

The presented sensor solutions allow a good measurement and understanding of 
the process and the robot behaviour. However, it is not always desirable to use 
these sensors in a production environment. The understanding of the robot’s 
behaviour under high loads provides a base for the deflection model in section 
6.4 which will allow path compensation without the use of additional distance 
sensors. 

6.3 Need for compensation of robot 
deflections: Two case-studies 

Friction stir welding is an in-contact welding operation and the contact forces 
between the tool and the workpiece are high and cause path deviations as found 
in section 6.1. Due to the high process forces, every robot joint will slightly 
deflect in links, servo motors and gears, resulting in a non-negligible TCP 
deviation. Temperature measurements and finite element models of FSW 
usually show an asymmetry across the weld; the advancing side is warmer than 
the retreating side of the weld [74]. This occurs because the material flow 
around the tool will cause more material to pass through the retreating side than 
through the advancing side of the tool. No models have been found which 
predict the side forces from this process asymmetry, as this is not of interest 
when using stiff machines. However, the asymmetry generates a force on the 
tool towards the advancing side, causing compliant machines like robots to 
deviate from the welding path. Different models are discussed and compared in 
literature [75]. This asymmetric effect can be understood using the extrusion 
model developed by Arbegast [34].  

The tool force can result in significant deviations from the welding path, 
depending on the stiffness of the machine. Section 6.3.1 presents a study of the 
effects of the linear path deviations, away from the joint line, on microstructural 
changes in the material. In machines with limited stiffness, the high forces result 
not only in linear deviations of the tool but also in angular deviations. When the 
tool is not perpendicular to the surface, the distribution of the forces are 
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different, which can have a significant impact on the weld quality. The benefits 
of adding a tilt angle to the tool in welding direction is well-documented. The 
effects of tilting the tool towards the advancing of retreating side on the weld 
properties are however unknown. An investigation was therefore conducted to 
study the effects of this side-tilt angle, as described in section 6.3.2.  

6.3.1 Linear path deviation 

Results in this section are based on the same journal publication as referenced in section 6.2. 

In order to see the effect of a misaligned tool trajectory on the weld quality, two 
plates of 3 mm thick AA 7020 aluminium were butt-welded with a concave 
FSW tool, having a shoulder diameter of 10 mm and a 2.3 mm long threaded 
probe with a 3 mm diameter. The gap between the plates before welding was 
not measured individually but was as narrow as possible and less than 0.2 mm. 
The welding path was programmed with a constant offset from the joint line 
(P.O.) for each weld. The P.O. was varied for different welds from −3 mm to 
+3 mm; starting from the advancing side towards the retreating side. During 
welding, the robot deflects causing an addition offset from the joint line. This is 
called the “Offset due to Deflection” (D.O.) and is around 0.8 mm for the 
AA 7075 material with similar hardness and setup (as found in section 6.1). The 
D.O. is fairly constant within 0.3 mm in a limited work space on the work table. 
Four weld samples were made for each P.O. The standard deviation is indicated 
as black bars in Figure 30. For each of the weld samples, tensile tests were 
performed to see the effect of misalignment on the strength of the weld. The 
results in Figure 30 demonstrate the importance of a well-positioned tool, 
relative to the joint line. The true offset (T.O.) from the joint line is the sum of 
P.O. and D.O.  This means that when the tool is programmed with P.O. at 
0.8 mm to the retreating side of the joint line, the joint deflections will cause the 
tool to deviate with D.O. at 0.8 mm to the advancing side. Thus, the resulting 
true offset is 0 mm, in other words, the tool will end up in the middle of the 
joint line, providing the strongest joint. For a P.O. greater than 1.4 mm to the 
advancing side, the T.O. will be greater than 1.4 + 0.8 = 2.2 mm. In that case, 
the probe misses the joint line completely and no FSW joint is created.  

63 

 



 

 
Figure 30: Ultimate tensile strength of the welds for different programmed offsets 

(P.O.) from the joint line 

The micrographic investigations shown in Figure 31, demonstrate the lack of 
penetration when the tool was not aligned properly. Crack formation in the 
bottom will occur for these applications. Although tensile strength is still 
acceptable for relatively large path deviations (up to 1 mm), the effect on fatigue 
strength is expected to be much more important as cracks will initiate from the 
defect in the bottom. The observations are in line with a study by Takahara [76] 
where it was concluded, based on an experimental study, that the allowed path 
deviation is half of the probe diameter to the advancing side of the tool. 
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Figure 31: Effect of path deviation on the weld quality for different programmed 

offsets of +2.6 mm (a), +0.6 mm (b) and −1.4 mm (c) 

6.3.2 Angular tool deviations: Side-tilt angle 

The major part of this section originates from the conference paper “Influence of Roll Angle on 
Process Forces and Lap Joint Strength in Robotic Friction Stir Welding”, presented at the 9th 
FSW Symposium in Huntsville, AL, USA, May 2012, Mikael Soron and Lars 
Cederqvist contributed with the setup and conduction of the experiments and co-authored the 
paper [77]. 

Because of the asymmetry in the FSW process, the tool will encounter a side-
force. This section investigates if the addition of a side-tilt angle as a process 
parameter can reduce the asymmetry in the process and thereby decrease the 
process forces and improve the joint strength. Furthermore, the side-tilt angle 
can also be a result of the robot deflections and therefore it is important to 
know if the angular deviations of the tool have an effect on the quality of the 
weld. 
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Oki et al. investigated the effect of side-tilt angle on the properties of 3 mm 
thick butt welds in AA 5083 and aimed to examine the side-tilt angle “tolerance” 
in 3D FSW seams, i.e. how much the tool can be tilted in cross-welding 
direction without deteriorating the weld quality [78]. The tool was tilted from 
−10° (towards advancing side) to +10° (towards retreating side) and the effect 
on both tensile strength and strain was measured. The paper demonstrated that 
a roll angle of 2° does not affect the weld quality for butt joints. A joint 
efficiency of 85% was reached for roll angles up to 8°. 

Tool geometry should always be adapted to the type of application to guarantee 
a good weld. Inappropriate tool geometry for lap joints typically causes hooking 
effects, which can reduce fatigue and tensile strength significantly. Buffa 
reported high-quality lap welds using a tool probe with a cylindrical shape close 
to the shoulder and a conical shape at the end. The cylindrical part allows 
obtaining large nugget areas because of the large area sheet interface while 
conical part induces a vertical helicoidal material flow [79]. Cederqvist previously 
studied the effect of parameter variations on the strength of lap joints without 
including the side-tilt angle as parameter [80]. 

6.3.2.1 Side-tilt angle experiment 

For this study, an FSW tool is used with both clock- and counter-clockwise 
threads on the probe. This CounterFlow™ tool is designed to create an 
upwards and downwards material flow, minimizing the stress in the material at 
the interface of the two plates and reducing the hooking effect [21]. The used 
tool has a probe diameter of 4 mm and shoulder diameter of 10 mm. 

 
Figure 32: Set-up for side-tilt experiments (a) and a welded sample for tensile tests (b) 

The material used in all tests is rolled aluminium alloy AA 7075-T6 with a 
minimal ultimate tensile strength in transversal direction of σUTS,min = 540 MPa. 
Two plates of 250×250 mm with 2 mm thickness were lap-joined together with 
a 230 mm long weld with different side-tilt angles (Figure 32). After welding, the 
plate was water-cut into nine samples of 21 mm width plus one smaller for 
microstructure investigation. The nine samples were tested in a tensile test 
machine. Three of the samples were tested with advancing side under tension 
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(A.U.T.), three with retreating side under tension (R.U.T.) and three with the 
bottom side under tension (B.U.T). The different test situations are shown in 
Figure 33. Two of the three samples were tested three weeks after welding and 
the third sample seven weeks after welding. All tensile test results are 
represented as the maximal applied force before breaking (𝐹𝐹𝑚𝑚𝑡𝑡𝑥𝑥). The choice to 
represent tensile strength as function of the maximal force instead of stress is 
based on the unconformity in literature for definition of the contact area in 
FSW lap joints. 

The side-tilt angle (𝛽𝛽) was varied between −3.2° (into the retreating side) and 
+4° (into the advancing side) as demonstrated in Figure 2. 

 
Figure 33: Set-up for welding with side-tilt angle β (top) and the tensile testing 

situations (below) 

6.3.2.2 Experimental results 

A set of welds were performed with different parameters and the microstructure 
was analysed, in order to find a suitable parameter window. From this analysis, a 
set of parameters was selected as shown in Table 5. 
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Table 5: Parameter set for side-tilt experiments in AA 7075-T6 

Parameter Selected value 
Rotational Speed during plunge 600 rpm 
Axial force during plunge 1200 N  
Welding Speed 8 mm/s 
Rotational Speed during welding 1200 rpm 
Axial force during welding 8000 N 
Tilt angle α (welding direction) 2 ° 

The effect of the side-tilt angle on the joint strength is shown in Figure 34. Each 
dot represents the average strength of 3 samples, together with the standard 
deviation. The standard deviation for all samples was small, indicating a good 
repeatability of the tests. Note that for this reason, the standard deviation in 
Figure 34 is difficult to observe. There was no noticeable effect of the time 
between different tests on the joint strength. The specified base material 
strength of hardened AA 7075-T6 is 540 MPa. To allow comparison of the joint 
strength with the base material, this was recalculated to a corresponding strength 
of 22680 N for the coupon dimension. Tensile tests were also performed on 
coupons of base material. The material supplier specifies a tensile strength of 
230 MPa for AA 7075 in unhardened state (equivalent to 9660 N for the used 
specimen dimension).  

The strength of the joint with B.U.T. slightly decreases as the side-tilt angle 
increased. The maximal measured strength in this configuration was 22547 N at 
an angle of β =−0.8°. This implies a joint efficiency of 99.4%, compared to the 
supplier-specified material strength. The strength of the joints with A.U.T. and 
R.U.T. are significantly lower than B.U.T.  

The samples with A.U.T. clearly indicated stronger welds when the tool was 
tilted towards the advancing side. For A.U.T. tests the maximal measured 
strength was 11647 N at an angle of β =+2.4°. This corresponds to a joint 
efficiency of 51%. Samples with R.U.T. however, did not show a noticeable 
influence of the side-tilt angle on the strength. The maximal measured strength 
was 10758 N at an angle of β =−0.8°. This corresponds to a joint efficiency of 
47% and the joints are stronger than the unhardened material.  

The thickness of the top sheet will reduce when the tool is side-tilted, the 
so-called thinning. This means for the largest angle, β=4° into advancing side, 
that the plate thickness reduces with up to 0.35 mm, assuming the retreating 
side still has full contact. The thinning can also be seen in the top and bottom 
weld of Figure 35. 
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Figure 34: Ultimate tensile strength of the material for different side-tilt angles in the 
three different testing configurations with first-order approximations 

The microstructure study is shown in Figure 35. The analysis shows indications 
of a defect for the welds with 1.6° tilt angle towards the retreating side and clear 
volumetric defects on the advancing side when the tool is tilted 3.2° towards 
both the advancing and retreating side. The bright spots are caused by the 
polishing or etching procedure. The used CounterFlow™ tools are significantly 
reducing the hooking effect in overlap welding. An SEM-analysis did show 
slight hook on the advancing side for certain welds, in the order of 30 μm. On 
both sides, at the interface of the plates, a black line was observed, indicating the 
remnant oxide layer. However, no relation between the tensile strength and the 
oxides could be proven.   
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Figure 35: Microstructure analysis of welds with side-tilt angle −3.2° (top), 0° (middle), 
+3.2° (bottom) 

  

Figure 36: SEM analysis of a lap joint with -1.6° side tilt angle 

During welding with side-tilt angle, the process forces were logged and analysed. 
The mean value of the side forces was calculated for each weld in steady-state 
condition (i.e. without plunge or retraction). The side-force was not significantly 
affected by a change in the side-tilt angle and no clear relation could be 
observed, as shown in Figure 37. 
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Figure 37: Influence of the side-tilt angle on the side force 

The results from this study indicate that side-tilt angles within 3.2° do not have a 
major impact on the weld quality or on the resulting welding forces. Deflections 
of the robot cause an angular deviation from the programmed tool orientation, 
affecting the side-tilt angle. This is however not likely to exceed the 3.2° as 
studied in this section. The focus in the following sections will therefore only be 
on compensation of linear path deviations. 

6.4 Deflection model 
A manuscript on the deflection model, described in this section, has been accepted for 
publication after revision in “Industrial Robot, An International Journal” under the title 
“Deflection model for robotic friction stir welding”. Gunnar Bolmsjö contributed to the paper 
with extensive revisions. 

Based on the knowledge from welding experiments and external positioning 
sensors, a good image was obtained about the cause of robot deflections and 
how they vary in the workspace. Whereas earlier studies mainly related the 
forces to path deviations in a local Cartesian workspace, this section will relate 
the forces to deviations in the joint space of the robot. This implies that, based 
on deviation measurements in a few locations, a model can be developed which 
predicts deviations in the whole workspace. Furthermore, it does not require 
any distance sensors to predict the offset; the model is entirely based on the 
already existing force sensor and the positioning information from the robot 
system. 

The tool forces are measured by the embedded ATI force sensor on the ESAB 
Rosio FSW robot. Recalling the kinematic model developed in chapter 4, there 
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exists a relation between the angular velocities of the joints and the speed of the 
robot’s TCP, through the Jacobian matrix 𝒥𝒥 as described in equation (5). If the 
robot is considered a static object with no velocity changes and all gravitational 
effects on the different links are neglected, then a static force applied on the 
TCP can directly be translated into joint torques using the transposed Jacobian 
𝒥𝒥𝑇𝑇 [64]. Equation (15) can be rewritten for a six-axis industrial robot. The 
relation between joint torques 𝜏𝜏 = [𝜏𝜏1, … , 𝜏𝜏6]′ and tool forces 𝐹𝐹 =  [𝐹𝐹𝑥𝑥 ,𝐹𝐹𝑦𝑦,𝐹𝐹𝑧𝑧]′ 
and tool torques 𝑀𝑀 = [𝑀𝑀𝑥𝑥 ,𝑀𝑀𝑦𝑦,𝑀𝑀𝑧𝑧]′ can be described as: 

𝜏𝜏 = 𝒥𝒥𝑇𝑇 ∙ �𝐹𝐹𝑀𝑀� 
(19) 

The static torques are only an estimation, the true torque values on the motor 
also includes gravitation compensation and acceleration torques. Because the 
welding process is slow, acceleration torques are low compared to the torques 
caused by the welding process forces. Hence, the following assumptions are 
made: 

- The torques on the 5 robot axes which cause deflections are only 
depending on the external forces on the TCP. Torques caused by speed 
variations are neglected as the welding speed is low 

- There exists a linear relationship between the applied torque and the 
resulting deflection for each of the robot joints. This relationship is 
described by a spring constant 𝑘𝑘 

- The spring constant is independent of the direction in which the torque 
on the robot axis is applied 

One specific property of the Rosio system is the absence of the information of 
the removed 6th robot axis. The robot is able to send out force sensor data in 
the base coordinate system of the robot, but it cannot send out the position of 
the 6th robot axis.  This means that the inverse kinematics have to be calculated 
to obtain the 6th axis joint values before the deflection model can be applied. 
There can be several possible joint angle sets to obtain one specific pose. It is 
very important that the calculated configuration in MATLAB is the same as the 
real configuration of the robot. This is however not a problem for this specific 
situation because the inverse kinematics problem is solved through an 
optimisation algorithm, which starts from an initial guess. This initial guess is 
almost the same as the solution of the algorithm, apart from the 6th axis joint 
angle. The algorithm will find a solution in a reasonable time and with the same 
configuration as the real robot. The robotics toolbox in MATLAB provides an 
optimisation algorithm for invers kinematics called “ikine”. The arguments are 
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the TCP pose and an initial guess (i.e. the known 5 joint angles and zero). Based 
on the solution, the Jacobian matrix can be calculated according to Equation 
(11). 

The spring constants of the individual joints were defined experimentally. Based 
on those, the joint deflection matrix can then be calculated as: 

�
∆𝑞𝑞1
⋮

∆𝑞𝑞6
� = �

𝑘𝑘1 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝑘𝑘6

� ∙ �
𝜏𝜏1
⋮
𝜏𝜏6
� (20) 

The deflection at the tool can be calculated using the homogeneous 
transformation matrix for the TCP with and without joint deflections. 

[𝛥𝛥𝑥𝑥 𝛥𝛥𝑦𝑦 𝛥𝛥𝑧𝑧     𝛥𝛥𝛼𝛼 𝛥𝛥𝛽𝛽 𝛥𝛥𝛥𝛥]𝑇𝑇 = 𝑇𝑇0𝑡𝑡(𝑞𝑞)− 𝑇𝑇0𝑡𝑡(𝑞𝑞 + ∆𝑞𝑞) (21) 

The robot’s 6th axis is removed from the system and the fifth robot axis is 
assumed to have a negligible influence on path deviations because of the short 
distance between the axis and the tool. Therefore the deflections ∆𝑞𝑞5 and ∆𝑞𝑞6 
are set equal to zero.  

Finally, the obtained linear path deviations in base coordinates are reoriented in 
the weld coordinate frame, providing the offset in 𝑦𝑦𝑤𝑤 direction: 

[𝛥𝛥𝑥𝑥 𝛥𝛥𝑦𝑦 𝛥𝛥𝑧𝑧     𝛥𝛥𝛼𝛼 𝛥𝛥𝛽𝛽 𝛥𝛥𝛥𝛥]𝑤𝑤 = 𝑅𝑅0𝑡𝑡(𝑞𝑞) ∙ [𝛥𝛥𝑥𝑥 𝛥𝛥𝑦𝑦 𝛥𝛥𝑧𝑧     𝛥𝛥𝛼𝛼 𝛥𝛥𝛽𝛽 𝛥𝛥𝛥𝛥]0  (22) 

6.4.1 Identification of spring constants 

Based on the assumptions that the robot deflection is caused by a torsional 
deflection in the joints, the deflections for each of the joints was modelled. This 
allows estimation of path deviations based on a joint space deflection model. To 
facilitate the experiments, a few special poses were selected, where only one axis 
is subjected to an external torque for each pose. The torque on each joint can be 
described as the vector product of the force and the lever arm: 

𝑀𝑀��⃗ = 𝑑𝑑  ×  �⃗�𝐹 (23) 

The typical side-forces in FSW of 3 mm thick aluminium are in the range of 1 to 
3 kN. Therefore the model is calibrated with an axial force of 3 kN. 

In all robot configurations, equation (19) is valid and joint torques can be 
identified using the transposed Jacobian. However, it is beneficial for the 
accuracy of the model that applied external force only cause a torque on one 
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robot axis. For the four setups shown in Figure 38, the applied tool force is 
delivered by axis 1, 2, 3 and 4 respectively. 
 

 
 

 
 

Axis 1: F1 intersects axis 4 
 F1 parallel to axis 2,3,5  

 
 

Axis 2: F2 intersects axis 1,3,4 and 5 

 
 

Axis 3: F3 intersects axis 1,2,4 and 5 

 
Axis 4: F4 parallel with axis 2,3 and 5 

 F4 coplanar with axis 1 

Figure 38: Poses for identification of individual joint deflections of axis 1 to 4 

By selecting the special setups from Figure 38, only one component of the force 
vector is used and the calculations can be simplified; the joint torque is then 
equal to the applied force (F=3 kN) times the perpendicular distance between 
robot the axis and the tool. The static torque on one robot axis is calculated for 
the example of Axis 1, based on the experimental measurements of the forces 
and TCP variations: 

𝑀𝑀𝑧𝑧 = 𝑥𝑥𝑇𝑇𝑇𝑇𝑃𝑃 ∙ 𝐹𝐹1 = 2.297 ∙ 3000 = 6891         [Nm] (24) 

According to the assumptions made, the tool offset is caused only by an angular 
deviation, in this case around the first robot axis. For the chose configuration, 
corresponding to Figure 38, case 1, the x0 position of the TCP is 2266 mm. The 
measured linear path deviation at 3000 N is 2.62 mm. Translating the linear 
deviation at the TCP to the angular deviation on the first robot axis gives: 
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𝛼𝛼1 = 𝑑𝑑𝑡𝑡𝑛𝑛−1 �
2.62
2266

� ≈
2.62
2266

= 1.16 ∙ 10−3         [𝑟𝑟𝑡𝑡𝑑𝑑] (25) 

The spring-constant for the first axis is then: 

𝑘𝑘1 =
𝛼𝛼1
𝑀𝑀1

=
1.16
6891

= 1.68 ∙ 10−7                   [𝑟𝑟𝑡𝑡𝑑𝑑/𝑁𝑁𝑚𝑚] (26) 

The spring constants of the remaining axes can be identified by performing a 
similar experiment for the remaining selected poses in Figure 38. The 
experimentally defined spring constants are listed in Table 6. 

Table 6: Spring constants for the first three robot axes 

Axis number 1 2 3 
Spring constant ki [ ·10-7 rad/Nm] 1.68 3.52 1.79 

Following the assumptions made, 𝑘𝑘4 and 𝑘𝑘5 are set to 1.79·10-7 rad/Nm and 𝑘𝑘6 
is set to zero. 

6.4.2 Implementation of the model for online path 
compensation 

Once the spring constants were identified, the deflection model was calibrated 
for this specific robot. The robot’s joint angles and the force sensor 
measurements were sent from the robot to the ContRoStir software on the PC. 
ContRoStir communicates with MATLAB, where the path deviation is 
calculated. The complete robot deflection model in MATLAB is provided in 
Appendix 2. The calculated deviation is returned to ContRoStir where a moving 
average filter is applied. ContRoStir sends the deviation values back to the 
robot. A function in the ABB robot control system was used to offset the path, 
corresponding to the calculated deviation. This is schematically explained in 
Figure 39. 
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Figure 39: Schematic implementation of the deflection model 

6.4.3 Verification of the deflection model 

The FSW process causes a side-force on the tool, which depends on welding 
parameters such as axial force. Typically, a weld in 7000-series aluminium 
requires 7 kN axial force and provides a 1.5 kN side-force. To simulate the tool 
forces during FSW, a tool with spherical head was mounted on the robot and 
pressed against an 18° tilted surface. The tool was moved linearly along the 
surface with a predefined axial force. The resulting side force on the tool was 
caused by the reaction force from the tilted surface and depends on the 
orientation and location of the TCP. The path deviation was measured as the 
tool moves past external laser distance sensors, for different axial force settings. 
The experiments with movement in the x0 direction (causing side-forces in y0 
direction) are shown in Figure 40. Each curve represents the average of two 
experiments. The axial force was increased from 100 N to 2000 N. An axial 
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force of 2000 N resulted in a side force varying between 1800 N and 2000 N. 
With the deflection model enabled, the path offset could be reduced from 
maximal 1.62 mm to 0.55 mm. 

 

Figure 40: Measured deflection from sensors S1 and S2 with and without path 
compensation 

The way the robot is designed causes that the accuracy of the deflection model 
will depend on the location in the workspace and the direction of movement. 
Experiments in different welding directions showed similar improvements with 
maximum error of about 0.5 mm, similar to the results with movement in x0-
direction shown in Figure 40. Some possible reasons for this different behaviour 
are provided in the discussion section. 

6.4.4 Improvements to the deflection model 

In the previous sections, it was assumed that there exist a linear relation between 
the joint deflection and applied torque. This makes the implementation in the 
online path compensation algorithm easier and less computational intensive. In 
an attempt to reduce the deviation even further, a more accurate estimation of 
the spring constants is developed. The forces at the TCP are stepwise increased 
from 0 to 5000 N and the variations in joint angles are logged. The results of 
one such experiment to identify the deflection in axis 2 and 3 is shown in Figure 
41. Note that the experiment is performed in a location where mainly axis 2 
delivers the torque to obtain the requested axial force. No conclusions are 
drawn from the deflection in axis 3. 
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Figure 41: Measured deflection of axis 2 and 3 with linear and advanced 
approximation of the deflection of axis 2 

In the experiment in Figure 41 (bottom) it can be seen that a linear estimation of 
the deflection, based on deviation at 3000 N, is not properly representing the 
real situation. The original predicted deviation (indicated as “linear model” 
Figure 41) is lower than the measured deviation. The reason can be explained by 
a backlash in the gears, causing a significant deviation as soon as a low force is 
applied. To improve the accuracy of the model, a continuous function is 
suggested which estimates the joint deflections. This function is a combination 
of a sigmoid function representing the backlash at low forces (S-shape), and a 
linear function representing the deflection following Hooke’s law (inclination). 
Parameter 𝛿𝛿 and 𝛿𝛿’ represents the backlash for positive and negative torque 
respectively and ε the force span in which the backlash builds up. Parameters 𝛽𝛽 
and 𝛽𝛽’ represent the spring constant at higher forces for positive and negative 
torque respectively. The equation can be written as: 

𝛥𝛥𝛼𝛼 =  
𝛽𝛽 ∙ 𝑥𝑥 + 𝛿𝛿

1 + 𝑒𝑒
−10∙𝑥𝑥
𝜀𝜀

+ 
𝛽𝛽′ ∙ 𝑥𝑥 − 𝛿𝛿′

1 + 𝑒𝑒
10∙𝑥𝑥
𝜀𝜀

       (27) 

For the example of joint 3, the coefficients are identified in one direction. The 
span δ is chosen to 500 N. Equation (27) can be written as: 

𝛥𝛥𝛼𝛼 =  
4.2 ∙ 10−7 ∙ 𝑥𝑥 + 7.7 ∙ 10−5

1 + 𝑒𝑒
−10𝑥𝑥
500

+ 
4.2 ∙ 10−7 ∙ 𝑥𝑥 − 7.7 ∙ 10−5

1 + 𝑒𝑒
10𝑥𝑥
500

      (28) 
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Equation (27) assumes a symmetric behaviour of the joint (i.e. the backlash in 
both direction is equal). By repeating the experiment with a torque induced in 
the opposite direction, the backlash (𝛿𝛿’) and linear deflection (𝛽𝛽’) can also be 
identified in the other direction. This new model shows better correlation with 
the measurements (indicated as “advanced model” Figure 41). It is expected that 
this advance model will take more computation time than the linear model. 

6.5 Summary of the robot deflection studies 
When a serial kinematics robot is charged above its maximal rated load, there 
arise significant path deviations. The accuracy, specified by the robot 
manufacturer, is no longer valid and the robot requires additional calibration for 
certain applications. The robot in these experiments could locally deliver three 
times more force than specified, i.e. up to 15 kN. This implies that weld which 
require high down-force should be performed close to the robot base. 

FSW is one of the manufacturing processes which require both high precision 
(order of a quarter of the probe diameter) and high force (order of 10 kN). 
Without additional calibration, the path deviation caused lack of fusion defects, 
which is detrimental for the strength of the weld.  

Based on calibrated camera images and laser distance sensors, two external 
measurement methods were developed to provide an understanding of how the 
process forces affect the robot. With this knowledge, a deflection model is 
developed, where the TCP deviations are predicted from the external forces. 
The model’s input and output values are in Cartesian coordinates, while 
internally, the angular deviation is calculated from the joint torques, i.e. in joint 
space coordinates. The model is entirely based on kinematic rules, using the 
Jacobian relation between TCP forces and joint torques. The exclusion of 
dynamic effects in the model is justified by the low welding speeds, and the high 
external forces. 

For side forces of 2 kN, the maximal path deviation was reduced from 1.62 to 
0.55 mm, which was sufficient for the studied process requirements. This force 
corresponds to a side force measured during FSW of a 3 mm thick 7000-series 
aluminium alloy. With implementation of an asymmetric model which includes 
backlash, deviations are expected to reduce even further. 
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7 Temperature control 

In the early industrial applications of FSW, one-dimensional welds were 
performed in rigid machines, providing very stable welding conditions and a 
repeatable weld quality. With the introduction of more complex applications and 
more flexible machines, new problems arose. The weld quality could no longer 
be guaranteed on certain geometries and more advanced process control was 
required. This is mainly associated with heat retention in the machine and 
workpiece. This is for example visible in thick welds with long process times 
[81].  

In general, when the heat dissipation in an aluminium component varies and the 
heat input is unchanged, the temperature will vary accordingly. This leads to an 
unstable process with varying weld properties and risk of defects and melt-
downs. In this chapter, the development of an innovative temperature 
measurement method, based on thermoelectric effect is described. The method 
can be used for online control of the welding temperature and thus avoid 
defects such as melt-downs. 

7.1 Existing temperature measurement 
methods for FSW 

Several methods have been presented to measure the tool temperature. One of 
them is by thermocouples, inserted in the tool. Fehrenbacher et al. developed a 
thermocouple-based measurement system for FSW [82]. The performance of 
that system is very good and can be used for online control. However, one 
major drawback is the need for a pre-drilled hole in the tool to insert the 
thermocouple. This extra operation will significantly increase cost and time 
losses in an automated production line. Furthermore, the signal processing and 
Bluetooth signal transmission takes place in a device, mounted on the rotating 
spindle. When implemented on robots, the eccentricity of the measurement 
device on the spindle may induce extra instabilities, although this effect has not 
been studied.  

The system used at SKB in Sweden is similar to the previous, though on a larger 
scale. The large tool with 70 mm shoulder diameter makes it easier to insert 
several thermocouples in the tool [81]. A Box-Behnken response surface 
experiment showed that the rotational speed of the tool is most suitable for 
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temperature control. An additional torque control loop was implemented as 
cascade controller to further improve the weld quality [40]. Whereas the torque 
response on large diameter-tools is good and useful for feedback control, it is 
less profound on small-diameter tools (order of 10 mm). Soron tried to use the 
torque signal for detecting when the shoulder contacted the workpiece. The 
torque peak was considered too small for use in control purposes[70]. 

Another temperature measurement method has been used where a 
thermographic camera was mounted on a FSW robot to measure the maximum 
temperature at the edge of the tool shoulder [83]. Even though the 
measurements are accurate, there are some drawbacks associated with that 
method. First, it only provides information from the edge of the tool which is 
associated with a time delay. Second, flash from the welding process can disturb 
the image and affect the measured temperature. Finally, a thermographic camera 
is often considered too expensive for production applications. A new approach 
for temperature measurement is recently developed, called “ultrasonic time of 
flight”. It is based on the physical phenomenon that the speed of a sound wave 
through a medium relates to the temperature of the medium. This method 
shows accurate temperature measurements but requires a flat surface, which 
makes it not suitable for welding of complex geometries [84]. 

7.2 Development of a novel temperature 
measurement method: The Tool-
Workpiece Thermocouple 

This section is based on the publication “Thermoelectric method for temperature measurement 
in friction stir welding” as published in “Science and technology of welding and joining”. The 
idea of trying to use the tool-workpiece connection as thermometer originated from a general 
discussion on temperature measurement methods with Petter Hagqvist. Major contributions to 
the paper were made by Gunnar Bolmsjö [85]. 

7.2.1 The thermoelectric effect 

The thermoelectric-effect on which this temperature measurement method is 
based was first discovered by physicist Thomas J. Seebeck in 1821, although he 
assumed measuring a magnetic effect [86]. Based on earlier experiments on 
electromagnetism [87], Hans Ørsted could further prove that the magnetism 
was a result of the induced electric current. It was observed that an electrical 
gradient builds up when an electrical conductor is subjected to a thermal 
gradient. This is caused by the physical phenomenon of electron scattering, 
where electrons of hot charge carriers diffuse more easily due to the higher 
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energy. The electrical gradient is proportional to the thermal gradient and 
cannot be measured directly. By introducing a second material with different 
thermoelectric properties and electrically connecting the two hot ends of both 
materials, an electrical potential difference can be measured between the two 
cold ends. If the cold ends are kept at the same known reference temperature, 
the measured voltage will correspond to the temperature difference between the 
hot and cold end and thus the absolute temperature at the hot end can be 
defined [88]. 

Nielsen presented a numerical model for thermoelectricity based on quantum 
physics, but stated that the prediction of thermoelectric coefficients is highly 
dependent on the model chosen, due to the absence of accurate information 
about the energy dependence of electron scattering. Therefore, Seebeck-
coefficients are most often experimentally identified [89]. 

The principle of measuring temperature in FSW from the thermo-electric effect 
is explained by the example in Figure 42 showing the “hot” weld interface 
between an aluminium workpiece and a steel FSW tool (A). The “cold” 
connection points of the copper wire to the tool (B) and the workpiece (C). 
According to the basic definition of the thermoelectric effect, the thermoelectric 
voltage can be formulated as: 

𝛥𝛥𝛥𝛥 = � 𝑆𝑆𝑇𝑇𝑜𝑜(𝑇𝑇)𝑑𝑑𝑇𝑇
𝑊𝑊𝑃𝑃

𝑅𝑅𝑜𝑜𝑓𝑓
+ � 𝑆𝑆𝐴𝐴𝑡𝑡(𝑇𝑇)𝑑𝑑𝑇𝑇

𝑊𝑊𝑜𝑜𝑡𝑡𝑜𝑜

𝑊𝑊𝑃𝑃
+ � 𝑆𝑆𝑄𝑄𝑅𝑅𝑄𝑄(𝑇𝑇)𝑑𝑑𝑇𝑇

𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡

𝑊𝑊𝑜𝑜𝑡𝑡𝑜𝑜
+ � 𝑆𝑆𝑇𝑇𝑜𝑜(𝑇𝑇)𝑑𝑑𝑇𝑇

𝑅𝑅𝑜𝑜𝑓𝑓

𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡
 (29) 

Where SCu , SAl and SQRO are the Seebeck coefficients for the three materials 
involved. As the experiment in section 7.2.2 will show, a temperature-
independent Seebeck-coefficient can be assumed for the relevant measurement 
range: 

𝛥𝛥𝛥𝛥 = 𝑆𝑆𝑇𝑇𝑜𝑜 ∙ �𝑇𝑇𝑊𝑊𝑃𝑃 − 𝑇𝑇𝑅𝑅𝑜𝑜𝑓𝑓�+ 𝑆𝑆𝐴𝐴𝑡𝑡 ∙ (𝑇𝑇𝑊𝑊𝑜𝑜𝑡𝑡𝑜𝑜 − 𝑇𝑇𝑊𝑊𝑃𝑃) + 

𝑆𝑆𝑄𝑄𝑅𝑅𝑄𝑄 ∙ (𝑇𝑇𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑇𝑇𝑊𝑊𝑜𝑜𝑡𝑡𝑜𝑜) + 𝑆𝑆𝑇𝑇𝑜𝑜 ∙ �𝑇𝑇𝑅𝑅𝑜𝑜𝑓𝑓 − 𝑇𝑇𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡�  (30) 

If the connection points at the plate and the tool (B and C respectively in Figure 
42) are in thermal equilibrium at Tref the equation can be reduced to: 

𝛥𝛥𝛥𝛥 = 𝑆𝑆𝐴𝐴𝑡𝑡�𝑇𝑇𝑊𝑊𝑜𝑜𝑡𝑡𝑜𝑜 − 𝑇𝑇𝑅𝑅𝑜𝑜𝑓𝑓�+ 𝑆𝑆𝑄𝑄𝑅𝑅𝑄𝑄�𝑇𝑇𝑅𝑅𝑜𝑜𝑓𝑓 − 𝑇𝑇𝑊𝑊𝑜𝑜𝑡𝑡𝑜𝑜� (31) 

The strength of the thermoelectric signal is depending on the difference 
between the thermoelectric coefficients of the tool and workpiece. For 
simplicity, the Tool-Workpiece Thermocouple is abbreviated as TWT. The 
TWT-coefficient (STWT) is defined as the difference in thermoelectric 
coefficients between tool and workpiece (STWT = SAl – SQRO). Thus, equation (31) 
can be reduced to:  
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𝛥𝛥𝛥𝛥 = 𝑆𝑆𝑇𝑇𝑊𝑊𝑇𝑇(𝑇𝑇𝑊𝑊𝑜𝑜𝑡𝑡𝑜𝑜 − 𝑇𝑇𝑅𝑅𝑜𝑜𝑓𝑓) (32) 

The Seebeck coefficient STWT can be experimentally defined from Equation (32). 
As the heat spreads out from the weld zone, the plate and tool connection 
points will heat up unequally. Both points will induce another thermocouple 
with the copper wire, influencing the measured voltage. When B and C in Figure 
42 are no longer in thermal equilibrium, Equation (32) is no longer valid. The 
equation must therefore be compensated for the thermal disturbance at point B 
and C with two disturbance factors SCuAl and SQROCu. Both represent a Seebeck-
effect of the two connection points, with respect to the reference temperature:  

𝑇𝑇𝑊𝑊𝑜𝑜𝑡𝑡𝑜𝑜 = 𝑇𝑇𝑅𝑅𝑜𝑜𝑓𝑓 +
𝛥𝛥𝛥𝛥
𝑆𝑆𝑇𝑇𝑊𝑊𝑇𝑇

− 𝑆𝑆𝑇𝑇𝑜𝑜𝐴𝐴𝑡𝑡 ∙ �𝑇𝑇𝑊𝑊𝑃𝑃 − 𝑇𝑇𝑅𝑅𝑜𝑜𝑓𝑓� + 𝑆𝑆𝑄𝑄𝑅𝑅𝑄𝑄𝑇𝑇𝑜𝑜 ∙ (𝑇𝑇𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑇𝑇𝑅𝑅𝑜𝑜𝑓𝑓) (33) 

Where TWP and TTool is the temperature in Kelvin, at the workpiece and the tool 
connection points respectively. SCuAl and SQROCu can be experimentally defined. 
Note that these two S-coefficients are equal to the true Seebeck-coefficients, 
divided by the TWT coefficient STWT. 

 

Figure 42: Principle drawing of the TWT method. 

There are some difficulties associated with the determination of the Seebeck-
coefficient such as temperature jump between the measurement probes and the 
sample or contact potentials between different conducting solids [90]. These 
effects are not considered for this initial study. 
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7.2.2 Identification of the TWT coefficient for different 
aluminium alloys 

The coefficient was experimentally defined by connecting a QRO-wire to a wire 
out of aluminium alloy and attaching a type-K thermocouple to the TWT 
connection. The connection was then heated in a furnace while the opposite 
(cold) ends remained at room temperature. The voltage was measured at the 
cold ends and compared to the thermocouple measurements. The resulting 
thermoelectric coefficient of the TWT is provided in Figure 43 for four 
different alloys. The experiment was performed between in the temperature 
range of 300 K to 690 K. The expected welding temperatures are around 700 K, 
therefore a first order approximation of the Seebeck-coefficient was made from 
the measured interval between 590 K and 690 K. The approximations for the 
respective alloys are indicated as black lines in Figure 43. 

 
Figure 43: Temperature-dependent TWT coefficients for different aluminium alloys 

For simplicity reasons, the following experiments were however performed with 
a constant TWT coefficient of STWT = 12 μV·K-1. This is justified by the small 
window of interest for temperature during welding in which the coefficient is 
relatively constant. 

In the following step, the TWT interface was heated externally at point A in the 
setup of Figure 42. The TWT temperature was compared to a thermocouple, 
inserted at point A. At fairly constant temperature, a with-time-increasing error 
was measured between the reference thermocouple measurement (Blue) and the 
TWT measurements (Red) in Figure 44. This is due to heating of the 
tool-copper wire connection (point B and C in Figure 42), inducing a significant 
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thermoelectric voltage, counteracting the TWT measurement. The maximal 
measured temperature difference was 20 K.  

 
Figure 44: Measured temperature of the reference thermocouple and the TWT 

7.2.3 Thermoelectric coefficient of the Cu-Al and 
QRO-Cu connections 

To decrease measurement errors due to heating of the connection points (B and 
C in Figure 42), the relation between the thermoelectric voltage and the absolute 
temperature at the tool and plate connection points was identified, analogous to 
the TWT coefficient. Figure 45 shows the disturbance in the TWT 
measurements when the workpiece-copper wire interface is heated. The same 
experiment was carried out three times for both the Cu-Al interface and for the 
QRO-Cu. 
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Figure 45: Influence of heating the Tool-copper wire interface (Cu-Al) on the TWT 

measurements 

In an experiment similar to the one shown in Figure 43, the influence of heating 
the copper connections on the TWT measurements was measured. Because the 
temperature rise at these points is expected to be far lower than the welding 
interface, the Seebeck coefficient was assumed to be a constant. The average 
value for the workpiece-copper wire interface was experimentally found to be 
SCu-Al = −0.228. Similarly, the average value for the tool-copper wire interface 
coefficient was SQRO-Cu = −0.649.  

These disturbance factors should be interpreted as coefficients to compensate 
the measurement errors in the TWT measurement method. Combining 
Equation (33) with the above defined factors allows calculation of the 
compensated TWT temperature: 

𝑇𝑇𝑤𝑤𝑜𝑜𝑡𝑡𝑜𝑜 = 𝑇𝑇𝑜𝑜𝑜𝑜𝑓𝑓 +
𝛥𝛥𝛥𝛥

12 ∙ 10−6
+ 0.23 ∙ ∆𝑇𝑇𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑜𝑜 + 0.65 ∙ ∆𝑇𝑇𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡  (34) 

The precision of the TWT method with correction coefficients is verified by an 
experiment as described in Section 7.2.2. The results are explained by means of 
Figure 46. The blue curve shows the reference temperature at the thermocouple, 
close to the tool-workpiece interface. The green curve shows the compensated 
TWT measurements, according to Equation (34). The maximal deviation from 
the reference temperature is 10 K after 148 s. The dip around 510 K is 
disregarded as it was caused by a flow of air on the workpiece, disturbing the 
thermocouple measurements at the surface. 
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Figure 46: The TWT temperature (with compensation) for the AA2017-T4 alloy 

The formula described in Equation (34) is based on experiments with a specific 
aluminium alloy, AA 2017-T4. To identify the sensitivity of this method for 
different aluminium alloys, a similar setup as described in Section 4.1 was 
performed with an extruded AA 6082-T6 alloy. The chemical composition of 
this aluminium alloy differs significantly from the AA 2017-T4 alloy and is 
therefore suitable for testing. The temperature error for this experiment is fairly 
low: between 4% and 6.5% (w.r.t Tref) below the reference thermocouple along 
the whole thermal cycle. 

7.2.4 Temperature verification through empirical 
modelling 

The temperature measured by the TWT can provide accurate absolute 
temperatures (as shown in Section 7.2.3) but it is not able to provide any 
information about the temperature distribution under the tool. In order to 
identify the location under the tool, corresponding to the TWT measurements, 
the temperature is compared to results from recent physical models. Arora et al. 
showed that the non-dimensional peak temperature can be estimated from the 
non-dimensional heat input [91], according to: 

𝑇𝑇∗ = 𝛼𝛼 ∙ 𝑙𝑙𝑜𝑜𝑔𝑔10(𝑄𝑄∗) + 𝛽𝛽 (35) 

Where α =0.131 and β =0.196 are dimensionless, empirically found constants. 
These are obtained from a comprehensive three-dimensional mathematical 
model for peak temperatures. Equation (35) is shown to be fairly independent of 
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the alloy type and tool geometry.  The non-dimensional heat input (Q*) can be 
calculated from the input parameters, the workpiece and the tool properties [92]: 

𝑄𝑄∗ =
𝜎𝜎0.8 ∙ 𝑑𝑑 ∙ 𝜔𝜔 ∙ 𝐶𝐶𝑃𝑃 ∙ 𝜙𝜙

𝑘𝑘 ∙ 𝑈𝑈2  (36) 

Where ω is the rotational speed, U is the welding speed, A is the tool area, σ0.8 is 
the strength at 80% of the solidus temperature, Cp is the specific heat capacity, 𝑘𝑘 
is the thermal conductivity. The ratio of heat distribution towards the workpiece 
and towards the tool is represented by 𝜙𝜙. The absolute peak temperature TP can 
then be calculated for a high and a low rotational speed (800 resp. 1500 rpm) 
according to: 

𝑇𝑇∗ =
𝑇𝑇𝑃𝑃 − 𝑇𝑇𝑠𝑠𝑘𝑘
𝑇𝑇𝑆𝑆 − 𝑇𝑇𝑠𝑠𝑘𝑘

 (37) 

Where TS is the solidus temperature and Tin the ambient temperature. The 
parameters used for the calculations are provided in Table 7. The welding force 
for the welding experiments is set to 5000 N, although this is not included in the 
numerical model. Depending on the material supplier and material batch, the 
properties can vary significantly. Table 7 provides a minimum and maximum 
value for the input parameters, provided by the suppliers.  
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Table 7: Input parameters for the empirical model 

Parameter Unit Min. Max. 
Proof stress at 298 K  N∙mm-1 260 305 
Proof stress at 0.8 Tm N∙mm-1 12 16 
Workpiece spec. heat capacity  J∙kg-1∙K-1 880 894 
Workpiece thermal conductivity W∙m-1∙K-1 180 189 
Workpiece density  kg∙m-3 2700 2700 
Tool diameter m 1.0∙10-2 1.0∙10-2 
Probe diameter m 4.0∙10-3 4.0∙10-3 
Probe length m 2.0∙10-3 2.0∙10-3 
Tool area m2 7.85∙10-5 7.85∙10-5 
Shoulder area m2 6.60∙10-5 6.60∙10-5 
Tool – Spec. heat capacity  J∙kg-1∙K-1 460 460 
Tool – Thermal conductivity W∙m-1∙K-1 25 27.7 
Tool – Density  kg∙m-3 7800 7800 
Low rotational speed  rpm 800 800 
High rotational speed  rpm 1500 1500 
Welding speed  m/s 8.0∙10-3 8.0∙10-3 
Solidus temperature  K 828 843 
Ambient temperature  K 297 297 

The peak temperatures according to Equation (37) are shown in Table 8. There 
is a significant difference of 27 K in the peak temperature, depending on the 
chosen input parameters. The temperature difference is however the same for 
the low and high rotational speed welds. The average temperature values are 
used to compare with the TWT measurements.  

Table 8: The absolute peak temperatures (in Kelvin) for 2 parameter sets using the 
model by Arora et al. [91] 

Experiment Min. T Max. T T Differ. Average T 
Simulated 

TP 

Low rpm  755 782 27 768 
High rpm 777 804 27 791 

Measured 
TTWT 

Low rpm  668 684 16 676 
High rpm  719 741 22 730 

Difference Low rpm 92 
High rpm 61 

90 

 



Temperature control  

 

 

Figure 47: Measured TWT temperature for the two rotational speed settings 

For the two rotational speeds, two welds were performed as shown in Figure 47. 
During steady-state the TWT measurements were recorded during 5 seconds 
and the average temperatures for both settings were calculated. The resulting 
temperatures (see Table 8) are much lower than the simulated peak 
temperatures: 61 K and 92 K lower for the low and high rotational speed 
respectively.  

The TWT measurements are compared to numerical simulations of the heat 
profile under the tool shoulder. According to the Nandan et al. model [93], the 
difference between the peak temperature and the shoulder edge is about 100 K. 
The measured TWT temperature is thus higher than the minimal shoulder 
temperature in the model. 

7.2.5 Temperature measurements during FSW of 
complex geometries 

In order to verify if the system is capable of detecting quick temperature 
changes, a Ι-shaped workpiece (narrowed in the middle) was used, to create 
unequal heat distribution during welding. The results are shown in Figure 48. 
During plunging, a peak temperature of about 690 K is measured. After 
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plunging, the temperature drops to 670 K. A slightly decreasing temperature was 
observed as the welding operation continued. The actual welding operation 
takes place between 12 and 65 seconds. Only in this region, the distance and 
time correspond linearly. Between 28 and 49 seconds, the plate is narrowed, 
causing the temperature to increase with about 25 K. After 49 seconds, the plate 
is wider again, the heat spreads out easier and the temperature drops again. In 
the end of the weld, another temperature increase was observed. This is 
attributed to the tool approaching the end of the aluminium plate which, again, 
reduced the heat distribution. 

 

Figure 48: TWT temperature of two welds with in identical setup (orange and blue) 
with the tool-copper wire interface slowly heating up (red)  

7.2.6 Temperature analysis of the plunge operation 

The TWT-method is one of the few temperature measurement methods for 
FSW which can provide temperature information during the whole plunging 
operation, i.e. the moment the tool probe touches the workpiece until the 
shoulder is in contact. The temperature response was recorded for different 
plunge force settings, from 3000 to 9000 N, each with a low and high rotational 
speed (800 and 1500 rpm). The time to reach the set plunge temperature of 
663 K, the “plunge time”, was measured for each parameter set as shown in 
Figure 49. The fastest plunge operation takes 1.7 seconds at 9000 N and 
1500 rpm.  
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Figure 49: The plunge time decreases with increasing plunge force. The top right 
insert shows the excessive flash during plunging with 8000 N force. 

Two temperature recordings were analysed in detail, one at 6000 N and one at 
8000 N axial force, both with 1500 rpm rotational speed (Figure 50). When the 
probe comes in contact with the material, the contact area is small and 
accordingly the heat generation is low. When the shoulder comes in contact 
with the workpiece, the TWT temperature is 590 K for the 6000 N weld, 
indicated as “B” in Figure 50. The temperature of the 8000 N weld is about 
50 K less, indicated as “A” in Figure 50. The material in the latter is less 
softened and the workpiece shows more mechanical deformation with this more 
“aggressive” plunge force.  

A temperature dip was observed when the cold shoulder touched the workpiece 
material. This is due to the type of temperature measurement method, which 
measures a temperature close to the lowest temperature at the tool-workpiece 
interface. The heat generation rate increases significantly once the shoulder is in 
contact, due to the larger contact area, and the temperature increases quickly. 
The transition from plunge to welding movement is triggered automatically 
through the temperature controller. As soon as the desired plunge temperature 
is reached, the controller will send a command to the robot to initiate the actual 
welding operation. Once the robot starts the forward welding movement, the 
temperature stabilises around the set temperature of 690 K.  

The force can be increased even further (above 8000 N) but this increases the 
risk of probe fracture, deformation of the workpiece and over-plunging, causing 
excessive flash (see insert in Figure 49).  
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Figure 50: Plunge time and TWT-temperature for 2 different parameter settings 

The same experiment was performed on an existing FSW joint line. The pre-
welded material had partially lost its hardness that was obtained from the T6 
heat treatment. The tool could penetrate easier into the material and the plunge 
operation took less time. This also means that, when the tool passes or 
penetrates into a previously welded joint, there will be a greater risk of a 
meltdown. 

7.3 Online temperature control of robotic 
FSW 

The work presented in this section originates from the journal publication “Temperature 
Control of Robotic Friction Stir Welding using the Thermoelectric Effect”, published in “The 
International Journal of Advanced Manufacturing technology”. Anna-Karin Christiansson 
and Gunnar Bolmsjö contributed with extensive revisions [94]. 

7.3.1 Influence of parameter changes on the 
measured TWT temperature 

The main aim of the TWT method is to integrate it in a temperature control 
system. Therefore, the method must be able to quickly detect changes in the 
temperature, primarily due to varying process parameters such as the rotational 
speed or the axial force. An experiment was performed to demonstrate the 
responsiveness of the TWT method to a parameter change in the order of 10%. 
Figure 51 shows how the temperature changes by modifying the rotational 
speed or the axial force, using the TWT method. After welding 140 mm (32 s in 
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Figure 51), in a 3 mm thick plate with constant heat dissipation, a welding 
parameter was changed. The measurements are time-synchronized at the end of 
the plunge operation and temperature-synchronized with the reference weld 
after 20 s of welding (to 671 K). This is done to show the changes in 
temperature after the disturbance, rather than the absolute temperature.  

 

Figure 51: Influence of parameter changes on the welding temperature 

The results show that there is a quick response from the temperature to a 
change in the axial force and rotational speed. This motivated the choice for 
control of both parameters in the temperature controller, described in 
section 7.3.  

7.3.2 System identification and controller design 

The temperature and force controllers are considered decoupled. The 
temperature controller controls the rotational speed and the force controller the 
axial position. In order to tune the temperature PI-controller, a first order 
process model was acquired through step responses from a step in rotational 
speed to measured temperature at a steady-state welding process. The measured 
disturbance and a first-order approximation are calculated as shown in Figure 
52. 
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Figure 52: Step response of the temperature to a rotational speed variation from 
1000 rpm to 1500 rpm 

The controller communicates with the robot control system, using the 
ContRoStir software as described in section 5.3. The sampling frequency of the 
TWT temperature is up to 100 Hz. The controller speed is however limited to 
the speed of the slowest element in the control chain which, in this case, is the 
ABB IRC5 controller, operating at a rate of 5 Hz. This is considered as the 
major process delay and implemented in the controller as a dead time. This is set 
equal to one period (0.2 s) of sampling1. The first order approximated process 
transfer function (Gp) is deduced from the measured step response shown in 
Figure 52. This provides the parameters for the first order with dead time 
approximation: 

𝐺𝐺𝑝𝑝(s)=
Kp

1+𝜏𝜏𝑝𝑝 s ∙𝑒𝑒
−𝜏𝜏𝑑𝑑 𝑠𝑠 =

3.84 
1 + 0.85 𝑠𝑠

∙ 𝑒𝑒−0.2 𝑠𝑠 (38) 

With �𝐾𝐾𝑝𝑝� = 𝐾𝐾 ∙ 𝑠𝑠−1 and [𝜏𝜏] = 𝑠𝑠. The controller was optimised using a the Bode-
diagram technique and followed a common PI-tuning method [95]. The 
optimisation was made in MATLAB Control System Toolbox and the non-
linear dead time was approximated using a Padé approximation. The controller 
formulation is according to: 

𝐺𝐺𝑃𝑃𝑃𝑃 = 𝐾𝐾𝑠𝑠 ∙
1 + 𝑇𝑇𝑠𝑠  𝑠𝑠

𝑠𝑠
 (39) 

1 Outside the equations, seconds are abbreviated “s”. Within the equations, the letter “s” refers to the 
parameter of the Laplace transformation. 

800

1000

1200

1400

1600

1800

660

670

680

690

700

710

0 2 4 6 8

S
pi

nd
le

 s
pe

ed
 [r

pm
]

Te
m

pe
ra

tu
re

 [K
]

Time [s]

T_TWT
T (1st order)
ω

96 

 

                                                      



Temperature control  

The phase angle of the controller at the cross-over frequency can be written as: 

∠𝐺𝐺𝑃𝑃𝑃𝑃(𝑗𝑗𝜔𝜔𝑐𝑐) = 180° + 𝜙𝜙𝑚𝑚 − ∠𝐺𝐺𝑝𝑝(𝑗𝑗𝜔𝜔𝑐𝑐) (40) 

With the chosen optimisation criterion, the phase margin 𝜙𝜙𝑚𝑚 was chosen to 45° 
and the cross-over frequency was chosen to ωc = 0.41·ωG150 , where ωG150 is the 
frequency corresponding to a phase angle of the transfer function of −150°. 
The PI-controller parameters can then be calculated as:  

𝑇𝑇𝑠𝑠 =
1

𝜔𝜔𝑐𝑐 ∙ 𝑑𝑑𝑡𝑡𝑛𝑛�−∠𝐺𝐺𝑃𝑃𝑃𝑃(𝑗𝑗𝜔𝜔𝑐𝑐)�
= 0.47 (41) 

𝐾𝐾𝑠𝑠=
𝜔𝜔𝑐𝑐

|𝐺𝐺(𝑗𝑗𝜔𝜔𝑐𝑐| ∙ �1 + (𝜔𝜔𝑐𝑐 ∙ 𝑇𝑇𝑠𝑠)2 
= 60.6  (42) 

Once the controller parameters are identified, the PI-controller transfer function 
can be written as: 

𝐺𝐺𝑃𝑃𝑃𝑃(s)= 𝐾𝐾𝑠𝑠∙ �
1 + 𝑇𝑇𝑠𝑠  𝑠𝑠

𝑠𝑠
� = 60.6∙ �

1 + 0.47 𝑠𝑠
𝑠𝑠

� (43) 

This transfer function was implemented, in the above notation, as PI-controller 
in the ContRoStir software, developed in LabVIEW. 

7.4 Comparison of the TWT and Type-K 
thermocouples 

In an attempt to compare the TWT measurements with standardized 
thermocouples, small holes were drilled in a 3 mm aluminium workpiece along 
the joint line. Thermocouples were inserted from the bottom of the plate. Two 
weld runs were made along the joint line to cut off the tops of the 
thermocouples and to bring the material to a post-welded state, i.e. reducing the 
effect of the T6 hardening. This caused that the following welds were 
performed on the same workpiece, in the same location and with very similar 
material properties, which makes the temperatures comparable. A total of six 
welding experiments with three different rotational speeds were performed and 
the thermocouple and TWT measurements were compared. The three set TWT-
temperatures (640 K, 660 K and 680 K) are compared to the corresponding 
peak temperatures at the thermocouples. The results are shown in Figure 53. 
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Figure 53: Temperature measurements of the four thermocouples inside the 
workpiece (single spot measurement) and the TWT method (continuous 

measurement) 

The temperatures measured by thermocouples TC 2, TC 3 and TC 4 (passed 
chronologically in Figure 53) are equal within a tolerance of 5 K, only TC 1 
shows lower values, but consistent with the others. This is caused by the slight 
off-centre positioning of the thermocouple TC 1.  

The TWT measurements correspond to the temperature close to the edge of 
tool shoulder, while the thermocouples correspond to the temperature at the tip 
of the tool probe. Therefore the values of the measurements should not be 
compared directly but temperature differences from the set point are considered 
instead. The peak temperatures at TC2 are chosen for comparison with the 
TWT. 

The peak temperatures, measured by TC2 are 615 K, 648 K and 688 K for the 
three set-points. This means that a change in the set-point of the controller by 
20 K will cause a significantly higher difference at the tip of the probe. Despite 
the smaller TWT temperature changes, the measurement method behaves in a 
similar way as the thermocouple measured temperature, and is therefore 
regarded suitable for control purpose. 
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7.5 Testing the controller performance 
To simulate a disturbance in the heat distribution, a plate was manufactured 
where the width decreased from 100 to 20 mm. By this, the heat dissipation is 
limited in the narrow zone, causing the temperature to increase. The welds with 
and without controller are shown in Figure 54. 

 

Figure 54: FSW of the step-shaped workpieces with and without temperature control 

The temperature measurements shown in Figure 55, correspond to the welds in 
Figure 54 with (top) and without (bottom) temperature controller. 

 

Figure 55: Temperature signal for the step-shaped workpiece with and without 
controller. The blue graph shows the rotational speed for the controlled weld 

During the uncompensated weld, the process stabilised at 697 K in the standard 
plate width. The temperature quickly increased when the tool approaches the 
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narrow zone and the tool started to melt down into the material around 706 K. 
The process had to be aborted at 716 K, after 55 seconds, to prevent a further 
meltdown. The temperature of the controlled weld was deliberately set to create 
a “hot weld”, just below the critical temperature, i.e. to 705 K, to prove the 
precision of the controller. The controller successfully passed the narrow zone, 
with a slight increase in flash formation in the narrow zone.  

The controller was also tested on a sinusoidal shaped workpiece, causing 
constantly varying heat dissipation in the material and thus influencing the 
temperature. The uncontrolled weld showed temperature increases of around 
10 K for each narrow passing. With the controller enabled, the rotational speed 
decreased with up to 150 rpm in the narrow passing, in order to maintain a 
constant temperature (Figure 56). 

 

Figure 56: The controlled rotational speed and the resulting welding temperature for 
the sinusoidal shaped workpiece 

A dip in the temperature and the rotational speed can be observed. This due to 
the manual switch from fixed parameters to temperature control. This has later 
been resolved by allowing the controller to operate even during plunging. 

7.6 Multi-output temperature control 
The initial controller was only based on adaptation of the rotational speed and 
thereby controlling the heat input and the resulting temperature. The limitation 
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of this approach can be explained by the experiments in Figure 57. The TWT 
temperature was set to 683 K and the rotational speed window was set from 
1300 to 1850 rpm. During plunging, the spindle rotated at maximal speed to 
allow quick plunging and the temperature reached 693 K, i.e. an overshoot of 
10 K. Figure 57 shows that the rotational speed ramps down quickly to the 
lower rpm limit, in this case set to 1300 rpm. However, the temperature does 
not reach the set value until 16 s after initiation of the weld. After around 20 s, 
the speed once again reaches its lower limit with a too high temperature. This 
means that with these rpm limits, the temperature cannot be controlled to the 
desired welding temperature and other welding parameters need to be controlled 
in order to maintain the desired temperature.  

 

Figure 57: Too high welding temperature while welding at the lower rotational speed 
limit 

In order to further increase the flexibility of the control system, an additional 
parameter is implemented in the temperature controller: the axial force. This 
parameter is idle and maintains a constant value, unless the spindle reaches its 
upper or lower speed limit, as is the case in Figure 57. Only outside these limits, 
the force set value will be adapted. The control principle is shown in the flow 
chart in Figure 58.  
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Figure 58: Flowchart of the multi-output temperature controller 

Figure 59 shows the conceptual workflow of the controller. The spindle speed 
has certain restrictions due to technical or process limitations. The lower 
rotational speed is in this case limited to 800 rpm. Below this speed, no defect-
free welds could be obtained. Earlier micrographic studies also indicated that 
there exists an optimal ratio between the welding speed and the spindle speed, at 
too low spindle speeds, there is no proper plastic flow of the material [96].  
Although the welding temperature can be sufficient, the material is not stirred 
sufficiently to create a joint. The upper spindle speed limit is 1200 rpm. This is 
due to the current gearing configuration of the robot, which is set up for higher 
torques and lower speeds. The process can also restrict the upper spindle speed 
limit. The material will not stick to the tool from a certain spindle speed, due to 
insufficient friction between the tool and the workpiece. By increasing the 
temperature, the material is extremely softened and can be subjected to grain 
growth after deformation [96]. If the process (and not the machine) is the 
limiting factor, the upper spindle speed limit can be raised with more 
“aggressive” tool geometries with flats and threads. This could be beneficial if 
the aim is to increase production rates with higher welding speed. 
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Figure 59: Temperature controller with primary rpm and secondary force modification 

Based on the experiment in section 7.3.1, it is known that a force step of 10% 
has a significant influence on the welding temperature, without causing 
instabilities in the underlying force control loop. The lower the step, the slower 
the process temperature will change. A too big step can however cause 
instabilities in the process and the force controller. A force step of 500 N was 
chosen for verification of the multi-output control method. 

Figure 60 shows the response of the robot to a change in the set force. The 
force during the start of the operation is set to 2500 N, then stepwise increased 
to 4000 N (plunge force) and decreased to 2000 N (welding force). There is a 
significant time delay of up to 2 s between the commanded and the measured 
force step. The maximal overshoot is 300 N. The time delay of the underlying 
ABB IRC5 force controller limits the system and makes a faster temperature 
control loop irrelevant, as new set values will be ignored until the new set force 
is reached. The control loop for the set force is therefore modified every 1 s, 
while the controller frequency of the spindle speed is 0.2 Hz. 
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Figure 60: Commanded and measured axial force signal during linear movement in 
force control 

7.7 Optimizing joint strength of AA 2060 by 
temperature control 

In order to relate the strength of the joints to the chosen welding temperature, a 
set of FSW experiments in the heat-treatable AA 2060 alloy were performed. 
This is a new alloy from the so-called third generation aluminium-lithium series. 
Earlier the alloys of this type suffered from low ductility and toughness and 
even the corrosion properties could be inferior. However, by a combination of 
proper chemical composition and thermo-mechanical treatment, the corrosion 
resistance has improved and properties like the ductility and fatigue crack 
growth resistance are fair. This together with the high strength and low density 
makes it an interesting alloy for aerospace applications. The microstructure of 
this alloy shows highly elongated grains of approximately 180×25 μm 
(Figure 61).  

The material was welded in butt-joint configuration. Five different welds were 
performed at TWT-temperatures from 673 K to 713 K. The corresponding 
spindle speed range was 800 to 1200 rpm. The welding speed was 5 mm/s.  

Tensile tests were performed on both the base material and the welds, about 3 
weeks after welding. No heat treatment was performed between welding and 
tensile tests. The samples were water-cut according to ISO 4136.  
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Figure 61: Microstructure of the AA 2060 base material 

The automatic plunge method generated a set force of around 8000 N, which is 
significantly higher than in other aluminium alloys with 2.2 mm sheets. The 
713 K weld was aborted after about 80 mm as the high temperature caused a 
meltdown of the tool into the material. 

The ultimate tensile strength as function of the TWT-temperature is shown in 
Figure 62. The maximal tensile strength of the welds is 443 MPa, at a 
temperature of 683 K. This corresponds to a joint efficiency (JE) of 81.6%. The 
standard deviation (indicated as black bars in Figure 62) is small, indicating a 
good repeatability for different welds with the same temperature setting. The 
lowest reached strength is 388 MPa at the temperature of 673 K.  

 

 

Figure 62: Tensile strength of temperature-controlled welds in 2000-series aluminium 
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If the welds are verified according to the ISO-25239 standard then the T6-
hardened alloy corresponds to an approval factor of 60% JE. All of the 
performed welds are thus approved according to the standard. No volumetric 
defects or lack-of-fusion defects could be observed from the microstructure 
analysis. Since the used alloy is a heat-treatable alloy, the tensile strength is 
expected to increase further by post-weld artificial aging.  

The grain size in the stir zone was compared for three different welding 
temperatures at 673 K, 693 K and 713 K. Although the general structure of the 
weld was the same irrespective of weld temperature, a difference in the 
microstructure of the nugget between the samples was observed as shown in 
Figure 63. There is a clear variation in grain size between the three temperatures. 
The largest grains are found when welding at the highest temperature. It was 
also seen that the lower part of the stir zone has larger grains than the top, 
closer to the shoulder. 

   

Figure 63: Variation of the grain size in the stir zone for three different welding 
temperatures at 673 K (a), 693 K (b) and 713 K (c) 

Vickers micro-hardness tests were performed across the three welds. The 
hardness of the base material was high, around 160 HV, and the hardness in the 
stir zone was around 100 HV. This is higher than normally found in the stir 
zone of aluminium alloys. Svensson et al., for example, examined FSW joints in 
both 5083 and 6082 and found similar hardness of around 70 – 75 HV in both 
alloys [97]. Despite the clear difference in grain size, no evident differences in 
hardness between the three welding temperatures could be measured. 

7.8 Summary of the temperature control 
Based on the same physical principle as thermocouples, a new approach for 
temperature measurement in FSW was developed. The TWT method was 
verified for different aluminium alloys and showed only small variations in the 
TWT coefficient for different alloys. Experiments indicated that the connection 
points at the tool and the workpiece can cause significant measurement errors 
when heated. Therefore an external cooling device must provide a constant 

 a  b  c 
 10 μm 
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cold-point temperature. If this cannot be guaranteed, the TWT-temperature 
must be compensated with the generated thermoelectric voltage at the 
connection points, as described in section 7.2. The TWT measurements are not 
representing the peak temperature in the weld but an averaged value over the 
whole contact area. The measurement method was then used for temperature 
control, which primarily modifies the spindle speed and secondarily the axial 
force. This allowed FSW of components which were previously impossible to 
weld. Furthermore, the TWT temperature could be related to the tensile 
strength of the joints, allowing an optimisation of the strength, based on the 
temperature. 
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8 Future perspectives for robotic FSW 

Based on the experiments presented in this thesis, some insights were obtained 
regarding the robot performance under different load conditions and how to 
improve the path accuracy of industrial robots during FSW. Furthermore, the 
implemented temperature controller can open doors towards new FSW 
applications which are not possible without in-process control of welding 
parameters. These insights and recommendations for future research on robotic 
FSW are discussed in this chapter. 

8.1 Robot deflection 
A big part of this thesis is focused on compensation of the deviation of the 
FSW tool from the programmed path, for the sole reason that the robot is not 
accurate enough. It can be expected that robot manufacturers are working on 
different strategies to make their robots stiffer, more powerful and more 
accurate. The approach presented in this thesis can be one way to achieve that 
goal. Another emerging approach is the use of secondary encoders at the output 
side of the gears which, together with primary encoders on the motor side, are 
able to measure the deflection in each joint and thereby allow significant 
accuracy improvements [98]. As for now, there are no heavy-duty robots on the 
market which are sufficiently stiff to prevent the tool from deviating outside the 
allowable window for the FSW process. The method presented to build up a 
deflection model could also be used on different robot systems and it might 
allow the end-users to not buy the most expensive high-accuracy robot but to 
buy a cheaper model, combined with the presented compensation model. 
Although the deflection model is developed for a serial kinematics industrial 
robot, the procedure can be applied to different types of FSW machines. 
Furthermore the procedure is not restricted to FSW; other robotic in-contact 
operations such as milling, grinding and drilling can benefit from the presented 
deviation compensation method as well. 

The whole deflection model assumes static loads on the tool. Gravity and 
acceleration torques are neglected and not included in the model, despite the 
fact that the robot is heavy and that gravity does have a major contribution to 
the torques. This assumption is justified by the high path accuracy of an 
unloaded robot. It is only the additional joint torque caused by external load (i.e. 
the FSW process forces) that is handled insufficiently by the robot control 
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system. It is that extra contribution to the joint torques which is measured and 
used for the presented deflection model. 

The system used throughout this thesis performed overall very well. One benefit 
of the used system over other robotic FSW solutions is the integrated concept 
with the absence of a 6th robot axis. Other researchers have described difficulties 
with welding 3D joints with small-radii. This is caused by the bulky FSW 
equipment, mounted on the 6th robot axis, which will require the robot to 
accelerate to its limits, in order to guarantee a constant welding speed.  With the 
compact design of the Rosio system however, no such problems could be 
observed at the typical welding speeds of 1m/min. A disadvantage with the 
removal of the 6th axis is that there is no possibility to align sensors with the 
welding path. This could be for example distance sensors, seam-tracking devices 
and cameras for control or supervision of the welding process.  

8.2 Selection of control strategy 
Based on the experience from FSW of complex joints, it was known that 
welding temperature is a vital parameter to maintain the process stable and 
avoid meltdowns, typical for force-controlled welds. Other control methods 
have been used in literature such as a cascade temperature controller, based on 
spindle torque feedback. This was, however, only tested with large diameter 
tools (e.g. the tools for FSW of 50 mm thick copper as used by Cederqvist [40]). 
For small-diameter tools (in the order of 10 mm), the torque response to 
temperature changes is less profound and therefore less suitable for control. 

With the TWT-method, proposed in section 7.2, a good temperature 
measurement method was found to allow temperature control of FSW in thin 
sheets (typically less than 5 mm). The method was not verified for thicker 
workpieces and large-diameter tools. The rotational speed was chosen as 
primary controlled parameter, based on the quick temperature response and 
earlier successful demonstrations of temperature control. Adding the axial force 
as a second controlled parameter could improve the system even further and 
allows the development of a FSW parameter set for new applications and 
materials, without the need for a highly skilled operator.  

Literature has indicated that the welding speed is also a suitable parameter for 
control of heat input and thereby the welding temperature. However, this might 
not be desirable from an industrial perspective. First, the IRC 5 control system 
does not provide any functions to change the speed during execution of a 
move-instruction. Furthermore, in an automated high-volume production line, 
most operations are precisely timed and the number of produced units per day 
is fixed. Adaptation of the travel speed would imply that different products 
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would require a different manufacturing time, due to external parameters such 
as environment temperature or tool wear. This could lead to considerable 
differences in the production volumes. These issues are avoided by opting for 
the combination of rotational speed and axial force. 

8.3 Software for path generation  
In its current version, the robot controller nor the ABB RobotStudio software 
provide any functions to maintain a constant tilt and side-tilt angle during non-
linear motion. This is especially visible during circular move instructions with 
small radii. This implies that the contact area between the tool and the 
workpiece is changed continuously, affecting the heat input. Although the 
presented temperature controller was able to reduce this effect, a separate 
function would be favourable to reduce the manual adjustments for each non-
linear motion section.   

Preferably, the user should only draw the joint line on the surface of an available 
CAD-model and specify the desired tilt- and side-tilt angle. The software can 
then generate a list of targets perpendicular to that surface, with the x-direction 
of the target aligned with the joint line. The targets should then be rotated 
around the y-axis with the specified tilt angle, and around the x-axis with the 
side-tilt angle. These functionalities could for example be implemented as a 
toolbox in the RobotStudio software. The functionality of setting both angles, 
relative to a path could also be beneficial in applications other than FSW. 

When programming a robot path, it is important that the program corresponds 
to the true environment. This includes a proper calibration of the point around 
which the FSW tool reorients (i.e. the TCP). An important choice is weather the 
TCP will be programmed at the tip of the probe or at the intersection of the 
shoulder plane and the tool axis. For a tool with 5 mm probe length and 2° tilt 
angle, the TCP position differs 0.17 mm. This may cause significant path 
deviation if the programmer is not aware of the chosen TCP convention. Both 
conventions can be beneficial, depending on the application. 

8.4 Load reduction through new processes 
Independent from the used robot system, all researchers working on robotic 
FSW describe the problem of path deviation and limited robot stiffness. The 
standard FSW concept will always require a significant axial force and thereby 
inducing deflections on the system. New approaches however, could 
significantly reduce the required forces. One such application is FSW with 
bobbin tools [45]. The bobbin tool consists of two shoulders, connected with a 
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probe. The forces are generated in between the two shoulders and thus no axial 
force is required.  

Another variant to the standard FSW process is stationary shoulder FSW 
(SSFSW) [99]. This process consists of a rotating probe and a non-rotating 
shoulder which slides over the surface. This will also be associated with different 
process forces. The major advantage of this process from a robotic perspective 
is that the shoulder slides over “cold” material, which makes it almost 
impossible to cause a meltdown. Furthermore, fillet welds on the inside corner 
of two workpieces have been demonstrated using SSFSW with a prism-shaped 
shoulder. This could be further developed towards non-linear fillet joints. 

For high-temperature materials like nickel alloys, the forces are too high for 
current robot systems. For such applications, preheating could be a solution to 
reduce the process forces. 

8.5 Process stability 
The implementation of temperature control could improve the stability of the 
process but also the stability of the robot. Although this is not further studied in 
this thesis, there was an obvious relation between a smooth, stable welding 
process and the vibrations of the robot. This also translates into the variation of 
the measured forces; there are indications which show that a stable process 
provides lower force variation. The force frequency analysis (as demonstrated by 
Britos [44]) can predict defects inside the weld. An idea for further studies could 
be to link this information to the temperature controller and increase or 
decrease the temperature as soon as there are indications of defect formation. 

8.6 Industrial impact 
The temperature measurement method presented in this thesis is potentially a 
preferred alternative to classical temperature measurement methods like 
thermocouples and thermal camera. The main advantages of the method are its 
simplicity, the fact that the same sensor measures both plunging and welding 
temperature, and the speed; tool temperature variations can be detected faster 
than most thermocouple-based systems. Industrial testing of the TWT-method 
is required to confirm the reliability in a production environment where the 
system might be subjected to electromagnetic and other noise, affecting the 
measurements. Whereas FSW was mainly seen as a method for joining of 
aluminium with straight geometries, the temperature controller could allow FSW 
of more advanced, multi-dimensional joints. Experiments have demonstrated 
that workpieces with highly varying geometries and heat dissipation could be 
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welded without manual interference. The method can also be used to quickly 
develop a set of FSW parameters for new alloys and products, with significant 
reduction of the trial-and-error time and thereby reduction of run-in costs.  
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9 Reflection on the research questions 

Recalling the aim of the conducted research, described in section 1.2, the 
objective was to make robotic FSW more robust. This was refined into two 
research questions (RQ 1 and RQ 2). Several solutions have been investigated 
and the most suitable has been selected for implementation in a robotic FSW 
system.  

RQ 1: Can a robot deflection model be implemented to reduce path deviations and thereby 
avoid root defects? 

It was observed at the start of this research that the FSW tool deviates from the 
programmed path, due to process forces. This caused typical lack-of-fusion 
defects at the root side of the joint, which are detrimental for the joint strength. 
The deviation of the FSW tool is caused by a lack of stiffness in different 
components of the robot. Several types of methods were investigated to 
measure the deviations of the tool, relative to the joint line. Based on this 
information, a robot deflection model was developed, able to predict the 
deviation of the welding tool in the whole workspace of the robot. The 
predicted deviation was fed back to the robot system for online path 
compensation. The deviations could thereby be reduced to an acceptable level 
to avoid lack of fusion defects.   

RQ 2: Can a temperature controller prevent overheating of the material during FSW and 
thereby improve process robustness and weld quality?  

A temperature controller was successfully implemented, allowing control of the 
heat input through variation of primarily the rotational speed and secondarily 
the axial force. The temperature study led to the invention of a new temperature 
measurement method for FSW. The TWT method has proven to give accurate 
and fast measurements, suitable for combination with online process control. 
The TWT method provided the possibility to control the plunging operation 
and facilitated the transition from plunging to continuous welding. The 
temperature controller allowed FSW of complex geometries with highly varying 
heat distribution. 
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Figure 64: Implementation of the temperature control (red) and deflection control 
(blue) in the original control system (black) 

Both the temperature controller and the deflection model are implemented in 
the original control system of the FSW robot discussed in section 5.1.3. The 
integrated control scheme is shown in Figure 64. The deflection controller, 
indicated in blue, adapts the requested tool pose based on the predicted path 
deviation by the deflection model. The temperature controller, indicated in red, 
uses the TWT sensor data and compares it with the requested welding 
temperature to control the rotational speed and – if needed – the axial force. 
The temperature is a new parameter in the system but can be kept the same for 
most welds. Introduction of one new parameter made other welding parameters 
obsolete: The plunge depth parameter and the dwelling time are replaced by the 
welding temperature. The axial force and rotational speed could be specified as a 
parameter window instead of a fixed parameter. Furthermore, no distinction 
between plunging and welding parameters is mandatory, as the plunging 
parameters can be tuned automatically by means of the temperature controller.  
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11 Appendices 

Appendix 1. IsMoving-function 
FUNC bool IsMoving(pos startpos, PERS Tooldata toolx, PERS 

Wobjdata wobjx) 

   

Var iodev shouldercontact; 

Var clock timer1; 

Var pos previouspos; 

Var pos presentpos; 

Var num dist; 

Var num speed; 

 

speed:=1000; 

startpos:= CPos(\Tool:=toolx \WObj:=wobjx); 

presentpos:= startpos; 

dist:= Distance(startpos,presentpos); 

waittime 1; 

while speed>1 do 

  previouspos := presentpos; 

  waittime 0.2; 

  presentpos := CPos(\Tool:=toolx \WObj:=wobjx); 

  dist:= Distance(previouspos,presentpos); 

  speed:=dist/0.2; 

  if clkRead(timer1)>5 then 

   speed:=0; 

  endif 

endwhile 

   

while speed>0.4 do 

  previouspos := presentpos; 

  waittime 0.2; 
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  presentpos := CPos(\Tool:=toolx \WObj:=wobjx); 

  dist:= Distance(previouspos,presentpos); 

  speed:=dist/0.2; 

endwhile 

RETURN FALSE; 

ENDFUNC 
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Appendix 2. MATLAB deflection model 

%{ 

This function tests the deflection model for various forces in 

different locations. It will return the TCP X,Y,Z offset to the 

calling main program  

%} 

function TCPOffset = 

TestDeviationModel(PlusMinDirec,Direc,Startforce,Endforce) 

Pos=[1055.396  1019.530   7.265]; 

Ori=[0.00002499  -0.0838230  -0.996481   0.00031199]; 

WobjPos=[1388, -4,0, 602]; 

WobjOri=[1,0,0,0]; 

Forces= [0;0;10000;0;0;0]; 

JointAngle1_5=[10.54 40.16 -24.410  -0.058  45.42   0]'; %in 

degrees 

Tool=100; %(length in mm) 

i=1; 

hold on; 

run D:\HV-

filesync\jd\Documents\MATLAB\roboticstoolbox\startup_rvc.m 

create_rosa; 

camproj('orthographic'); 

 

if Direc=='x', Direcval=1; end 

if Direc=='y', Direcval=2; end 

if Direc=='z', Direcval=3; end 

for loopf= startforce:PlusMinDirec*2000:endforce 

    Forces(Direcval,1)=loopf; 

    TCPOffset(1:3,i)= 

GetDeviation_TCPGiven(JointAngle1_5,Pos,Ori,WobjPos,WobjOri,Too

l,Forces,rosa); 

    i=i+1; 

end 

return 
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%{ 

This function returns the robot deflection in mm Given: 

-The Joint angles for axis 1 to 5 

-The TCP-frame("TCP trans" [x,y,z] in mm and "TCP orientation" 

[q1,q2,q3,q4] quaternion) 

-The FSW-tool length [mm] (Can be used as calibration value for 

TCP offset between RobotStudio and MATLAB 

-The current forces [Fx,Fy,Fz] in WORLD COORDINATES in Newton 

%} 

function DeltaXYZOff = 

GetDeviation_TCPGiven(JointAngle1_5_0,TCPTrans, TCPOri, 

WobjTrans, WobjOri, ToolLength, Forces, rosa) 

 %Declaration of variables: 

SpringConstants=[1.68e-7 1.68e-7 1.68e-7 1.68e-7 1.68e-7 0]; 

CalibrationValue=0; 

 hold off; 

rosa.tool(3,4)=(ToolLength+CalibartionValue)/1000; 

%Make the plot fit on the screen 

screen_size = get(0, 'ScreenSize'); 

f1 = figure(1); 

%set(f1, 'Position', [0 0 screen_size(3)*0.9 screen_size(4)*0.9 

] ); 

hold on; 

% TCPPos = TCP(1:3,4:4)' --------- given by robot 

  

% Build homogeneous transformation matrix called TCP, based on 

given TCP Trans+Orient 

    quat = Quaternion(TCPOri); 

    HomoRot=quat.T; 

    TCP=HomoRot; 

    TCP(1:3,4)=TCPTrans'/1000; 

 

% Build homogeneous transformation matrix called Wobj, based on 

given Wobj Trans+Orient 

    quat = Quaternion(WobjOri); 

    WHomoRot=quat.T; 
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    Wobj=WHomoRot; 

    Wobj(1:3,4)=WobjTrans'/1000; 

 

%Calculates the TCP coordinates in a World coordine system 

    TCP=Wobj*TCP; 

    trplot(TCP,'color','r','frame','F=0'); 

    rosa.plot(JointAngle1_5_0'*pi/180); %Plot in initial guess 

 

% Calculate inverse kinematics in current TCP 

  Initial guess = true robot configuration, apart from axis 6 

    JointAngles=rosa.ikine(TCP,JointAngle1_5_0*pi/180); 

    Axis6=JointAngles(1,6); 

 

% Calculate the Jacobian matrix for given joint angles 

    Jacob=rosa.jacobn(JointAngles); 

 

% Rotate the forces ONLY IF NOT given in world coordinates to       

  TCP coordinate system 

%   ReorForces=Forces(1:3,1); 

    ReorForces=TCP(1:3,1:3)*Forces(1:3,1); 

    ReorForces(4:6,1)=[0;0;0]; 

% The joint torques from the external forces 

    Torques= Jacob'*ReorForces  

% The angular deviation in each joint 

    SpringConstantsM=diag(SpringConstants); 

    AngleDev=SpringConstantsM*Torques 

     

% The true joint angles under load  

    JointAnglesLoad=JointAngles'+AngleDev;   

% Finally, the deviation of the TCP due to load 

    TCPLoaded=rosa.fkine(JointAnglesLoad); 

    TCPTransLoaded = TCPLoaded(1:3,4:4)'; 

    DeltaPos=TCP-TCPLoaded;  

%To get everything back in mm 

    DeltaXYZOff = DeltaPos(1:3,4:4)*1000  

%Plot the new location of the TCP under load 
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    trplot(TCPLoaded) 

%Plot the force vector (1 unit (1m) corresponds to 10kN. 

    ForceVecEnd=Forces(1:3)'./20000; 

    

quiver3(TCPLoaded(1,4),TCPLoaded(2,4),TCPLoaded(3,4),ForceVecEn

d(:,1),ForceVecEnd(:,2),ForceVecEnd(:,3),'LineWidth',3,'color',

'm');    

%make the plot fit the robot workspace 

    axis([0 2.5 0 1 0 2]) 

Return; 
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Appendix 3. Control and Supervision of Robotic 
FSW (ContRoStir) – Screenshots           
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Feedback Control of 
Robotic Friction Stir Welding
The Friction Stir Welding (FSW) process is a fast growing alternative to 
classical joining methods like riveting and arc welding. FSW can be found 
in many industrial applications, from rockets and oil platforms to cars and 
computers. More and more FSW applications consist of complex joints, 
performed by industrial robots. This is, however, associated with some 
additional challenges. The first research question in this thesis is focused 
on improvement of the robot accuracy during FSW. The second research 
question is related to temperature variations in FSW on complex geom-
etries. A temperature controller was implemented, based on the newly 
developed tool-workpiece thermocouple (TWT) temperature measure-
ment method.
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