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In order to survive in today’s global market many manufacturing companies seek flexibility to 
reduce product lead times and meet changing market demands. Manufacturing equipment 
forms the base of the production system and manufacturing technology with the capability to 
adapt to any changes in prerequisites is thus a key enabler of flexibility.  

Industrial robots and fixtures are common in all types of manufacturing. Robots are versatile 
re-programmable units capable of performing many tasks, such as welding, part transfer, etc. 
Industrial robots have traditionally been unable to handle disturbances and lack of 
constraints of input. This has led to manual operations often being preferred to automation 
when some level of flexibility is needed. One way to enhance manufacturing equipment’s 
capability to handle unknown events is to integrate different kinds of sensors to gain more 
knowledge of the manufacturing environment. Force sensors, for example, can be used to 
close the feedback loop and, together with an adequate control system, enable the robot to 
react to force stimuli. This is useful in manufacturing applications like assembly and 
deburring, which have previously been difficult to automate.  

Fixtures are devices that hold and position parts during a manufacturing process. 
Traditionally many fixtures have been dedicated, i.e. designed for a specific part and purpose. 
This means that fixtures have not been able to handle different products in the same unit, 
thus hindering flexibility. Sensors, like measurement systems, can be used together with 
fixtures to de-couple the structure of the fixture from the accuracy, which is the traditional 
approach to fixturing.  This reasoning forms the base of the Affordable Reconfigurable 
Tooling (ART) concept, developed at Linköping University. The ART concept aims at 
increasing flexibility in manufacturing, while ensuring affordability and efficiency. 

This thesis explores how common manufacturing equipment, like industrial robots and 
fixtures, combined with sensor input, can enhance flexibility in manufacturing. The research 
shows that force-controlled robots, reacting to force stimuli, produce consistent results in 
assembly of compliant structures and in complex deburring. Force control also makes the 
system more robust, as it is able to handle variance in the assembled and deburred parts 
which adds to system flexibility. It also lessens the need for accuracy in other equipment 
used, such as grippers and fixtures, and makes programming easier and safer. Force control 
would, however, benefit if parameter tuning was simplified in order to fit an industrial 
environment and if presented user information is tailored for the intended user.   

Using measurement sensors to build fixtures, new ART devices aimed at increased flexibility 
in fixtures have been developed. These devices reduce the resources needed for fixture build 
and reconfiguring between products and also open up for making fixtures more active in 
manufacturing and similar to robots, while still being affordable. ART also reduces resources 
needed for design, as shown by the developed design aid programs. ART also supports 
concurrent design, as fixture specifications may be finalized before the product specifications 
are fully set. 

The overall results indicate that the explored sensors in combination with today’s emerging 
technologies can give additional benefits for applications like assembly and deburring and for 
fixtures. Furthermore, it is shown that it is possible to increase flexibility on different levels in 
a manufacturing system by using sensors in combination with industrial robots and fixtures.  



  



 

För att överleva och växa på dagens globala arena försöker många tillverkande företag vara 
flexibla, och korta sin produktutveckling och sina ledtider för att på så sätt snabbare kunna 
möta marknadens krav. Den utrustning som används i produktionen lägger grunden för hur 
enkelt systemet kan anpassa sig till förändringar vilket gör att den teknik som används för 
tillverkningen är en viktig byggsten för att möjliggöra flexibilitetet.   

Industrirobotar och fixturer är vanliga typer av utrustning som används för tillverkning. 
Industrirobotar är mångsidiga, omprogrammeringsbara enheter och kan till exempel 
användas för svetsning, förflyttning av gods etc. De har traditionellt sett haft svårt att hantera 
avvikelser vilket har gjort att höga krav ställts på inkommande material och omgivande 
utrustning.  Detta har i sin tur lett till att om ett visst mått av flexibilitet krävts, så har manuell 
arbetskraft föredragits framför robotar.  Ett sätt att öka förmågan att hantera relativt 
”okända” miljöer är att integrera sensorer med produktionsutrustning, för att på så sätt få 
information om tillverkningens förutsättningar.  Kraftsensorer tillsammans med kontroll-
logik, gör det möjligt för en robot att reagera på kraft. Detta är användbart om roboten skall 
användas för avgradning och slipning, eller för montering, tillverkningstyper som annars har 
varit svåra att automatisera.  

Fixturer är enheter som håller en produkt i önskat läge under tillverkningsprocessen. En 
fixtur har traditionellt konstruerats för att passa en produkt och en process. De har således 
inte kunnat användas t.ex. för olika produkt-typer eller när produkter förändrats på något 
sätt, vilket har påverkat systemets flexibilitet negativt. Sensorer, som t.ex. olika mätsystem 
kan användas för att frikoppla en fixturs struktur från dess interna noggrannhetskedja, något 
som annars är ett vanligt sätt att uppnå önskad noggrannhet i fixturen. Det tidigare 
utvecklade ART konceptet (Affordable Reconfigurable Tooling ungefär Kostnadseffektiva 
Rekonfigurerbara Verktyg) bygger på denna princip. ART fokuserar på att öka flexibiliteten 
för fixturer samtidigt som de fortfarande är resurseffektiva. 

Denna avhandling behandlar hur vanligt förekommande produktionsutrustning, såsom 
robotar och fixturer, kan kombineras med sensorer för att uppnå ökad flexibilitet i 
tillverkning. Den genomförda forskningen visar att kraftstyrda robotar möjliggör ett bra och 
jämt resultat vid montering av icke formstabila strukturer/komponenter och vid komplicerad 
slipning/gradning av gjutgods. Kraftstyrningen gör att systemet klarar av att hantera 
variation hos de bearbetade/monterade detaljerna. Den minskar också behovet av 
noggrannhet hos omgivande utrustning, såsom fixturer och gripdon, och både förenklar och 
ökar säkerheten vid programmering jämfört med traditionella metoder. För att passa de 
industriella förutsättningarna skulle dock parameterinställning och användarvänlighet 
behöva utvecklas ytterligare.  

Genom att använda mätsystem tillsammans med fixturer har nya fixturenheter till ART 
utvecklats. Dessa enheter minskar resursåtgången vid sammanbyggnad och omkonstruktion 
av fixturer. De öppnar även för att aktiva fixturer som är mer lika robotar, men som 
fortfarande är kostnadseffektiva. ART påverkar också design av fixturer positivt, eftersom 
stödjande mjukvaruverktyg för design kan tas fram.  

Det övergripande resultatet tyder på att de använda sensorerna tillsammans med nydanande 
teknik ger mervärde i applikationer som montering och slipning. Vidare så visar forskningen 
att det är möjligt att öka flexibiliteten på flera nivåer i tillverkningssystemet med sensorer i 
kombination med industrirobotik och fixturer.   
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”I have my reasons” 
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The aim of this chapter is to guide the reader on some of the issues related to the research; the trends in 
manufacturing, different manufacturing paradigms, principles and the elusive term flexibility. This short 
introduction lays the foundation for the purpose and the research questions which are formulated by the 
end of the chapter, together with a list of appended papers along with the author’s contributions. 

From the early mechanization of the textile industry through the T-Ford assembly 
lines, up to today’s mass customization, the conditions for successful manufacturing 

have been constantly changing and are likely to continue to do so. Today’s market is 

characterized by short product lifecycles, fluctuations in product demand, global 
competition and rapid advances in technology. For manufacturing this means an 
increased pressure to reduce product lead time and respond quickly to volume and 
product changes. The ability to successfully meet changing market demands is often 
referred to as “being flexible”. In 1989, Meyer et al. reported that the Japanese, as a 
way to handle shortening product life cycles and increasing market/demand 
fluctuations considered flexibility to be a strategic priority (Meyer et al., 1989). More 
recent publications still consider flexibility to be a means to improve firms’ 

performance, like in (Vokurka & O'Leary-Kelly, 2000), and with increased product 
diversification and the impact of globalization, flexibility is essential for a 
manufacturing firm’s success (D'Souza & Williams, 2000). 

 

In literature the meaning of the term “flexibility” is somewhat diffuse and sometimes 

also contradictory, especially when broken down into types, dimensions or other 
aspects (D'Souza & Williams, 2000). Flexibility can be described as an adaptive 
response to environmental uncertainty (Gupta & Goyal, 1989) or the ability to 
respond effectively to changing circumstances (Gerwin, 1993). The definition used by 
Upton brings some clarification to what “effectively” can mean in a production system 

setting, describing manufacturing flexibility as the ability to change or react with little 
penalty in time, effort, cost or performance (Upton, 1994). The need to change can be 
triggered by external or internal drivers (or forces), external for example being 
changes in customer demand, and internal machine breakdowns, quality issues, etc. 
As the words “adapt” and “react” are often used to describe flexibility, it can be 

argued that, especially with the driving force being internal (depending on 
viewpoint), this constitutes “robustness” rather than flexibility. However, according 



to Upton, robustness is a reactive part of flexibility, making agility the proactive part 
(Upton, 1994).  

To make the concept more manageable and measurable, manufacturing flexibility is 
often broken down in different ways, such as horizontal/by phases (for example the 
value chain), vertical/hierarchical (plant level, machine level etc.) or by objects 
(material, volume, product, etc.), the latter being the most common (De Toni & 
Tonchia, 1998). In 1984, Browne et al. defined eight types of flexibility in an FMS 
(Flexible Manufacturing Systems, see Chapter 1.3) setting, viz. Machine, Product, 
Process, Operation, Routing, Volume, Expansion and Production flexibility (Browne et 
al., 1984). Here, Machine flexibility denotes the ease of making the changes required 
to produce a given set of products and Routing flexibility describes the ability to 
handle breakdowns (by re-routing material) and these two form the foundation for 
the other six. In 1990, Sethi & Sethi expanded these into eleven types of flexibility 
(Machine, Material handling, Operation, Process, Routing, Product, Volume, Expansion, 
Program, Production and Market) more or less corresponding to Browne’s taxonomy 

(Sethi & Sethi, 1990).  

Sethi & Sethi also argued 
for the dependability of 
the different flexibilities, 
with Machine flexibility, 
along with Material 
handling and Operation, 
forming the foundation 
for the others (Sethi & 
Sethi, 1990). Their 
definition of Machine 
flexibility, however, 
differs somewhat from 
that of Browne, defining it 
as the various types of 

operations a machine can perform without requiring prohibitive effort in switching 
from one operation to another. This difference can be interpreted as the scope of the 
flexibility definitions having started to grow outside of the then existing FMS 
paradigm. In 1993, Gerwin reduced the number of flexibility types to seven (Mix, 
Changeover, Modification, Volume, Re-routing, Material and Flexibility responsiveness), 
where flexibility responsiveness introduced a time aspect of the intended change 
(Gerwin, 1993). Looking at later frameworks for flexibility, the technical aspects of 
the system still play an important part, such as for example in (Vokurka & O'Leary-
Kelly, 2000), presented in Figure 1. This framework also emphasizes that flexibility 
should be a part of a manufacturing strategy.   

Figure 1. A framework for manufacturing flexibility (Vourka et al, 2000, 
p. 487) 



Looking at the attributes of flexibility rather than different types, the work of Slack in 
1987 and Upton in 1994 are much cited. Picking up on the time aspect of flexibility, 
Slack identified two dimensions of flexibility; range and response (Slack, 1987). 
Range flexibility is the total envelope of states the (production) system can achieve 
and response flexibility the ease (like cost, time) with which these changes can be 
made. These were later built upon by Upton, not calling them dimensions but 
elements of flexibility, and describing them as range (total envelope) and mobility 
(ease of change), but also adding a third, uniformity [of performance], where 
performance can be quality, profitability, etc. (Upton, 1994). The flexibility 
dimensions are of particular interest, since they can be used as a foundation to 
evaluate the flexibility of different technical solutions.  

Besides flexibility, changeover ability, reconfigurability, transformability and agility 
are also terms used in manufacturing literature to describe certain features of a 
manufacturing system. These different classes are described in (ElMaraghy, 2009) as; 

 Changeover ability is the operative ability of a single machine or workstation 
to perform a particular operation on a known workpiece or subassembly at 
any desired moment, with minimal effort or delay.  

 Flexibility refers to the operative ability of a manufacturing or assembly 
system to switch with minimal effort or delay within a pre-defined family of 
work pieces or sub-assemblies by re-programming, re-routing or re-
scheduling the same system. 

 Reconfigurability describes the tactical ability of an entire production and 
logistics area to switch, with reasonably little time and effort, to new 
although similar, members of a pre-defined group or family of parts by 

Figure 2. The relationship between changeover ability, flexibility, reconfigurability, 
transformability and agility (adapted from Wiendahl et al., 2007, p. 786) 

 



physically changing the structure of manufacturing processes, material flow 
etc. including removal or adding of components.  

 Transformability is the tactical ability of an entire factory or structure to 
switch to different product groups or families by structural interventions in 
the production or logistics system, facilities, organization, etc.  

 Agility means the strategic ability of an entire company to respond to 
changing markets by for example developing the product portfolio and 
building necessary manufacturing capacity.  

The definitions are also put in a hierarchical context in (Wiendahl et al., 2007), see 
Figure 2. As these definitions are dependent on the system borders being clearly 
defined, “changeability” has been suggested as a general statement to describe all of 

these different classes (Wiendahl et al., 2007). Changeability is defined as; 

“[…] characteristics to accomplish early and foresighted adjustments of the factory’s 

structures and processes on all levels to change impulses economically.”  

(Wiendahl et al., 2007, p. 785) 

Although changeability is suggested to be used when system boundaries are 
undefined, changeability being defined as “early and foresighted adjustments” does 

not correspond to some of the aspects of flexibility covered in this thesis. One is for 
example the ability of a manufacturing cell to handle small disturbances in geometry 
(as will be discussed in Chapters 7 and 8), which may be interpreted as flexibility on a 
micro level. This is not often touched upon or described in flexibility literature (other 
than by Upton in 1994 and in relation to the uniformity characteristic of flexibility), 
but micro flexibility may be argued to also give a system robustness. Flexibility, 
however, as the different definitions listed above show, is also needed on a macro 
level, making the production system capable of adjusting to new market demands and 
prerequisites such as for example volume or product changes.  

The author considers flexibility to be a response to changing circumstances on macro 
as well as micro level and has therefore chosen not to focus or use any of the 
flexibility types listed above This is mainly because the aspects of flexibility covered 
in this thesis are a mix of several of these types, and are not easily captured in one 
definition. The word “flexibility” will be used to denote reconfigurability and 
changeover ability, as the thesis focuses on manufacturing technology on a cell and 
system level and views both changeover ability and reconfigurability as means to 
achieve manufacturing flexibility as shown in Figure 2.  

 

Regardless of how flexibility is defined, measured or described, technology is 
considered a key enabler of flexibility, as the different types of flexibility related to 
technology (such as Machine flexibility and Material handling flexibility in Sethi & 



Sethi, 1990) often form the foundation for the other types. Traditional automation 
has been stiff and rigid and unable to handle disturbances and lack of constraints of 
input; manual operations have therefore often been preferred to automation when 
some level of flexibility is needed. Industrial robots for example, are very much 
developed for high volume manufacturing (Brogårdh, 2007). Even though robots can 
be re-programmed to fit different products and processes, they lack the ability to 
handle an unknown environment and process variability, as will be further described 
in Chapter 6. Some important applications which have been difficult to automate are 
for example complex assembly and deburring. Assembly often entails setting 
relations between objects and of complex paths and fittings which have been 
problematic to automate, as further described in Chapter 6. Deburring, where a 
product is machined in some way to remove excess/unwanted material, has also 
evaded automation. In the iron foundry sector, for example, the size and position of 
the defects may vary and process forces are large making automated deburring 
problematic (see Chapter 6). Manual deburring however results in poor working 
conditions with for example repetitive heavy lifts, vibrations and a fine dust. 

One way to enhance manufacturing equipment’s capability is to integrate different 
kinds of sensors to gain more knowledge of the manufacturing environment (such as 
for example product geometry, or the position of equipment etc.). A sensor is an 
instrument that responds to a specific physical stimulus and produces a measurable 
corresponding electrical signal (Jeong, 2009) which can be used as a basis for some 
kind of response. Force sensors, for example, can be used to close the feedback loop 
and, together with an adequate control system, enable the robot to react to force 
stimuli (see Chapter 6), which is useful in many applications, for example assembly 
and deburring. This is called active force control (FC) and is one way to overcome the 
traditional drawbacks of the industrial robot. In 1981, Raibert and Craig pinpointed 
adequate controller architectures and computer techniques as the main issues behind 
the slow progress of advanced sensor integration (Raibert & Craig, 1981). Now the 
integration of sensors, for example vision and force, into industrial robotics has 
broadened the applicability of robots, forming what (Inaba & Sakakibara, 2009) call 
intelligent robots. This increase in automation intelligence, along with the price of 
industrial robots reportedly falling by one third between 1990 and 2007 (Hägele et 
al., 2008), may change the rules for when or when not to automate. 

Sensor integration can also be accomplished with other types of manufacturing 
equipment, like in fixtures, in order to also make these more adaptable to change. 
Fixtures are devices designed to hold and locate products during the manufacturing 
process and are very common in all manufacturing, ranging from inspection, 
assembly, welding, machining etc. Fixtures are often referred to, together with other 
workholding devices as “tooling”.  They are often part- and process-specific (i.e. 
dedicated), which induces high costs for design and manufacture and hampers the 
manufacturing systems’ ability to adapt to changes in, for example, product mix and 

geometry. Research and commercial efforts have therefore been made to create new, 



flexible approaches to fixturing. One of these is the Affordable Reconfigurable Tooling 
(ART) concept, developed at Linköping University together with the aerospace 
industry (Kihlman, 2005). In many cases fixture accuracy is ensured by a tightly 
controlled tolerance chain throughout the fixture or by means of built-in encoders. 
The ART concept, however, is based on the principle of de-coupling a fixture’s 

structural properties from the accuracy-ensuring properties by using external 
measurement systems/sensors. 

 

As a way to strategically implement flexibility, several different approaches to 
manufacturing have been suggested, for example FMS - Flexible Manufacturing 
Systems and RMS - Reconfigurable Manufacturing Systems. These have one major 
thing in common; they address the need to handle and respond efficiently to change. 
Other emerging paradigms, for example agile manufacturing, do not address the 
aspect of manufacturing technology as obviously as the previous two as they focus on 
how to adapt the business practices and manufacturing enterprise in general to the 
uncertainties of the global market (Mehrabi et al., 2000). There are also 
manufacturing principles like Lean, TQM, JIT, etc. which have greatly impacted on 
manufacturing tradition and on the choice of manufacturing technology. 

Flexible Manufacturing Systems, or FMS, emerged in the late 1970s after the 
invention of computer numerically controlled (CNC) machines. FMS were mainly 
focused around making the traditional machine shops more flexible and consisted of 
programmable CNC machines and transfer automation (see for example (Koren, 
2006)). The highly flexible CNC machines enabled a large variety of different products 
to be produced in the same system and although they were very capable of 
responding to product changes they were less adaptable when it came to volume 
fluctuations compared to, for example, a traditional functional machine shop (Koren, 
2006, Heisel & Meitzner, 2006). Also the over-capacity in what could be 
manufactured seldom outweighed the investment cost (Koren, 2006). FFMS, Focused 
Flexibility Manufacturing Systems, as defined by (Terkaj et al., 2009), are a new class 
of production systems that address the tradeoff between flexibility and productivity 
by combining dedicated machines with multi-purpose machines, or old machines 
with new machines, aimed at limiting the issue of FMS profitability.  

As a response to the limitations of FMS, RMS - Reconfigurable Manufacturing Systems 
- emerged. RMS is designed according to two guiding principles (Koren, 2006). The 
first is to design the system and its machines with an adjustable structure that 
enables system scalability by adding machines or for example new hardware or 
software at the machine level. The second is to design the system around a part family 
to reduce system cost by not overinvesting in capacity that may be unused. The 
champions of RMS describe these types of systems as fusing “the best of two worlds”, 

the traditional dedicated manufacturing lines aimed at a specific part or product with 



the more general FMS systems to reduce the drawbacks and keep the benefits. RMS 
systems have their assembly counterpart in Reconfigurable Assembly Systems (RAS), 
which build upon the same principles but targets assembly processes. 

RMS and FMS systems, along with other manufacturing paradigms strive towards 
increased flexibility of some kind and at some level. The technology used in this 
system will impact the success of the paradigm, and the paradigm itself also dictates 
what types of technology are preferred as the building blocks of the system. Also, 
with manufacturing being seen more like a system covering all operations in a 
product’s life cycle; engineering, design, production usage, services and recycling 

(Westkämper, 2006) it is important that the impact of manufacturing technology is 
also included in this holistic view. 

 
Lean manufacturing can be described as a management system (Emiliani, 2006), a 
“production practice” or a set of management principles and tools. Sometimes it is 

referred to as “a way of thinking”” or as a “philosophy” permeating a company 

(Krafcik, 1988). However called or described, the ultimate goal is to create more 
value with fewer resources (time, money, etc.), i.e. make an organization more 
efficient. Lean has been argued to have its roots in “Fordism” (Krafcik, 1988) and was 
adopted and remodeled by the Japanese after the Second World War to form the 
Toyota Production System (TPS). As described by (Sugimori et al., 1977), Japan has a 
lack of natural resources, which gave their manufacturing a disadvantage in terms of 
cost of raw material compared to the USA and Europe. Along with other traits 
(concept of work, lifetime employment system, “flatter” hierarchy, etc. (Sugimori et 
al., 1977)), this helped shape the Toyota Production System, which in American hands 
was re-shaped into Lean manufacturing, coined with the 1988 publication of 
“Triumph of the Lean Production System” (Krafcik, 1988) and the today classic “The 

Machine that Changed the World (Womack et al., 1990). As manufacturing principles, 
Lean and TPS also impact manufacturing technology. Lean for example advocates 
something called “Lean automation”, which focuses on applying the right amount of 

automation for a specific task, and favors robust solutions rather than “over 

complicated” technology, see for example (Dulchinos & Massaro, 2005). However, 
(Hedelind & Jackson, 2011, Hedelind & Jackson, 2008) found indicators of a bias 
against using industrial robots in companies adopting Lean since the technology was 
perceived not to fit Lean principles. 

 

Although organizational flexibility, re-routing the logistic chain etc. are important 
tools in achieving flexibility, manufacturing technology is a key feature of a 
production system’s ability to efficiently handle change (see for example (Browne et 
al., 1984, Sethi & Sethi, 1990)). As noted by (Beach et al., 2000), much more needs to 



be known about the contributions of key enablers to operational flexibility, such as 
different technologies (process, information, etc.). In (ElMaraghy, 2006), hardware 
and software technologies that enable reconfigurable manufacturing are listed as one 
of the most important research challenges and (Mehrabi et al., 2000) stress the need 
to understand manufacturing processes and equipment and their technologies in 
relation to rapid market changes. Flexibility is part of many paradigms, strategies and 
principles in manufacturing and those paradigms and principles are affected by and 
affect manufacturing technology.  

With these statements as a backdrop, the purpose of this research is to enhance 
manufacturing flexibility. More open controllers, greater computational power at less 
cost, new sensors etc. result in new possibilities for automation and manufacturing 
which can be exploited in order to achieve flexibility. So how can new technical 
advances like integration of different sensors be used in order to enhance 
manufacturing equipment’s’ capability to react and adapt to changes? And how do 
these flexible capabilities manifest themselves? Based on the purpose the guiding 
research question, RQ0, is formulated as; 

RQ0: How can conventional manufacturing equipment combined with sensor input 
support flexibility? 

Figure 3. The research questions and their relationships where arrows denote information flow. Also 
described is the foundation of the research question (i.e. industry or research). 



The ART system described above and in Chapter 3 utilizes an external measuring 
system to de-couple the fixture’s structural properties from the accuracy-ensuring 
properties. A force-controlled robot relies on force sensor data to respond to force 
stimuli. As both tooling and industrial robots are common and important in 
manufacturing, these two manufacturing technologies can be used to draw 
conclusions for RQ0. This assumption forms the foundation for the supporting 
research questions RQ1 and RQ2 as stated below, both of which have sub-questions 
aimed at further exploring the different technologies. These are stand-alone 
questions in their own right, but also serve the higher purpose of addressing RQ0. 
The relationship between RQ0, RQ1, and RQ2 is visualized in Figure 3, where arrows 
denote information flow.  

The Affordable Reconfigurable Tooling concept (ART), based on the de-coupling 
principle, was developed in collaboration with the aerospace industry. The concept, 
however, consists of a limited number of building blocks, inhibiting its applicability to 
assembly of large structures. Also, dedicated fixtures induce cost not only in in 
manufacturing but also in design. Thus;  

RQ1a: How can the applicability of the original ART concept be widened? 

RQ1b: How can the ART concept impact the fixture design process? 

As the main purpose of the research is to enhance manufacturing flexibility; 

RQ1c: What are the combined effects (of RQ1a and RQ1b) on manufacturing 
flexibility? 

The common industrial robot, with its poor ability to handle an unknown 
environment has been unfit for many manufacturing processes, such as assembly and 
deburring. Although active force control systems have been commercially available 
for some time, force control is not a common technology in industry (Brogårdh, 
2007);  

RQ2a: How can force control enable the use of industrial robots in manufacturing 
processes like assembly and deburring?  

RQ2b: What are the prerequisites for using force control in an industry setting? 

As the main purpose of the research is to enhance manufacturing flexibility; 

RQ2c: What are the combined effects (of RQ2a and RQ2b) on manufacturing 
flexibility?  

Figure 3 shows the relationships between the different research questions regarding 
information flow. RQ1 and RQ2 are research questions more closely related to 
industrial challenges, while RQ0 targets general understanding of how technology 
affects manufacturing flexibility and is thus more research based. RQ0 is explorative 



in nature, aimed at discussing the impact of the technologies presented in this thesis 
on manufacturing flexibility, rather than give an answer covering all aspects of RQ0. 

 
Sensors are available for measuring many different physical aspects. This research 
focuses on force and measurement sensors and discusses the use of other sensor 
inputs (such as vision etc.). Many assembly and deburring processes are highly reliant 
on force, and in tooling accuracy is crucial, so the choice of sensors is a natural 
extension of the technical platforms and applications included in the research. The 
conclusions drawn are thus based on these types of sensors although general 
statements on the combined effects of sensors and manufacturing equipment on for 
example flexibility are made.  

Fixtures and jigs are common in all types of manufacturing and many different kinds 
exist. This thesis, however, focuses on fixtures for assembly (including welding), 
although the researcher has worked with other types of fixtures during the research 
process.  

Cost is always an issue in manufacturing and in the choice of equipment, and cost is 
included in the flexibility concept, as the system’s flexibility is dependent on how 

easily (regarding for example cost) the system can transition from one stage to 
another. Cost is also included as part of some of the presented papers. Detailed cost 
calculations however, have not been made as part of this thesis.     

 

This thesis comprises four main parts; Part I – Introduction, Part II – Tooling, Tool 
Design and the ART concept, Part III – Force-Controlled Assembly and Deburring, and 
Part IV – Conclusions. Parts II and III are technology-specific (see Figure 4). It should 
be noted that some of the areas covered in this thesis include implicit and explicit 
knowledge not described in the academic literature that has been gathered, 
structured, and analyzed during the research process. Such information is therefore 
categorized under “Empirical findings” and not “Theory” in Figure 4. Some examples 
of such information are programming of robotic deburring, where implicit knowledge 
is passed from operator to operator, and routines for building fixtures in aircraft 
manufacturing which is explicit in industry routines (but not part of academic 
literature). However, to ease reading, the thesis itself does not include any “empirical 
findings" sub-chapters but the source of the information is stated (as for example 
“observed”). Brief descriptions of each of the thesis’ parts are given below.  

Part I – Introduction, is aimed at presenting the purpose, the research questions and 
the methodology. 

  



Figure 4. The layout of the thesis.  



Part II – Tooling, Tool Design and the ART Concept, describes the basics of 
workholding devices such as fixtures. It also describes the tool design process, 
presents some common fixtures, and gives an overview of the status of the ART 
concept as it was when this research began. This forms the basis for presenting two 
new devices in the ART toolbox: the MiniFlexapod and the Semi-hyper Flexapod. Also 
presented are two industry cases describing the fixture design process along with 
ART configurator systems that have been developed. The industry cases have not 
previously been published but are included as a foundation for understanding the 
applicability of the ART configurators and the ties between product development and 
the fixture design process.  

Part III – Force-Controlled Assembly and Deburring, is devoted to the use of force 
control (FC) technology as an enabler of industrial robotics into assembly and 
deburring. A technical background to FC, industrial robotics, assembly and deburring 
is given along with descriptions of the work carried out with FC in these applications. 
The findings are discussed.  

Part IV – Conclusions is all about summarizing and reflecting on the research 
questions, discussing the outcome and the impact of the presented technologies on 
manufacturing flexibility. Topics for future research are also suggested.

Figure 5. Research papers mapped to research questions. Strong links are 
denoted by continuous lines, while weaker links are denoted by dashed 
lines. The smaller the dash, the weaker the link, but the question is 
addressed by several papers. 



 

The appended papers and the research questions are mapped in Figure 5. Some 
questions are implicitly answered by several papers, shown in the figure by dashed 
lines, smaller dashes denoting weaker links. The weak links, however, are made 
stronger by the research questions being addressed by several papers covering 
different aspects.  

Appended papers are listed below, along with the author’s contributions.  

Jonsson, M. & Kihlman, H. (2008) “Fixture design using configurators” in Proceedings 

of the Swedish Production Symposium 2008 (SPS’08), 19th-20th November 2008, 
Stockholm, Sweden, peer-reviewed 

Marie Jonsson initiated and wrote the paper and analyzed the configurators in design 
use-cases. Dr. Henrik Kihlman developed the ART configurators together with Delfoi 
AB.  

 
Jonsson, M. & Ossbahr, G. (2010) “Development of a new flexible fixturing device for 

Affordable Reconfigurable Tooling” in Proceedings of the 3rd CIRP Conference on 

Assembly Technologies and Systems (CATS2010) , 21st - 22nd June 2010, Trondheim, 
Norway, peer-reviewed 

Marie Jonsson initiated and wrote the paper, established the specifications forming 
the base for the MiniFlexapod and developed some of the early designs and 
prototypes leading to the MiniFlexapod. Dr. Gilbert Ossbahr is the main inventor of 
the MiniFlexapod. 

 
Jonsson, M., Murray, T. and Kihlman, H. (2011) “Development of an automated 
reconfigurable device for affordable fixturing”, in Proceedings of the 21st 

International Conference on Production Research (ICPR 2011), 31st July – 4th August 
2011, Stuttgart, Germany, peer-reviewed 

Marie Jonsson initiated and wrote the paper and was also the system designer for the 
Semi-hyper Flexapod. Dr. Henrik Kihlman developed the software GUI and 
mathematical model of the Flexapod 6, which was further adapted for the Semi-hyper 
Flexapod by Thomas Murray.  

 
Jonsson, M. & Ossbahr, G. (2010) “Aspects of reconfigurable and flexible fixtures”,  



Production Engineering, vol 4 iss: 4, pp. 333-339, Springer Verlag, Berlin-Heidelberg, 
Germany 

Marie Jonsson initiated and wrote the paper in collaboration with Dr. Gilbert Ossbahr. 

 
Jonsson, M., Stolt, A., Robertsson, A., Murray, T. and Nilsson, K. (2011) “Force 

controlled assembly of a compliant rib” in Proceedings of SAE AeroTech Congress and 

Exhibition 2011, 18th-21st October 2011, Toulouse, France, peer-reviewed. 

Marie Jonsson initiated and wrote the paper and was in charge of planning, 
programming and execution of the assembly case described. Thomas Murray 
contributed knowledge of aerospace manufacturing and on the specific assembly case 
and designed the gripper and jig used. Andreas Stolt, Anders Robertsson, and Klas 
Nilsson of Lund University developed the system and framework of the force 
controller. Andreas Stolt and Anders Robertsson also implemented the filter 
described in the paper and Andreas Stolt was in charge of developing the specific 
force controller used.  

 
Jonsson, M., Stolt, A., Robertsson, A., von Gegerfelt, S. and Nilsson, K. (Submitted, 
awaiting review) “On force control for assembly and deburring of castings”, 

Production Engineering, Springer Verlag, Berlin-Heidelberg, Germany 

Marie Jonsson initiated and wrote the paper and was in charge of programming and 
industrialization of the described cases. Marie Jonsson analyzed the results, with 
input from Sebastian von Gegerfelt. The paper was written with input from Anders 
Robertsson, Andreas Stolt and Klas Nilsson, who also developed the framework used 
in the described assembly case.  

 
Jonsson, M. & Johansen, K. (Submitted, awaiting review), “On emerging manufacturing 
technology as enablers of Lean”, Journal of Manufacturing Technology Management, 
Emerald Group Publishing Limited  

Marie Jonsson initiated and wrote the paper with input from Dr. Kerstin Johansen.  

 
Jonsson M. & Ossbahr, G. (2008), “Affordable Reconfigurable Tooling using Mini 
Flexapods” in Proceedings of the 2nd CIRP Conference on Assembly Technologies and 
Systems (CATS2008), 21st - 22nd June 2008, Toronto, Canada, peer-reviewed. 

Jonsson M. & Ossbahr, G. (2009), “Aspects of reconfigurable and flexible fixtures” in 

Proceedings of the 3rd International Conference on Changeable, Agile, Reconfigurable 



and Virtual Production (CARV 2009), 5th-7th October 2009, Munich, Germany, peer-
reviewed. 

Jonsson, M., Kihlman, H. and Ossbahr, G. (2009), “Coordinate Controlled Fixturing for 

Affordable Reconfigurable Tooling” in Proceedings of the Swedish Production 

Symposium 2009 (SPS’09), Gothenburg, Sweden, 30th November - 3rd December 
2009, peer-reviewed. 

Jonsson, M., Stolt, A., Robertsson, A., Murray, T., Ossbahr, G. and Nilsson, K. (2010), 
“Force feedback for assembly of aircraft structures” in Proceedings of the SAE 

AeroTech Congress and Exhibition 2010, 28th-30th September 2010, Wichita, USA, 
peer-reviewed. 

Stolt, A.,  Linderoth, M.,  Robertsson, A., Jonsson, M. and Murray, T. (2011) “Force 
controlled assembly of flexible aircraft structure” in Proceedings of the 2011 IEEE 

International Conference on Robotics and Automation, 9th-13th May 2011, Shanghai, 
China, peer-reviewed. 



 

 



 

This chapter explains the research process in detail. The purpose of this is to offer the reader transparency, 
as research credibility can be argued to rely on disclosure. The research area and its connections to 
adjacent areas are therefore described, as well as the practical approach used in the research and how this 
relates to established methodologies of other research areas. Also, as this thesis is the result of research 
conducted in not only one but several projects, these are presented with a timeline.  

The research described is part of manufacturing research and can be labeled as 
“manufacturing engineering”. It is multidisciplinary, drawing on other sciences and 

domains, such as control theory, industrial robotics, machining, design automation 
etc., acting as a melting pot for these disciplines.  

As stated in  (Leedy, 1997, p. 5). 

“Research is the process through which we attempt to achieve, systematically and with 

the support of data, the answer to a question, the resolution to a problem or a greater 
understanding of a phenomenon”. 

Here “systematically” might be interpreted as implying the use of a methodology 

which, also according to (Leedy, 1997, p. 9), has two primary functions, viz.;  

1. To control and dictate the acquisition of data. 
2. To corral the data after acquisition and to extract the meaningfulness of them.  

A methodology consists of tools and methods that guide the researcher in how to 
conduct research (i.e. acquire, corral and analyze data). The research described uses 
many different tools and methods in an iterative manner as outlined below. 

 

The practical approach of the research is described in Figure 6. This schematic was 
inspired by the Systems Development approach described later in Chapter 2.2.2. The 
described research approach, however, has not been influenced by the Systems 
Development approach. Still they both stem from similar needs, which may have 
affected how research is carried out.  

The research is based on an industrial challenge, for example how to enhance 
flexibility in manufacturing (see Figure 6). Here the word “challenge” is used to 



indicate that there is not one working solution but many, and that the challenge is 
constantly changing. Also important for the research approach is the knowledge base, 
both within the research community (papers, books, journals, etc.) and in industry 
(patents, commercial solutions, industry partners etc.). The knowledge base and the 
industrial challenge are used together to formulate the research objective (or research 
purpose), for example how to enhance manufacturing flexibility using novel 
technology, which then guides the research through the process.  

 

The industrial challenge, the knowledge base, and the research objective form the base 
layer of the methodolgy, and are continuously re-examined throughout the research 
to re-evaluate the challenge or the research questions, or to feed back knowledge 
gained during the process. This base layer supports the different “research stages” 

with the demonstrator stage at the center, overlapping the others as it is the main 
source of information for evaluation, experimentation, feedback, etc. Demonstrators 
are models, concepts, manufacturing cells etc. developed during the research 
project(s) as a means to gain information and insight (further described in Chapter 
2.1.1). Information flows back and forth between these stages, Specifications and data, 
Experimentation, and Evaluation, depending on how the research progresses (see 

Figure 6. The research approach used in this thesis with supporting tools and 
methods. Arrows denote information flow and overlapping circles are an 
indication on the relation between demonstrators and other research stages. 



Figure 6). The demonstrators are developed by establishing specifications and data, 
through case studies, literature surveys or interviews and are also the tool for 
evaluation, in industry if the technology is mature, or by concept and screening 
methods if the demonstrator is at a concept stage. It is also the source for 
experimentation, in a lab, a computer or in industry.  

The practical approach in Figure 6 should be interpreted as iterative and depending 
on the problem at hand, different “routes” may be taken and different tools selected 

to evaluate, establish specifications, collect data, and experiment. A common 
workflow is to draw upon the industrial challenge to set a list of demands on the 
demonstrator and to establish a specification. This is most often done by informal, 
non-structured interviews with industry partners and visits to manufacturing sites 
etc. to gather information which is later collated and analyzed. Resulting 
specifications are fed back to industry and adjusted depending on industry input. The 
specification and data form the base of technical concepts which are developed 
virtually, using different simulation tools, and then screened and refined in the 
evaluation phase. Solutions that have been found valid have then been prototyped 
and presented to industry, which has reflected and fed back information regarding 
the results. In some cases laboratory tests have been conducted both to develop and 
evaluate the technology. Acquired knowledge and theories are fed back to the 
knowledge base and the industry through seminars, papers, etc.  

The research was conducted between 2007 and 2012 as part of several research 
projects (as described in Chapter 2.3). Also, the research has been conducted within 
several different areas in manufacturing. The research process has thus not been 
linear, following a straight path from purpose to answer, but very much iterative, 
formulating the challenge, probing for a solution, and reflecting on the outcome. It 
should also be noted that the research conducted can be described as either 
“technological push” or “technology pull”. This means that in some cases technology 

has been applied to see how this may solve the challenge and what the effects are 
while in other cases the industrial challenge has dictated the choice of solution. Both 
approaches have their own advantages and drawbacks, for example applying a 
certain technology to a challenge may reveal any benefits and weaknesses in the 
applied technology. However by doing so induces a bias into the research, since not 
all possible technologies are tested. To apply all possible technical solutions however 
are seldom feasible due to time and other resource constraints.  

 
During this research, several concepts, technologies, and prototypes, etc. have been 
developed in different projects and for different purposes. Not all of these are 
presented in this thesis, since some of them have only been stepping stones in the 
research process. They have ranged from CAD models, executable programs and 
manufacturing simulations, off-line programming and virtual models up to full-scale 



manufacturing cells placed at industry partners. These models/programs/cells etc. 
are called “demonstrators” in this thesis due to their dual purpose; first they serve as 

the platform for experimentation and evaluation, to explore and develop the 
technology so that it can meet the constraints and criteria of the industrial challenge, 
and second as a communication tool between the researcher and industry. Their 
global purpose is to serve as the tool to build new theory and to gain insight in issues 
regarding the research objective.  

 
In order to evaluate, establish specifications, gather data and do experiments, 
different supporting methods and tools have been used. To gather data a method 
resembling case studies has been employed with informal interviews and literature 
surveys. One example highlighting this approach is the gathering of data on the 
fixture design process at participating companies (described later in Part II, Chapter 
5). To do this, semi-structured interviews were conducted with two fixture designers 
and relevant processes and routines were collected and analyzed. These interviews 
were based on the same questionnaire and recorded. The responses, together with 
relevant documentation on routines etc., where then analyzed and the results fed 
back to industry to check accuracy. Together with relevant literature in the area this 
forms the basis of the conclusions drawn. In many cases, though, data gathering has 
been more informal and in the shape of feedback on results (prototypes, virtual 
simulations, etc.) during project meetings for example. When selecting between 
concepts for further development screening and scoring according to (Ulrich & 
Eppinger, 2008) has been employed. Here the list of specifications is used in order to 
choose between concepts, awarding points to the concepts based on how well they 
meet the specification. This is done to remove researcher bias towards one solution 
over the other. The software tools used were CATIA and Pro Engineer for prototype 
development, Delmia V5 for manufacturing simulation and off-line programming, 
RobotStudio for off-line programming, and Matlab/Simulink for mathematical 
modeling of systems. 

 

As the research approach used is not described by others in the research community, 
the question arises of its validity. Looking at the research described in this thesis two 
distinct traits emerge;  

1. The research has an industrial problem or challenge as base. 
2. A solution to the problem or challenge is reached by using an artifact. 

Here, the term “artifact” denotes a man-made object, physical or virtual. It can be a 
system, a model, a simulation, a manufacturing cell, a prototype etc.  



The two traits presented above, i.e. the industry problem as a base and the artifact as 
a solution-finding tool, can be used to cross-reference with other similar areas to 
draw information about adjacent methodologies. One area which relies on conducting 
research on industrial problems and also utilizes the creation of artifacts to solve 
them is the area of software/system development. Here two methodologies; industry-
as-laboratory and the Systems Development approach share the described traits. 
Another similar research and implementation model is the one used by the Wingqvist 
laboratory at Chalmers University of Technology in Sweden, which also has a 
demonstrator stage.  

 
The industry-as-laboratory research approach presented by (Potts, 1993) is based on 
an industrial problem (see Figure 7). This methodology was designed to handle the 
risk of the industry problem and the research solution evolving in different 
directions. By working in close collaboration with companies and iteratively 
implementing or evaluating solutions together with industry, information on the new 
industrial context is transferred back to the researcher. Information is often solicited 
through case studies and a derived solution could be evaluated by experiments or by 
prototyping. Industry-as-laboratory stresses both industrial and academic relevance 
of the research which means that it should give as useful results back to industry 
(reduction in cost, time etc.) as it does to academia (by building knowledge). The 
main criticism might be that industry-as-laboratory sacrifices revolutions for 
evolutions, and that research therefore only adds to knowledge a little at a time.  

 
Figure 7.  Industry-as-laboratory (Potts, 1993, p. 23) 



 
The Systems Development approach was developed to handle multidisciplinary 
research in information systems. The core of this methodology is the development of 
the (information) system as a tool to draw conclusions and to build theory 
(Nunamaker et al., 1990). 

The development of the system itself is done in 5 stages; concept design, creating the 
architecture of the system, prototyping, product development, and technology 
transfer, see Figure 8. In order to successfully create a system the researcher need to 
draw from different methodologies like case-studies, experiments etc. The researcher 
may jump between the different hubs in order to achieve his or her goal. In many 
cases one researcher is not able to “go the full distance” and many projects are 

abandoned before full technology transfer to industry has been achieved.  

 
At the Wingqvist research laboratory, which is a center for multidisciplinary research 
in product realization, a similar model (see Figure 9) is used as an implementation 
strategy (Wingqvist Laboratory, 2012). Here, the demonstrator is used to 
demonstrate a technology or new method with the purpose of affecting the product 
development practice (Catic, 2011).  

Figure 8. The Systems Development approach (adapted from Nunamaker et. 
al., 1990, p. 94) 



 

 
Comparing the research approach described above to industry-as-laboratory and the 
Systems Development approach, one can see great similarities in the connection with 
industry, the gathering of knowledge about the problem to be solved, prototyping, 
and testing. There are also other closely related methodologies, for example DRM 
(Blessing & Chakrabati, 2009) in product development. DRM however, is more strict 
and tailored to product design. Both industry-as-laboratory and the Systems 
Development approach have the same goal and data acquisition approach as that of 
this thesis; namely to solve a research (industrial) problem by creating an artifact 
which is tested and evaluated and conclusions drawn, thus satisfying the two 
statements presented in (Leedy, 1997). In Systems Development, the artifact is often 
a computer system, but in the case of this thesis, it is a physical object or a 
manufacturing setup, etc. In the Wingqvist model, the demonstrator stage is mostly 
used as a means to bridge the gap between research and industry implementation. 
The research approach described, however, considers more conceptual artifacts, such 
as simulations to also be demonstrators, although full scale manufacturing cells have 
been implemented in industry. But, as in the Wingqvist model, the more mature 
demonstrators have the potential to help bridge the gap between research and 
industry implementation. 

The strong resemblance with the described methodologies and the practical research 
approach used indicates that it is a valid one. Although the adjacent methodologies 
stem from a different field than that of the research described in this thesis, they have 

Figure 9. The Wingqvist research and implementation 
model (Wingqvist Research Laboratory, 2010) 



in turn found inspiration in a field which is similar to manufacturing technology, viz. 
design research. 

 
A researcher in applied research is often faced with the question of what constitutes 
research, especially when working so closely with industry and on an industry 
challenge. (Leedy, 1997) states that research has 4 guidelines to adhere to;  

 Universality - The research should be such that it could be carried out by any 
competent person other than the researcher. 

 Replication - The research should be repeatable. 
 Control - Parameters should be limited in order for the research to be 

replicated.  
 Measurement - Data should be measurable.  

Depending on research area, these guidelines are more or less easily met. In the case 
of this research, replication and control are the hardest ones to adhere to due to the 
evolutionary and complex nature of the industrial context. Also, some data is not able 
to be measured as easily as in physical sciences for example, which is why screening 
and scoring methods are used. The researcher should always strive for universality, 
replication, control and measurable parameters as far as the context allows, but with 
cross-disciplinary research, as with research in manufacturing, these guidelines are 
often weighed against industry relevance. 

Also, as described earlier there is seldom one singular solution to the challenge. In 
order to narrow the solution space it is often practical, especially considering 
available resources such as time, money, and competence, to limit the technology 
focus as reflected in the research questions and limitations.  

 
The research described includes both quantitative and qualitative elements, such as 
for example experiments and interviews. The experiments conducted are used to 
validate and test technology while for example the interviews are used to gather data. 
When experiments are conducted, they are planned in stages and the results 
recorded, and the experiment is re-run multiple times to ensure that the results are 
accurate. When applicable, the prerequisites of the experiments have been changed. 
For qualitative research, (Maxwell, 2005) offers a checklist for how to establish 
validity; 

1. Intensive, long-term involvement 
2. Rich data 
3. Respondent validation 
4. Intervention 
5. Searching for discrepant evidence in negative cases 



6. Triangulation 
7. Quasi-statistics 
8. Comparison 

As this checklist is aimed at interview-based, interpretive research it is therefore hard 
to map some of the points from that research space to the one described here. Many 
of them, however, can nonetheless be used as a basis for validity in the research 
described. This research has been carried out with intensive, long-term involvement as 
projects have run for up to 4 years. Also, the projects have focused around the same 
technologies, increasing the time spent working with a solution. This in turn gives 
rich data to be analyzed and used as a basis for the conclusions. The involvement of 
participating companies and access to continuous feedback on demonstrators and 
conclusions is also a form of respondent validation. In this respect, it is also important 
to understand that the companies, although a valuable source for validation, may also 
have their own bias in the research. This has been handled by soliciting feedback not 
only from industry but also from other researchers in the community, and also by the 
experiments, demonstrators etc. themselves. The researcher has herself worked with 
setting up systems, carrying out experiments and working at the companies in a 
cyclical manner, which can be seen as a form of intervention. In cases of discrepant 
evidence, (Maxwell, 2005) argues that asking for feedback is a way of handling 
researcher bias. Also, the researcher should always analyze and identify any evidence 
which does not seem to support a specific interpretation. Here, using the physical 
demonstrators as a basis for the conclusions drawn and as a means to solicit 
feedback, gives a natural check-up on discrepant evidence. By working with the same 
technology in several cases, and with different types of companies in different 
industrial settings, triangulation is achieved and gives an arena for comparison of 
results. 

 

The timeline and technology focus of the research projects forming the foundation of 
this dissertation is described in Figure 10.  

The FlexAA (Flexible and Affordable Automation) project, financed by the ProViking 
programme supported by the Swedish Foundation for Strategic Research (SSF), was 
coming to an end when the researcher began her PhD. The project however served as 
a learning platform for fixturing and force control. The project focused mainly on 
industrialization of the ART fixturing system in aerospace, but also involved force-
controlled drilling applications. Partners in the project were the aerospace industry 
and Lund University. 

The KooFix (Coordinate Controlled Fixturing) project, financed by Vinnova, was carried 
out from 2007 to 2010. The main purpose was to develop a more cost-effective, 
flexible technology for fixtures in assembly and machining. The main industrial 



partners and problem owners were manufacturers of complex ground vehicles and 
the aerospace industry. The actual project participants from the companies, and 
therefore main sources of information and feedback on results were tool designers, 
tool design managers, and people in charge of industrialization of products. 

The MRC project, financed by the Manufacturing Research Centre at Nottingham 
University from 2009 to 2010, built on many of the results from the KooFix project 
with the intention to take them to a higher technology readiness level. This project 
was focused on aerospace applications and involved force control assembly of an 
aircraft rib (see Part III, Chapter 4.2) and further development of the Semi-hyper 
Flexapod presented in Part II, Chapter 4.2. The project culminated with a 
demonstration at Nottingham University, with participants from aerospace and their 
equipment suppliers.    

The ProFlexa (Productive and Flexible Automation) project, financed by the ProViking 
programme supported by the Swedish Foundation for Strategic Research (SSF) is an 
ongoing project that began in 2009 and is planned to finish in 2013. The main goal of 
the project is to use sensor integration in order to make a production/manufacturing 
process more efficient. The focus processes are cleaning of castings and aircraft 
assembly and project partners where foundry companies, aerospace industry and 
Lund University. The project has a wide scope, looking not only at the process itself, 
but also at the aspects of how to facilitate introduction of new products into an 

Figure 10. Timeline of the research projects. Technology focus for the researcher indicated in the boxes. 



existing manufacturing cell, and therefore looking at for example flexible fixtures and 
gripper and how to facilitate programming and cell reconfiguration. Companies 
involved are both large and small and product complexity ranges from complex to 
simple. The common denominator for the companies involved is the desire to make 
their manufacturing more cost-efficient and to shorten ramp-up times. Project 
participants, and thus main sources for information and providers of feedback on 
results, where production managers and product technicians at the manufacturing 
companies and project managers at manufacturing equipment suppliers. 

The InRob (Robot based in-line measurement) project, as part of the FFI research 
initiative and financed by Vinnova, started in 2011 and is planned to end in 2013. The 
aim of the project is to enable in-line measurement of body-in-white car structures by 
integrating industrial robotics with non-contact measuring techniques and 
developing off-line programming, path planning and measurement data analysis. 
Here the author worked with evaluating and establishing pre-requisites for the 
measurement equipment and as technical expertise on industrial robot systems. The 
project partners are Chalmers University of Technology, Chalmers Fraunhofer 
Institute, and representatives of the Swedish automotive industry and various 
equipment suppliers.  

 
The research projects has been carried out in many different industry sectors, such as 
aerospace, automotive, commercial vehicles and foundries ranging from Swedish 
SMEs to large global companies, see Table 1. Note that ‘automotive’ is used to 

describe high-volume manufacturing of cars and ‘commercial vehicles’ to describe 

more business-to-business vehicles like trucks, excavators and loaders. Some of the 
project companies are suppliers, others design and manufacture their product. 
Product complexity varies, from very complex (aircraft) to rather simple (castings), 
as do product lifecycles (ranging from a few years up to >30 years). Also included in 
the projects are several vendors and manufacturing cell integrators, who develop, sell 
and build manufacturing cells. These are however, not part of Table 1. 

 
Table 1. The project companies 

 



 

”Are you sure it isn’t time for a ‘colorful metaphor’?” 

  --Spock, in ‘Star Trek IV – The Voyage Home’ 



 



 



 

This chapter is devoted to presenting the state of the art in (flexible) fixtures and jigs, but also to describing 
the state of the previously developed ART concept as it was when the research presented in this thesis 
began. As the chapter ends some concluding remarks are made, bridging over to the next chapter, which in 
turn is devoted to presenting the new ART devices. This chapter thus forms the theoretical and practical 
background to the work of broadening the applicability of ART with the MiniFlexapod and the Semi-hyper 
Flexapod presented in Chapter 4. 

The term “tooling” is often used to denote manufacturing tools in general, and 

specifically jigs and fixtures which are sometimes referred to as “work-holding 
devices”. Fixtures are designed with a dual purpose: first to locate a part (or parts) in 
relation to other parts or a coordinate frame, and second to hold the part in a 
particular position, even under the influence of external forces. They should also do 
so without the part being distorted and without interfering with the intended 
manufacturing process and technology (cutting tools, operators, robots, etc.). Jigs are 
similar to fixtures, but guide a cutting tool, like a drill, by the use of for example 
bushings. Jigs can be a part of a fixture or stand-alone. They sometimes do not have 
any work-holding purposes, and are only used to guide a cutting tool. It should be 
noted that depending on industry, the terminology may vary as to what constitutes a 
jig and a fixture. However, jigs and fixtures are very common in all types of 
manufacturing and in all types of industries. They often induce high costs, both in 
design and manufacture, and a great deal of effort goes into building a fixture, storing 
fixtures, and changing fixtures when a product or operation changes.  

 

As visualized in Figure 11, a fixture is often made up of locators, to secure the part in a 
known position, supports, used to further reinforce the part structure, force actuators 
(like clamps) to lock the part to position and a fixture body to connect them all into a 
sturdy, robust unit (Nee et al., 2004). Depending on type of fixture, intended process, 
product, etc., the fixture structure can take different forms. For example, in some 
cases where process forces are limited, force actuators are not needed at all since 
gravity is enough to hold the workpiece. A common way to achieve a known position 
in 6 degrees of freedom (DOF) is by using the 3-2-1 principle, where the part is 
constrained by a plane (3 points), a line (2 points) and finally a single point to hold 
the part together with clamping. There are also similar principles, such as the 2-2-2 



principle, where three sets of 2 
points are used to achieve a desired 
localization and constrain the 
degrees of freedom. These 
principles, however, are sometimes 
side-stepped due to the lack of 
available locating surfaces or the 
need to over-constrain the 
piece/part, for example when 
fixturing a compliant product or to 
handle process forces. In the latter 
case, the redundant support often 

has an adjustable feature to adapt to the workpiece and avoid lock-in effects or 
distortion. Also, in many cases friction is used to hold the part in place, like for 
example in jawed chucks where the degrees of freedom are constrained by force 
rather than contact points. A fixture may also have normalizing properties, where the 
part to be constrained is “pushed” into position and locked in place in order to be 
successfully joined with other parts. The fixture can also have docking locators for 
other fixtures carrying mating parts or for jigs used in the process.  

There are many different types of fixtures, such as measurement fixtures, test 
fixtures, transport fixtures, etc. Grippers can for example also be regarded as fixtures, 
as they also include localization properties. Overall, fixtures and jigs range from 
rather simple to large and complex structures which consist not only of one fixture 
but several units fitted together. This is common in for example welding and 
assembly fixtures (here, welding fixtures are considered separate entities, although 
welding can be argued to be an assembly method). 

 
Welding and assembly fixtures differ from machining fixtures in several important 
respects (Wang et al., 2010); 

 In assembly or welding the fixture has to be designed to hold several parts in 
relation to each other, while workpieces undergoing a machining process 
normally contain only one part. 

 Usually, the accuracy requirement in an assembly welding process is less 
than in machining. 

  Fixing forces and machining forces in an assembly or welding process are 
commonly smaller than in machining. 

  Distortion due to weld cooling needs to be considered in welding fixtures. 

Another observed aspect is that the common 3-2-1 rule for workpiece fixturing may 
be difficult to employ successfully in parts more complex than the usual prismatic 
parts of machining since locating surfaces and features may be hard to reach. 

Figure 11. A schematic description of common 
fixture parts. 



 

Empirical knowledge derived from the described research projects can be used to 
further explain weld and assembly fixtures as below. For aircraft assembly fixtures 
(see Figure 12, left), the required accuracy is around ±0.1 mm. Welding fixture (se 
Figure 12, right) accuracy varies down to ±0.5 mm for critical features but is usually 
higher. Both share the same build traits; parts are loaded into the fixture, positioned, 
and joined together. In aircraft manufacturing, riveting is the common joining 
method, and in many welding fixtures tack welding is used before the final welds. In 
aircraft assembly the parts are drilled when fixed together by temporary fasteners, 
taken apart and cleaned from burrs, put back together, riveted and liquid shimming 
introduced to close any gaps between the parts. After the shims have cured, the 
product is unloaded from the fixture. For welding, the parts are loaded into the 
fixture and tack welded.  

After tack welding the fixture is unloaded and the final welds are done with the 
workpiece on a positioner in order to increase reachability and have the welds at an 
advantageous angle during the process. A welding fixture might need to withstand 
and compensate for weld distortion (i.e. movements of the material due to shrinkage 
when the weld cools). Although some general rules can be used when planning the 
fixture and the weld process, welding fixtures often have to be adjusted to 
compensate for any movement of the welded product.  

 
Depending on fixture there is a need to build (or assemble) the fixture structure, 
supports, locator and clamps, and to ensure that the fixture is correct and meets the 
desired specifications regarding, for example, accuracy. As observed during the 
research fixtures in aircraft industry for example, are usually large and floor-mounted 
and the fixtures are manufactured in sections and transported to be assembled on-
site. Part of the fixture close to the part locator is often adjustable and called a “flag”, 

which at its base has a prepared “gap” used to adjust the locator in order to reach the 

Figure 12. Left: A fixture for assembly of the leading edge of an aircraft wing. Right: A welding fixture for 
tack welding. 



desired accuracy. These gaps are usually manipulated using screws and, when 
adjusted, filled with resin which is left to cure and the box is drilled and doled to limit 
tempering. An external measuring system of some sort is used to ensure the position 
of fixture locators during build up. The whole process of fixture builds is thus 
iterative and time-consuming and results in a dedicated fixture difficult to change.  

In smaller fixtures, like some welding fixtures, metal 
shims can also be used to manipulate locator position, 
see Figure 13, as identified when working with for 
example automotive and commercial vehicle 
manufacturers. Using an external measuring system, 
the locator position is measured, corrected using 
shims, and measured again, the end result being a 
dedicated fixture. Sometimes the product itself is used 
as a qualification tool, with the resulting accuracy of a 
product produced in the fixture being measured rather 
than fixture locators. Regardless of method, the 
process of fixture qualification/validation can be long 
and tedious especially considering fixture 
adjustments.  

Depending on industry and routines, fixtures are also validated during their life cycle. 
This means that the fixtures are taken out of the manufacturing flow after a certain 
time or after a certain number of products have been produced. The fixture is then 
measured and adjusted. In aircraft manufacturing, there are seldom duplicate fixtures 
unless needed in the production line, which mean that during the fixture validation 
process, which can take weeks, manufacturing is halted. In other industries, for 
example the automotive industry, the fixture may be part of a production line and 
thus has clones. Fixture validation nonetheless consumes valuable resources such as 
time and labor thus inducing cost.  

 

Fixtures are often dedicated, i.e. intended for one specific product/part and therefore 
expensive in many respects. To decrease fixture cost there has been substantial 
interest, on the part of both researchers and industry, in designing fixtures which can 
be re-built, adjusted or in some other way changed to suit several products. These 
multipurpose/multiproduct fixtures go by the name “flexible” and are often 

categorized according to their structure as for example in (Bi & Zhang, 2001). During 
the early FMS (Flexible Manufacturing Systems, see Chapter 1) era they were 
categorized as programmable clamps, phase-change and modular fixtures together 
with fixtures based on memory alloys (Grippo et al., 1988). Later, the technical 
solutions grew with the introduction of reconfigurable fixtures, which often relied on 
a robot to build and rearrange the fixture structure (Shirinzadeh, 1995). Also added 

Figure 13. Example of shimming a 
locator in a welding fixture at 
Volvo Cars (courtesy of Volvo Car 
Corporation) 



 

were adaptable clamps, along with sensor-based assembly, the latter relying on 
sensory input (vision etc.) to compensate for part or gripper error when using robots 
(Shirinzadeh, 1995). Viewing the robot as a very flexible gripper and compensating 
for errors in grasping by sensory input is sometimes referred to as robotic fixtureless 
assembly, RFA (see for example (Hoska, 1988, Bone & Capson, 2003)). Of these 
different fixture types modular fixtures, which consist of a limited number of building 
blocks fitted together, and reconfigurable fixtures are the most common ones to be 
found in the literature.  

Reconfigurable fixtures are often built using a modular approach, with a limited set of 
parts that can be combined into a fixture and sometimes the parts can also have 
adjustable features that increase the ability to conform to a product. Reviewed 
research and commercialization efforts on flexible fixturing have mostly focused on 
machining, resulting in different modular tooling kits made up of a set of discrete 
parts that can be combined into a fixture or used in other multipurpose fixtures, for 
example chucks and vices. There also exist several modular solutions aimed at 
measurement/control fixtures, consisting of aluminum beams assembled together. 
One example of a reconfigurable, modular approach using carbon fiber beams is the 
TETRAfix solution, where tetrahedrons with a 6 DOF working envelope are 
positioned on a base plate and adjusted to hold a product (TETRAfix, 2012). Other 
fixtures, like fixtures for assembly, welding etc. have received less attention and the 
available research and solutions are fewer, especially when the product to be welded 
or assembled becomes large and complex.  

 
Fixtures can also be made up of very capable, hyper reconfigurable units. Robotic 
fixtureless assembly, RFA (Hoska, 1988), is intended to eliminate the need for 
dedicated fixtures through the use of (industrial) 
robots and programmable versatile grippers 
(Bone & Capson, 2003). Most work conducted in 
RFA has been done in the automotive industry, 
as presented later in Chapter 6, using articulated 
robots. Other robot solutions, for example 
FlexPLP by ABB, are aimed at replacing 
dedicated fixtures with active variants for fast 
changeovers (Negre & Legeleux, 2006). The 
FlexPLP consists of two robots, one polar, called 
the Tripod, with 3 degrees of freedom (DOF), and 
one where modular linear axles can be used to 
achieve a maximum of 3 DOF, both units with a 
repeatability of ±0.05mm, see Figure 14 (ABB 
Robotics, 2010b, ABB Robotics, 2007). The 
German company PI offers 6 DOF hexapod units, 

Figure 14. The FlexPLP Tripod (left) 
and linear units (right) in an 
automotive fixture (courtesy of ABB 
Robotics, Negre, 2006, p. 9) 



available in several sizes ranging from payloads between 5 and 1,000 kg with 
repeatability in the range of µm (Physik Instrumente (PI) GmbH & Co, 2012). The high 
repeatability, however, comes at a high cost, as these units are intended for use in 
precision applications like micro assembly, optics testing, and microwave antenna 
alignment. Other hyper-reconfigurable fixtures include for example pogo-stick 
fixtures, which consist of several servo-driven linear actuators forming a bed-of-nails, 
used to fixture for example sheet metal in the aircraft industry. These are very 
capable at adapting to different shapes and can be configured very quickly, making 
them hyper-flexible within a limited scope of products.   

 

Driven by the desire to cut costs in fixturing, the Affordable Reconfigurable Tooling 
concept has been developed, starting in early 2000 as a collaboration between 
Linkoping University and the aerospace industry (see (Kihlman, 2005)). The concept 
has later been industrialized as part of the previously described KooFix project. It is a 
flexible fixture system that fuses a modular framework, which can be rebuilt to suit 
different products, with reconfigurable devices that can be positioned within a 
working envelope. 

 

The main fixture body is made up of the modular framework on which the 
reconfigurable devices are placed (see Figure 15), which in turn connects to the 
product via a part locator often tailored for the specific interface. For the modular 
framework the BoxJoint System, described below has been most used. The ART 
concept however, is not limited to the use of the BoxJoint System, other similar types 
of modular frameworks are also applicable. The reconfigurable devices are called 
“flexapods” and are described below, together with the BoxJoint System.  

Figure 15. Schematic representation of the ART concept. 



 

 
The ART concept builds on the principle of de-coupling two of the main functions of 
the fixture build, namely the physical structure of the fixture, and the accuracy. In 
many fixture constructs the fixture parts and their specifications are what give the 
resulting accuracy. An ART fixture is built using an external measuring device rather 
than a chain of added tolerances or by shimming, which are the traditional 
approaches to (dedicated) fixture build processes. The de-coupling principle reduces 
the need for accuracy in the fixture parts, although the need for stability and 
robustness remains. This may require that backlash and gaps need to be reduced to 
ensure stability which in turn drive accuracy.  

The main reason for de-coupling when the described research began, was the desire 
to reduce the need for built-in accuracy in the form of for example tolerance chains or 
built-in encoders. This reduces cost as an external measuring system can be shared 
between several units and as fixtures with built-in accuracy need to be manufactured 
with high precision.   

 
As the need for an adjustable, non-welded framework was identified in the 
collaboration with aerospace, the BoxJoint System (se Figure 16), was developed (see 
(Kihlman, 2005)). The system relies on friction to connect beams together using 
patented “boxes” (see Figure 16), making the framework adjustable along the whole 
beam length rather than in discrete steps. 

  

The boxes have different sizes, making it possible to connect beams of different 
(although pre-defined) cross-sections, which gives versatility when building a fixture 
body (BoxJoint AB, 2012). Today beam sizes used in the BoxJoint system range from 
400x400 mm down to 25x25 mm. The beams and boxes are available in steel, 
aluminum and carbon fiber depending on application and a large fixture body can be 
built to centimeter accuracy. The BoxJoint system has been used in numerous 

Figure 16. Left: The principle behind the BoxJoint frame. Right: The BoxJoint system enables 
different-sized beams to be connected.  



applications, ranging from aerospace to welding fixtures for heavy duty vehicles, 
mainly for prototypes or one-off products.  

 
Flexapod is a generic name used to describe a device that can be reconfigured within 
a working envelope. Several different types of Flexapods have been developed at 
Linkoping University and most of them can be positioned in 6 DOF in a relatively 
large working envelope (Kihlman, 2005). The furthest industrialized is the Flexapod 
6, a parallel kinematic structure comparable with the Stewart platform (see Figure 

17) that has been developed in three different 
sizes, large, medium and small depending on 
leg length (and corresponding working 
envelope).  

The Flexapod 6 consists of three pair of legs, 
linking a base plate with a top plate. The legs 
can be locked in position by a hub-shaft 
connection which does not alter the position of 
the legs during locking. On the top-plate of the 
Flexapod 6 a mechanical interface, in this case 
a Coromant Capto, is attached. This is used as 
an docking interface to the product locator or 
to the external measurement probe during 
reconfiguring.   

In the beginning the Flexapod 6 was envisioned 
to be positioned using an industrial robot, with 
an external measuring system feeding the 
controller information on position, thus 
increasing positional accuracy (Kihlman, 2005). 
This approach to repositioning was 
demonstrated successfully in lab tests in 2004. 
Other developed flexapods is the “Pogo-stick 
flexapod”, also a 6 DOF device but of a serial 

kinematic structure which still remain at the 
prototype stage. This flexapod is also designed 
to be a passive device, with external actuators, 
like a human, or a robot, for positioning.  

In 2005, another research group presented a similar approach to fixturing, with a 
passive hexapods used to hold car-body parts in the automotive industry (Gödl et al., 
2005). As with the initial idea behind the Flexapod 6, these devices are to be 
repositioned using and industrial robot and off-line programming tools have been 
developed for this purpose (Fritz et al., 2005). However, when repositioning the 

Figure 17. The Flexapod 6. 

Figure 18. Solution developed by another 
research group for fixturing an automotive 
part (Trantin, 2005, p. 3) 



 

system relies on the robots own accuracy and repeatability for positioning without 
any external measurement system being used. They later presented a descriptive 
case, using the devices for spot welding fixture two different automotive parts of the 
same part family, see Figure 18 (Trantin et al., 2005). 

 
The ART concept has, as stated, been industrialized with the Flexapod 6 and the 
BoxJoint system as the main building blocks.  As of today it has mostly been used as a 
fixture for prototype and one-off manufacturing. Working with building ART fixtures 
based on these components the build process has been analyzed. An ART fixture is 
built/assembled starting with the BoxJoint framework, which is built simply by using 
hand-tools and tape measures and drawings/specifications from a CAD system (see 
Figure 19, left). The BoxJoint framework can be built to an estimated accuracy of ±4 
mm.  

 

After the BoxJoint fixture body has been assembled, the flexapods are placed on the 
appropriate beam. The Flexapod 6 has a 6 DOF, rather large working envelope. Thus 
its baseplate can be positioned using a simple tape measure, since any error (within 
reason) can be handled by reconfiguring the device. Also, the software used does not 
rely on accurate placement, since it calculates position using global coordinates. After 
the base plate has been positioned the top plate, where the locator/interface to the 
product will be, is positioned (see Figure 17). To do this an external measuring probe 
is attached to the Coromant Capto unit. The measuring system gives feedback on 
locator position and the industrial version has mostly relied on the Leica Tracker and 
T-MAC for this purpose. The Leica tracker is a portable CMM (Coordinate Measuring 
Machine) which can measure 6 DOF over rather large distances. It works by tracking 
a laser beam to a retro-reflective target (on the T-MAC) and thus requires a free line 
of sight. The industrialized Flexapod 6 is manually positioned in a two-step process. 
First the operator unlocks the legs of the flexapod and drags the top plate to a rough 

Figure 19. Left: Build of a BoxJoint fixture body (courtesy of Volvo Construction 
Equipment). Right: Second step of fine positioning the Flexapod 6 using screws 
attached to the legs (courtesy of Delfoi AB) 



position while getting feedback on progress from a computer screen. In the second 
stage, manual screws are attached to the legs and the final position is adjusted by 
manipulating the screws while getting feedback on progress from the same computer 
screen (see Figure 19, right). The whole process takes about 15-25 minutes per unit 
depending on operator experience and scope of setting.  

 

Looking at modular and reconfigurable fixtures a multitude of solutions have been 
employed to set up a flexible fixture and for how to achieve or validate accuracy (see 
[PAPER IV] summarized in Figure 20. Here force actuation and accuracy/position 
validation (measuring) have been split up into external and internal, and the different 
approaches are mapped. Internal is here defined as something physically built into 
the fixture structure. External force actuation can be manual, by robot, by NC-
machine, or by actuators. Measuring can be part of the fixture structure (internal), 
using for example tolerance chains or with encoders or by external measuring like for 
ART or metrology assisted RFA.  

The ART system relies on external measuring and has been realized both with manual 
actuation as well as by using an industrial robot. The possibility also exists to use 
external, electrical actuators or an NC machine as the actuating device. Existing 
hyper-reconfigurable solutions (e.g. the FlexPLP and PI Hexapod robots) rely on 
internal actuators and encoders for repositioning and accuracy validation. They are 
very capable, but also come at a high price. For many manufacturing cases, such 
solutions are not affordable since probably many units would be needed to fixture 
large products and the initial investment cost is too high. They would nonetheless 
increase the possibility of manufacturing several different products (of the same 
family) in the same manufacturing cell, and of equipment being re-used between 
projects and thus enhance manufacturing flexibility.  

In many manufacturing cases, shimming is used as a way to enable adjustability, and 
handle unforeseen discrepancies, e.g. an uneven floor for a floor-mounted fixture. 
When shimming is used, external measuring system, and sometimes a master 
product, is used to “set” the fixture. These are both de-coupling techniques, 
separating the fixture’s structural properties from the accuracy-ensuring properties. 
Decoupling therefore cannot be seen as something completely unique to this thesis or 
the ART concept. The iterative shimming process however results in a dedicated 
fixture which takes a lot of time and effort to assemble. In such situations the ART 
concept can be used to simplify fixture builds and to enhance flexibility, not resulting 
in a dedicated fixture. A flexible device in these cases does not need to have a large 
working envelope, but the ability to be re-used and reconfigured within a smaller 
volume. Also, as will be further described in Chapter 5, there is a close connection 
between product development and the fixture design process, where the fixture 
design cannot be finalized and manufactured before the product design has matured. 



 

Rather small changes of the product specification can result in large rework efforts of 
the fixture. Introducing reconfigurability into the fixture, albeit small, can greatly 
encourage concurrent engineering and shorten design lead time as the fixture can be 
finalized and any changes encompassed by the fixture’s built-in flexibility. 

Figure 20. Different approaches to reconfiguring and 
accuracy validation of a flexible fixture (from [PAPER IV]). 



 

 



 

This chapter presents the new devices developed to extend the ART concept; the MiniFlexapod and the 
Semi-hyper Flexapod. The development of these is based on the theoretical and empirical background 
presented in Chapter 3, with the additional more closely related information presented in this chapter. 

Several solutions exist aimed at making fixtures more cost-effective, one of which is 
the ART concept. The ART toolbox has previously consisted of the modular 
framework BoxJoint and flexapods with rather large working envelopes mostly 
targeting large structural assembly applications. Also, although the Flexapod 6 was 
initially intended to be repositioned using an industrial robot, this is not feasible for 
many applications, and manual repositioning takes some time as described in Chapter 
3.3.4. The process of shimming during fixture build and validation is iterative, time-
consuming and hampers the ability to introduce new products. Thus there is a need 
to extend the ART concept to handle faster reconfiguring without a robot present, and 
to lessen (and preferably eliminate) the need for shimming.  

 

Working with industry, automotive and aerospace alike, it was noted that for many 
applications a large working envelope was unnecessary. Also, since a large working 
envelope often meant a larger reconfigurable device, this could hamper reachability 
for manufacturing equipment that was to process the constrained product. One 
example was the welding fixture used in the prototype manufacturing facility at Volvo 
Car Corporation. This consisted of a floor pallet, with generic shelves where model-
specific parts were mounted to support the car body during manufacturing. To 
achieve desired accuracy, the shimming technique described previously was used, 

Figure 21. Left: The weld palettes used for prototype builds at Volvo Car Corporation. Right: The Flexapod 6 
used as a fixturing device at Volvo Car Corporation (Bilen et al., 2007, p. 22).  



which consumed a large amount of resources with each new car model introduced. 
Testing the Flexapod 6 in this setting revealed the drawbacks of its geometry and the 
risk of the robot accidentally hitting the legs of the flexapod with its weld gun was a 
concern, see Figure 21 (Bilén & Söderberg, 2007). Thus began the search for a 
reconfigurable device, with a smaller working envelope but that still had the ability to 
be repositioned, making it suitable for different products and applications (see 
[PAPER II]).    

 
Working with the different industry applications a list of specifications began to 
emerge;  

 Working envelope ±4mm  
 Continuous setting (not discreet steps)  
 Compact design  
 Based on the de-coupling principle  
 Adapted to the BoxJoint modular system  
 6 DOF positioning 
 No movement during locking 

The specification for the working envelope was based on the approximate positional 
(in)accuracy of a BoxJoint framework. As shimming was one of the target processes to 
eliminate, the setting of the device needed to be continuous and the device needed to 
be compact, in order not to hinder any manufacturing equipment used. Although for 
some applications the 6 DOF working envelope would be a bit of an overshot, the 
generality of the 6 DOF work envelope would mean that the device would be more 

applicable for different types of fixtures. This, 
however, would probably also mean that setting of 
the device would be less intuitive. One of the main 
critical issues was the need for the device to be 
locked in position without the actual locking moving 
the device (thus making it less accurate), something 
which had been a challenge when developing the 
earlier flexapods. Commercial solutions exist aimed 
at replacing shimming, for example Holje Mekaniska 
AB’s shimming box (Holje Mekaniska AB, 2012), 
which relies on a standard box and machined 
wedges held rigidly in place by screws. This, 
however, results in the iterative measure-correct 
workflow described in Chapter 3.1.2. 

  

Figure 22.  Examples of more or less 
refined virtual prototypes 



 
Based on these specifications, different virtual concepts were developed (see Figure 
22). Many of these did not reach physical status as they either did not meet specified 
requirements. They were too bulky, would move during locking, or were deemed not 
to have the structural characteristics to be stable enough. One device, however, 
reached prototype status (see Figure 23). This device, dubbed “the MiniFlexapod” 

consisted of a top plate with a wedge assembled together with a slotted base plate. 
Positioning was based on the principle of counteracting screws to set the plocation 
and pose of the top plate in 6 DOF. The part locator interfacing to the product is 
mounted on the top plate. Setting the prototype device was tested using a Leica 
tracker and the procedure evaluated, which revealed the need for redesign to simplify 
setting, which introduced rubber springs as a means to “pre-load” the device. This 

would make the device easier to set, since the operator adjusting the device would 
not have to work by iteratively manipulating the same pair of screws.  

     

 
The MiniFlexapod fills a gap in the ART toolbox as it is small and robust and can be 
used where reachability is an issue or when the adjustments of part locators are 
small, as visualized in the previously described Volvo Cars Case (see Figure 24). It 
will, however, only reach its full potential when used together with software for 
intuitive setting. One of the main reasons for its development was to limit the time 
and effort of fixture build-up but the device itself is not enough to reach this goal fully. 
In order achieve this, the kinematic model of the device has to be established and 
implemented into software similar to the industrialized graphical user interface (GUI) 
for the setting of a Flexapod 6.  

Figure 23.  Left: The prototyped MiniFlexapod. Right: One of the first prototyped 
MiniFlexapods with attached part locator. 



As the height and position of the top plate depend on the threading of the screws and 
how many revolutions each screw has been adjusted, this can be used to build a 
suitable mathematical model and user interface. When setting the device, the 
operator then works using feedback on progress from a computer screen and gets 
suggestions as to which screw to manipulate and how much.  

 

 

 

As manual repositioning of a Flexapod 6 takes approximately 15-25 minutes per unit 
depending on operator experience and scope of setting, interest was sparked in the 

feasibility of a motor-driven 
Flexapod 6 (see [PAPER III]. This 
unit was based on the current 
Flexapod 6, but instead of 
manual screws attached to the 
legs, electric actuators would be 
used for repositioning. 
Consistent with the de-coupling 
principle, an external measuring 
system ensured accuracy, which 
meant that some sort of 
controller software was needed 
to manage the different inputs 
and to calculate appropriate 
parameter settings. The resulting 
system setup is shown in Figure 

Figure 24. The MiniFlexapod in an automotive scenario, used as 
a fixture part for the body-in-white line. 

Figure 25. System setup. Measurement PC depends on 
the measurement system is used. 



25. Here, a measuring probe (described below) attached to the top plate of the 
Flexapod 6 feeds information to the measurement system’s PC, which in turn 

communicates current position to a controller PC. This value was used to calculate 
the deviation between desired and current position, in order to request the 
appropriate voltage setting from the controller cards attached to the motors which in 
turn influence actuator speed.  

The calculations were made in a Visual Basic add-on program, which communicated 
with a CAD environment (in this case CATIA) to emulate the kinematics of the 
Flexapod 6. 

The operator using the system fed in target coordinates together with the desired 
break-off value for when the system should stop running and consider the target 

Figure 26. The desired and actual position of the top plate of the Flexapod 6 as shown in the CATIA 
environment. Right: The GUI used to set the run parameters. 

Figure 27. Left: The system setup when using the PosEye-system. Right: The trial setup using PosEye. 
The dot clusters are visible above the flexapod.  



position achieved (see Figure 26). The system was tested using two different 
measuring systems: MEEQ’s PosEye system MEEQ (see Figure 27), and a Leica tracker 
and T-Mac (see Figure 28). 

 
The PosEye system is a photogrammetry system based on a standard, off-the-shelf 
camera that establishes its position in 6 DOF by looking at known clusters of dots 
spread around in its environment (MEEQ AB, 2012). The PosEye camera 
communicates with a PC, which is used to calculate the camera’s position in relation 

to an origin defined during system setup. The position of the camera frame, and its 
relation to the Flexapod 6’s male Coromant Capto, to which the camera casing is 
attached, was then used to calculate leg length using standard matrix transformations 
and trigonometry. Unfortunately, the capacity of the computer used to calculate the 
PosEye camera’s position only gave readings every ~1s, which was not enough to 
ensure a stable run with a break-off value under ±1 mm. Using a Leica Tracker and T-
MAC (Leica Geosystems, 2012) resulted in a stable run with a break-off value of ±0.15 
mm in approximately 17 seconds when target position was set at a travel distance of 
approximately 100 mm (see Figure 28). 

  

 

Although feasibility was proven, the resulting system has some drawbacks, for 
example the actuators used were only designed to be run at full speed. The solution to 
this in the conducted trial was to instead “pulse” the motors, something which gave 

better results but, since speed times pulse length equals the smallest travel distance, 
this also influences accuracy. Basing the choice of motors on power would greatly 
improve the accuracy of the system. 
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Figure 28. Left: The Semi-hyper Flexapod with attached T-MAC during the trials. Right: Three plots of the 
trial runs. 



In the presented case the actuators are intended to be attached to the flexapod when 
reconfiguring is needed and removed when set. There is of course the possibility to 
replace the legs with actuators, making the device similar to a hexapod robot but still 
use an external measuring system shared between several units to decrease cost (see 
Figure 29). This would be interesting in for example aircraft manufacturing, where 
tolerances are tight and distributed over large working volumes, making small local 
gains in accuracy important. Also it would be possible to adapt the fixture to 
individual product units. For example if knowledge of relevant product features is 
acquired before fixturing, this knowledge can be used to recalculate localizer 
positions and the fixture reconfigured accordingly.  

An on-line system, perhaps constantly 
surveying and reacting to position data while 
holding the product, makes the question of line 
of sight even more of an issue as the held part 
may obscure relevant features. The two 
measuring systems used in the trials, the 
PosEye and the Leica tracker, dock a unit 
(either a camera or a T-MAC) to the top plate of 
the Flexapod 6. If the top plate is supposed to 
be docked/attached to a part locator and to a 
part this setup is unsuitable. To make an 
online/active system a feasible solution, other 
features of either the product or the fixture 
need to be monitored. These features could be 
known edges or holes or added hardware 
(reflectors, LEDs etc.) of some sort. One 
example of a measurement system for such a setup using added hardware is the 
Nikon Metrology’s K-Series system together with their DMM (Dynamic Measurement 
Machine) software. The K-series system is based on optical CMM cameras tracking IR 
LEDs (Infra-Red Light Emitting Diodes) mounted on the object to be measured 
(Metris N.V., 2009). Three LEDs are needed to determine position, and these could be 
mounted somewhere on the top plate of the flexapod and set individually for each 
unit. As the system keeps track of which LED it sees, redundant LEDs can be used to 
ensure visibility. The optical CMM cameras also have the ability to track several LED 
clusters (forming a frame), which means several flexapods can share the same CMM 
camera unit. With correct calibration and setup, an accuracy of <0.1 mm is feasible, 
but placing the flexapod closer to the camera (approximately 4.5 m) would allow an 
accuracy in the range of 0.05-0.06 mm (Lighthowler, 2012). If a system based on the 
K-series (or similar metrology solutions) is to be developed, this has to be paired with 
the inverse kinematics model of the unit, along with path planning; the latter could be 
made quite simple since the travel distances would probably be short.   

Figure 29. Future Flexapod 6 with 
actuators as legs. 



This type of “active” fixture might also benefit from being paired with other types of 

sensors, e.g. force sensors, which would enable a fixture system that can detect 
contact and maintain a desired force. This could be useful for some joining processes, 
e.g. gluing or drilling/riveting, to increase quality. It could also be useful for some 
types of products where stress needs to be monitored, for example carbon fiber 
structures or for thin sheet metal products. 



 

This chapter focuses on the tool design process, a term which is used to describe the design of all types of 
work-holding devices. The literature presents many generic tool design descriptions and some will be 
introduced in the beginning of this chapter. Two previously unpublished cases describing tool design in 
industry, focused on fixture design, are then presented. After this, the research field of automated fixture 
design is described and the configurator system for the ART (Affordable Reconfigurable Tooling) concept is 
presented together with results from an industry case at SAAB Aerostructures. The chapter also includes 
the proposed future development and possibilities of the ART configurators.  

A fixture does not only consume resources when manufactured or when in use, but 
also during its design phase. Tool design will here be used to describe design of all 
work-holding devices like fixtures and jigs, although for the purposes of this chapter 
the focus will be on the design of fixtures. Tool design is part of production system 
design, which in turn consists of all the activities involved in the creation or 
adaptation of a production system (i.e. machines, equipment, organization etc.) 
needed to manufacture a specific product (see for example (Bellgran & Säfsten, 
2005)).  

 

Since the fixture or jig determines the position and orientation of the workpiece, its 
accuracy has a direct impact on the resulting accuracy of the workpiece. Modern 
manufacturing also aims at achieving high productivity. This means that the work-
holding device has to be efficient, i.e. decrease loading and unloading times to speed 
up manufacturing. It also has to allow access for equipment (such as weld guns, hand 
tools etc.) and relevant surfaces for operations. All these challenges have to be taken 
into account by the person designing the tool, from here on called the “tool designer”. 

In the literature there are several different ways to describe the steps in designing a 
new work-holding device, and many of these are more or less similar. In (Nee et al., 
2004), the process is described in five phases; planning, layout design, element 
design, tool body design, and evaluation and approval. This is a generic design 
process, as presented in Figure 30, and the emphasis and resources allocated in the 



 

different phases may change with the complexity of the problem at hand. The steps 
can be executed simultaneously and in an iterative process. 

During the planning phase the tool designer has to handle a great many questions, for 
example the necessity of multiple work-holding devices, the number of workpieces 
per device, suitable surfaces on the workpiece for clamping, etc. This requires a 
careful analysis of the workpiece (geometry, material, mechanical properties etc.), the 
manufacturing process (tool/welding path, machining/assembly forces etc.) and the 
specific equipment to be utilized (for example weld gun geometry, drill specifications, 
etc.). An additional issue to be considered is the setup cost. Since fixtures may be 
complex and have high accuracy, they may also be expensive and are often expected 
to be used for a large number of workpieces. The alternatives to dedicated one-piece 
work-holding devices, for example modular fixtures, were described in Chapter 3. 

 

The output from the planning phase is the orientation of the workpiece in the fixture, 
the locating datum faces (the points of contact used to maintain the part by 
constraining its movement), the clamping surfaces and the support surfaces. In the 
layout design phase, the tool begins to take on its finished form. All positions and 
types of locators, clamps, and supports are specified along with the clamping forces 
and clamping sequence. In the element design phase, the level of detail increases as 
the individual locators (for specific datum points) are designed as standard elements 
for special purposes. The tool body design phase then produces a rigid structure to 
support all the individual elements in their proper places. Also, relevant 
manufacturing specifications (drawings, loading and unloading procedure etc.) are 
generated and the evaluation and approval phase, along with design completion, is 
finished.  

Fixture design is part of the product and production design process. Therefore 
(Mervyn et al., 2006) present a fixture design model which takes this relationship into 
account. In this model, fixture design is divided into two phases: conceptual and 

Figure 30. Design of work-holding devices (Nee, et al., 2004 p. 7). 



detailed. Conceptual fixture design is part of the conceptual (production) process 
planning activity which aims to estimate rough costs for manufacturing and 
determine the manufacturing processes and equipment needed. This phase thus 
supplies the (production) process planning as well as the detailed fixture design 
phase with information. The detailed fixture design phase in turn is when the fixture 
is finalized, functionality evaluated and build/clamping specifications instructions 
generated. 

 

In an effort to see how these generic descriptions of the tool design process are 
representative of tool design in industry, two tool designers at two different 
companies were interviewed using a semi-structured approach and relevant 
documents (routines etc.) were reviewed and analyzed. The descriptions was then 
presented and adjusted by the designers. The results have also later been followed up 
with other industry partners as a mean to increase validity. The focus was not on 
establishing the specific stages in tool design, but more on how the tool design 
process interacts with product design and how the tool designer gathers information.  

 
The tool design process at SAAB Aerostructures is described in Figure 31. The chart is 
based on Saab’s own process chart, conducted interviews, and literature surveys.  

The process begins with a quotation request from a customer, who may be external 
(e.g. another aircraft manufacturer such as Boeing, Airbus, etc.) or internal (e.g. 
another part of SAAB). An assembly engineer, who is in charge of both the 
manufacturing (assembly) method and the tooling required, analyses the project and 
product and makes a rough estimate of tooling cost. The lead times between the 
request and the start of the actual project is often long, sometimes years depending 
on the scope of the project.  

If the quotation is accepted, the assembly engineer is part of the project team from 
the outset. He or she participates in the concept stages of the product and when the 
product is mature enough suggests the production/manufacturing method. SAAB 
Aerostructures usually develops the product in close collaboration with the customer, 
which means that at this stage the product design is not fully set. The product design 
process is concurrent with the design of the tool and the assembly method and 
iterations between the three processes are common. If the assembly method is 
accepted the necessary equipment and tooling are defined and the question of 
designing in-house or using an external supplier arises.  

Major tool design projects may be sub-contracted but SAAB tries to keep some 
projects in-house to maintain and develop needed knowledge and qualifications. If 
the tooling is sub-contracted, the assembly engineer or a tool designer works out the 



 

specifications. The assembly engineer may act as the coordinator, but if the project is 
deemed too big a separate project leader will be appointed for tooling development.  

If the tools are designed in-house, this is done by a team of tool designers of whom 
about 80% are hired consultants. When the drawings are released, the tools are 
manufactured by an external supplier. SAAB has a small tooling shop which is in 
charge of finding the right suppliers and acts as technical support on manufacturing 
issues. During the manufacturing period, the tool designer draws up the directions for 
the building procedure. When the tools (fixtures and jigs) are delivered they are 
validated using a laser tracker (a 6 DOF portable measuring unit) after which the first 
product is built and the fixture measured again to ensure stability. Also, during 
production ramp-up, every fifth produced unit is measured. When deemed stable, the 
tool is released and a control cycle established.  

In the early stages, the assembly engineer has to estimate the cost of tooling and 
equipment. To do this, he or she relies on experience to estimate design time and a 
template for cost of material and labor. For a simple tool, an estimated 35% of the 
tooling cost is due to design and the remaining 65% material and manufacturing. 
Common floor-mounted assembly fixtures are large and complex the costs are high, 
sometimes up to millions of SEK per fixture.  

Figure 31. The tool/fixture design process at SAAB Aerostructures. 



When designing a fixture, designers rely on their own experience or on colleagues. 
They often re-examine earlier projects, looking for similarities in product or 
manufacturing method. The knowledge from the customer is also used and contacts 
both within SAAB and with the customer are vital. 

Historically, the lead times for projects, both product development and in tooling, 
have shortened and the once sequential processes are now concurrent. This may lead 
to many iterations and revisions of product, manufacturing method and tooling. The 
gains are shorter lead time and a coherent product design and manufacturing 
method. A typical project may stretch over 3-4 years, where the tool design process 
begins after 1-1.5 years and ends about 8-10 months before production ramp-up. 

 
BT Special Products and BT Products are part of Toyota Material Handling. BT Special 
Products designs all tools needed for BT Products, such as pallets for material 
handling, lifting equipment, welding fixtures, assembly fixtures, etc. The tool design 
process is shown in Figure 32. This is derived from routine and process documents 
together with information gathered from the interviews and from literature. 

The process begins with a quotation request from a customer, who is internal (e.g. 
another department or a product development project). The tool designer gathers 
information needed to approximate a price. This may involve getting estimates from 
external suppliers, but most of the information is gathered from a database of 
previous fixtures and their actual cost. The customer then places an order, which 
triggers the tool designer to gather and analyze information he or she acquires from 
the customer, operators and suppliers in order to successfully design the tool (i.e. the 
fixture or jig). He or she then draws up a preliminary concept and presents this to the 
customer.  

If the concept is accepted the final detailed design phase begins. This may be done 
either in-house or by a consultancy firm and is done in the CAD environment based 
on the product to fixtured. The company sub-contracts design when the number of 
orders is too high for the usual team of six tool designers. When this is finished and all 
the drawings of the fixture have been made, a manufacturing technician begins to 
draw up all the specifications needed to manufacture the fixture/tool. Most of the 
manufacturing is done in-house but some larger fixture parts are sub-contracted. 
Welding fixtures that have features vital for product quality are measured before the 
first product is manufactured, otherwise five products are loaded in the fixture, 
welded, and measured. If the products are found to be within the specified tolerances, 
the fixture is approved and released. 

Many tool design projects are relatively small, as products are modified and the 
existing tooling only needs adjustments or the tool design can be based on previous 



 

drawings. These “face-lift” projects take up to a few months to complete but when 
introducing a whole new product the design can take years.  

Product development works in a concurrent manner, trying to cut lead times and 
involve the tool designers as early as possible in the product design process. This is 
not carried out as well as it could be and the tool designers are often called upon 
relatively late. They may influence the product to some extent, but have a greater 
chance to influence the manufacturing process (for example the welding sequence, 
etc.). 

The span of fixtures designed by the tooling department is vast but a typical welding 
fixture may cost between 150 and 300 kSEK, although some more complicated 
fixtures may cost up to half a million SEK. Approximately 30% of the fixture cost is 
attributable to design. 

To lower costs the company has used simulations to verify the manufacturing process 
and tooling equipment. This has been a successful project, cutting down tool 
modification costs up to (in some larger projects) by 700 kSEK.  

 
The tool design process is very similar at both companies and both follow the steps 
presented by (Nee et al., 2004), although depending on fixture more or less time and 

Figure 32. The tool/fixture design process at Toyota Special Products. 



effort are allocated to each phase. The main difference is in how the tool design 
process is part of the overall product design process. In Saab’s case the tool 

designer/assembly engineer is part of the product development project from the 
start, while at Toyota Products the tool designer has less influence on product design, 
although the link with the (internal) customer is stronger. For SAAB the strong link 
between the production/manufacturing (assembly) method and tool/fixture design is 
emphasized with the assembly engineer often being in charge of both the production 
method and the tool/fixture. Although both companies have a tool concept design 
phase, the model presented by (Mervyn et al., 2006), which includes a conceptual 
fixture design stage, feeding information to the (production) process, design is more 
relevant to SAAB Aerostructures as this company includes a production definition 
and analysis stage in their tool design process. This is probably also due to the strong 
link between the manual assembly process and the fixtures but also the high fixture 
cost. 

Both companies estimate that 30-35% of their tool cost is attributable to design, a 
strong driver for simplifying the tool design process. Simplifying design and 
engineering work for tooling can be argued to limit the possibility for innovation. 
However, looking at how tool designers conduct the main bulk of the design work, it 
is very much repetitive and rather than re-invent the wheel, they favor re-using and 
modifying old designs. 

Dimensional quality is one major challenge in discrete part manufacturing and the 
fixture has a direct impact on part or workpiece accuracy. The tool designer draws 
much of his or her information from the product specifications (for example the CAD 
model), which thus has to be have been finalized or be close to being finalized before 
designing the fixture can begin. And, since fixture design is part of the overall 
production system design, the chosen manufacturing process also has great impact on 
the fixture. Weld gun geometry and other tool paths for example must be relatively 
well-known for the fixture design to be carried out successfully. The close 
relationship between product, production method and fixture design implies that the 
product must sometimes be altered in order to achieve rational fixturing. The tool 
designers describe this as an iterative process between product and fixture design 
where the main problem to be solved is when the fixture design can begin without too 
much resources being wasted if the product or process specifications have to be 
changed.  



 

 

Fixture modularity opens up for the use of computer-aided fixture design systems 
that automate parts of the fixture design. This is largely due to (Nee et al., 2004); 

 Predictable and finite number of locating and supporting positions. 
 Relative ease of applying design rules due to finite number of element 

combinations 

The vision is to create a design system with no need for human intervention and 
which is fully automated and generic, although this has yet to be achieved. In the 
literature, this is often referred to as “fixture design automation” or “computer-aided 
fixture design”, the latter implying the use of computers to carry out the automated 

tasks. Several literature reviews covering the area have been conducted, among these 
(Nee et al., 2004, Wang et al., 2010, Bi & Zhang, 2001, Hargrove & Kusiak, 1994, Cecil, 
2001). Early approaches to automated fixture design were mostly concerned with the 
fixture configuration without considering external forces or for example a 
manufacturing tool path (Bi & Zhang, 2001). This has changed in more recent 
research, which now covers the whole spectrum from configuration to analysis and 
fixture verification and also creating systems which integrate all these tasks 
(Hargrove & Kusiak, 1994). Some gaps still remain in the integration of the 
automated fixture design system into the CAD/CAM system of the company (Nee et 
al., 2004, Bi & Zhang, 2001, Cecil, 2001) and in how it supports an concurrent 
engineering process (Cecil, 2001) and on its implementation.  

Automated fixture design deals with two main problems: how to represent the fixture 
design knowledge in a computer and how to implement or emulate the designer’s 

problem-solving skills. The most common approach to automated fixture design is to 
emulate the designer’s knowledge in some kind of expert system using IF-THEN 
statements to create rules. The system then often interacts with an operator/designer 
who answers a set of questions, or feed information to the system. The problem in 
this approach has been to build a complete rule set that does not hamper the 
efficiency of the system (Wang et al., 2010). To generate the fixture configuration (the 
selection and relation between fixture parts) case-based reasoning is a common 
approach, as in (Li et al., 2002). This is useful when fixturing similar parts (as for 
example in a product family). Previous designs are grouped according to relevant 
features and stored in a database. When a new fixture is to be designed, the design 
system is fed with selected information about the problem, the process and the 
product and utilizes this to find a similar design problem that has been solved in the 
past that will work as a template for the new fixtures. This is also similar to how a 
human tool designer approaches fixture problems as they often describe how they go 
through previous designs or ask colleagues. The difficulties in this approach lie in 
how to model and utilize the knowledge of previous fixture designs so that the 
optimal template is retrieved upon request, and having a well set-up technical system 



not only to simplify the design process but also generate design ideas. When no 
similar designs have been made before, geometrical reasoning can be used. Here, the 
geometrical features of the part are recognized and suitable fixture elements selected 
and located to ensure contact between the part and the rest of the fixture body. 
Feature recognition, description and choice and placement of fixture parts are often 
carried out by means of algorithms. 

The computer-aided fixture design system can also be described in terms of how 
much it requires interaction with the designer. A common goal in research is the fully 
automated design process but this may in many cases be hard to achieve in a cost-
effective way. By leaving some input and tasks to the designer, the system can be 
down-scaled and rendered more feasible. The system can then be categorized as 
interactive, semi-automated or automated depending on the degree of interaction 
with a human designer (Senthil kumar et al., 2000). Internet-based design systems 
have begun to penetrate computer-aided fixture design, as for example (Mervyn et al., 
2003), something which may simplify maintenance and reduce capital investment. 

 

The ART (Affordable Reconfigurable Tooling) concept, described in Chapter 3.3 is 
with its modular features suitable for automated fixture design. The industrialized 
ART system based on BoxJoint and Flexapod 6 is guided by a stringent set of rules, for 
example how to go from one size of beam to another or how a box is made up (see 
Figure 16, Chapter 3). The boxes themselves not only connect beams together but 
also serve as the interface between the flexapod and the beams. The use of the 
flexapod as a “leveling” device since it can be seamlessly adjusted within a working 
envelope enables the fixture to be modeled top-down, starting with the datum points, 
connecting them to a flexapod and then generating a rough fixture body structure 
using the BoxJoint System. As long as the flexapod chosen has a large enough working 
envelope to be connected to both the datum point and an appropriate beam, a 
solution can be generated. It can also be modeled from the bottom up, starting with a 
fixture body, placing flexapods and connecting them to the datum points.  

 
As part of the industrialization process a design system for ART has been developed. 
Due to the close ties between product, production system and the fixture design 
described above, and the heavy dependency on the tool designer’s knowledge, the 

design system for the ART concept is mainly interactive as described in [PAPER I]. It 
consists of several add-on programs to the CAD system (see Figure 33), and interacts 
with the designer through a graphical user interface (GUI). As the configurator system 
incorporates a database and rules on how the different fixture parts can be combined 
it resembles a configurator according to the definition: 



 

“A configurator is a piece of software that assists the person in charge of the 
configuration task. It is composed of a knowledge base that stores the generic model of 
the product and a set of assistance tools that help the user to find a solution or to select 
components.” 

(Aldanondo & Vareilles, 2008, p. 522) 

Figure 33. The current computer-aided system (see [PAPER I]). 

Figure 34. Schematic description of the BoxJoint configurator and the Flexapod 
configurator as part of the ART configurator system. The designer is helped by the 
system in part selection, placement and movement of fixture parts, as well as with 
pose calculation for the Flexapod 6 (adapted from [PAPER I]) 



The ART configurator consists of several add-on programs to the CAD environment, 
which incorporates functionality that in some way aid the designers in their task. The 
designer loads the part into the CAD software and builds the fixture mainly from the 
bottom up, see Figure 33. One add-on program handles the BoxJoint frame, helping 
the designer choose appropriate boxes and beams by suggesting them from a part 
library, see Figure 34. Another add-on handles the reconfigurable flexapod although 
in the current system only the Flexapod 6 is added. This add-on is actually also a 
necessity since the parallel kinematics of the Flexapod 6 cannot be emulated in the 
chosen CAD environment (CATIA). 

The flexapod add-on is used to place the Flexapod 6 on a selected beam and configure 
it to reach the product interface point. Other add-on programs, for simple FEM 
calculations, have also been developed that utilize the CAD system’s own FEM 

calculation capabilities, but with a customized GUI for the ART system. There is also a 
small add-on for placing the locators (product interfaces) at the datum points. 

 
The benefits of this interactive 
configurator system have proven to be 
substantial. The configurators have been 
utilized in a project with SAAB 
Aerostructures. The add-ons used are the 
ones described above, which were used in 
the design of an assembly fixture for a 
one-off product. Comparing design time 
using the configurators in a fixture design 
for a one-off product and the design of 
dedicated fixtures in a project for a similar 
product, the company estimated an 80% 
reduction in design time, as shown in 
Figure 35. It should be noted, however, 
that the comparison is between a fixture 
for one-off manufacturing compared to a fixture intended for full volume 
manufacturing. Full volume fixtures have to adhere to tougher specifications as they 
for example have to handle multiple loading/unloading of the fixture. Compared to 
one of fixtures these tougher requirements have to be taken into account by the 
fixture design which increases design time.  

 
The type of parts commonly fixtured by the ART system are complex and not easily 
adapted to the 3-2-1 fixturing rule, which is a problem when creating a system that 
auto-generates fixture configuration. Although there is a possibility to create a system 
which suggests product interface points, this might involve more work than what is 

Figure 35. Design time savings at SAAB 
Aerostructures (courtesy of SAAB AB). 



 

gained in for example design time reduction. The product interface points are in 
many assembly and welding applications already established during part/product 
design. The ART-system structure, with modularity and reconfigurability fused 
together, also results in many possibilities to achieve a feasible fixturing solution. 

The developed computer-aided design systems rely heavily on interaction with the 
designer. This has proved a great advantage in reducing fixture design time. Some 
further development could also be done to enhance the system’s capabilities:  

 Add more types of flexapods to the Flexapod configurator.  
 Create a built-in function to select, place and configure the correct flexapod. 

In order to do this, the included flexapod’s inverse kinematics and work 
space must be modeled within the system. 

 Create a case-based reasoning system.  

As the fixture designers in the two described cases (see Chapter 5.2.1 and 5.2.2) re-
examine old designs to gather information and templates for new ones case-based 
reasoning would be a natural development. Case-based reasoning could be used only 
to create the modular/BoxJoint frame or for the whole fixture. A simple case-based 

Figure 36. Simple case based reasoning loop, adapted from (Sun et al., 1996, p. 
535) 



reasoning loop is shown in Figure 36 (Sun & Chen, 1996). Here, a suitable problem 
description (product type, locator points, acting forces etc.) is fed into database 
software that retrieves relevant cases from the case database which are modified and 
compared to the problem description. If the fixture is found to satisfy the constraints, 
it is stored in the database, otherwise the database is revisited. The same simple loop 
could be used for the ART system, provided that sound information is used to retrieve 
the fixture from the database. In (Boyle et al., 2006) the case database is split into 
two: one which stores conceptual information from previous cases and another which 
stores information from the actual components that will make up the fixture. This 
emulates the approach a human designer has, often designing a conceptual fixture 
based on certain global criteria and then going into more detailed design of each 
individual fixture part.  

Fixtures can be indexed by using XML, as for example in (Fan & Senthil Kumar, 2005). 
This has the benefit of being an open standard which can also be used in an Internet-
based design system. Indexing, though, is an area which lacks guidelines as to what 
should be used for indexing. Today, it is mostly up to the designer who saves the 
fixture in the database to decide what information should be used.  



 

”The Force will be with you, always” 
  --Obi-Wan Kenobi to Luke Skywalker in ‘Star Wars’ 



 



 

 

  



 

This chapter lays the foundation for the description of the demonstrators of force-controlled assembly and 
force-controlled deburring presented in Chapter 7. As such, it includes theory on industrial robotics and on 
force control. As the demonstrators presented in Chapter 7 concern deburring/grinding and wing box 
assembly, these processes are described along with other automated efforts within the respective fields.  

A robot is a reprogrammable, multi-
functional device which through motion 
can execute a variety of tasks, mostly 
concerning moving material, parts, tools 
or specialized devices (adapted from the 
Robotic Institute of America, see for 
example (Siciliano et al., 2010)). Robotic 
systems in general consist of three 
subsystems; actuator system, sensor 
system, and control system, see Figure 37 
(Siciliano et al., 2010). The actuator system is what gives the mechanical components 
the ability to move, while the sensor system gives feedback on status by means of 
internal sensors (e.g. position transducers or encoders) and/or external (e.g. the force 
sensors described below). The control system then connects this feedback data in 
some way by means of a description of the system’s components (models) and issues 

an action command. 

 

A subset type of robots is the industrial robot, which simply put is a robot used in an 
industrial application. The industrial robot has been a part of manufacturing since the 
1960s launch of the Unimate robot (see for example (Bolmsjö, 1989)). An industrial 
robot commonly consists of a manipulator (actuators, mechanical components or 
links, and internal sensors), and a controller that runs the mathematical models (like 
algorithms for servo control and path planning), interprets the programs and handles 
communication with external sources (cell computers, sensors, I/Os etc.).   

Figure 37. Components of a robotic system (adapted 
from Siciliano et al,. 2010, p. 3) 



Although industrial robots are available in a variety of mechanical structures, most 
are of a serial type, with an open kinematic chain (although some joints may be 
mechanically coupled) but there are parallel structure solutions where a sequence of 
links forms a (closed) loop, like the FlexPLP Tripod presented in Chapter 3. The joints 
connecting the links can be linear/prismatic or rotational/revolute. Depending on 
joint set-up, the serial-structured industrial robot can be categorized as gantry, 
SCARA, or articulated (see for example (Hägele et al., 2008)), of which the last is 
probably the one most associated with industrial robots. The articulated robot has all 
rotary joints placed one after another with a resulting (almost) spherical working 
envelope (see Figure 38). Attached to the flange of the robot is the tool, or end 
effector, and depending on application or task, this can for example be a weld gun, a 
gripper, etc. 

When describing an industrial 
robot, the terms repeatability, 
accuracy, resolution, degrees of 
freedom, payload, and working 
envelope are often used. 
Payload is the maximum weight 
the robot can handle with 
guaranteed (vendor specified) 
performance and may differ 
between regions of the robot’s 
workspace. Typical payloads 
ranges between 5 and 100 kg, 
although robots with a payload 
capacity of over 1,000 kg are 
now available (see for example 
(KUKA Roboter GmbH, 2012)).  
The working envelope is the 
maximum reach of the robot 
and the degrees of freedom limit 

the poses a robot can assume, with 6 DOF meaning it can achieve any position and 
with any orientation in space (within the working envelope). Degree of freedom is 
most often the same as the number of joints, but robots with redundant axles are 
common in applications like welding, where the redundant axle enables easier 
positioning and reach. Resolution is the smallest possible move increment the robot 
is capable of and has a direct impact on both repeatability and accuracy. 

Repeatability measures how well the robot reassumes a pose (i.e. the position and 
orientation of a specified tool frame or TCP, Tool Center Point, see section 6.1.1 
below), see Figure 39. For many applications high repeatability is enough, especially 
when the robot is programmed by teach-in/lead-through, in which the robot 

Figure 38. An articulated robot with six rotary joints (an ABB 
IRB6660) forming a kinematic chain with corresponding 
working envelope (manipulated image from RobotStudio). 



manipulator is moved to the desired pose, which is then stored (as described below). 
Repeatability commonly lies around ±0.05-0.1 mm for articulated 6 DOF robots. 

 

Of increasing importance in many manufacturing applications is accuracy, both of 
path (the planned trajectory of the robot) and of pose. Accuracy is a measurement of 
how well the robot achieves a specified position and orientation in relation to some 
coordinate frame (commonly the robot’s base frame).  It becomes important when a 
position and orientation are given (in Cartesian coordinates) by for example a vision 
system, or from off-line programming, rather than by means of a taught position. Due 
to its compliant nature, a serial structure robot suffers from drawbacks in (path and 
pose) accuracy, especially when loaded (either carrying a load or pushing/pulling).  

The sources of errors affecting accuracy can be divided into (Greenway, 2000); 

 Geometric, stemming from inaccuracies in manufacturing the parts of the 
robot 

 Thermal, due to the expansive properties of the material used to make the 
robot parts 

 Dynamic, from inertial loading and structural resonance, affecting the robot 
path and not static end positions 

 System, like improper calibration, sensor inaccuracies, drive train backlash 
and poorly tuned servos 

Although standards exist for how to establish and present a robot’s absolute accuracy 

(e.g. (ISO 9283:1998, 2009, ISO 9946:1999, 2010)), this metric is seldom specified by 
the manufacturer (Schröer, 1999). Typically pose accuracy of a large-size robot is 
between ±5 and ±10 mm (Axelsson, 2002).  

Research into industrial robotics has revolved around questions of accuracy like 
kinematic calibration, motion planning and control laws from the beginning (Garcia et 
al., 2007). Now that systems and applications relying on absolute accuracy are 
becoming increasingly common in industry (like vision systems for part location) 
different ways to increase absolute accuracy are gaining interest. The most common 

Figure 39. An illustration on the difference between repeatability and accuracy 
(Abderrahim, et al., 2006, p. 133) 



approach to increase the accuracy of a standard robot is to calibrate the robot’s 

kinematic structure and/or workcell and tool calibration. Kinematic calibration is 
used as a way to establish certain parameters of the individual robot manipulator, 
and compensate for errors in the robot model in the controller. This is done by 
measuring the robot in several poses and comparing the actual value to what was 
expected, deriving suitable parameters and implementing them in the robot model of 
the controller, making the model more accurate. The measurement system used can 
be a laser tracker, a photogrammetry system, etc. and the measurement volume may 
vary from the whole work envelope to smaller volumes, with the latter used to 
further enhance accuracy where it is needed in the intended application.  

Kinematic calibration for pose accuracy has progressed from research to commercial 
packages supplied by some robot manufacturers like ABB (the Absolute Accuracy 
option) and KUKA (the KUKA Absolute Accuracy package). For ABB, the resulting 
pose accuracy is guaranteed to be 0.5 mm in the entire workspace of the robot (ABB 
Robotics, 2010a), but for smaller robots the accuracy can be even better (Helin et al., 
2002). Dynamic (kinematic) calibration used as a way to enhance path accuracy is 
still being researched. Measurements system used in dynamic calibration often 
incorporates for example accelerometers as in (Janocha & Diewald, 1995) to measure 
inertia as a way to improve model accuracy by taking the robot’s dynamic behavior 
into account. 

Even with calibration the common serial industrial robot suffers from lack of 
stiffness. Compared to a milling machine the stiffness is of a factor 20-50 times less 
(Hägele et al., 2008). This means that the robot, under loaded conditions, deflects and 
accuracy cannot be guaranteed. Also, even though many manufacturers’ controllers 

can adjust for tool/end effector weight and inertia, the models in the robot controller 
do not take account of interaction with the environment. How much a robot deflects 
is called compliancy, and varies within the robot’s work envelope depending on how 

the axes are configured. Robot compliancy is sometimes used as a means to handle 
process variations (for example in the geometry of the processed part) but in many 
cases the compliancy needed to account for the variations is not enough.   

With typical payload ratios being 10:1 (Hägele et al., 2008), which means the more 
weight the robot needs to carry the heavier it is, light-weight robots are being 
increasingly researched, along with modular robots, sensor integration and plug and 
play functionality (Brogårdh, 2007). This, together with ongoing research on new, 
innovative ways to program robots, is aimed at broadening the applicability of robots. 
As of today, robots are most common in material handling (like machine tending), 
spray painting, welding etc. or other areas where absolute accuracy is secondary and 
lack of stiffness isn’t an issue or can be resolved by other means.  



 
Robots operate by executing programs. Unlike humans, robots do not have any 
background information that can help them interpret what needs to be done. Robots 
are therefore generally programmed using instructions to instruct them on exactly 
what to do (Hägele et al., 2008). 

How these instructions are written varies between vendors. For ABB robots, the 
programming language is called RAPID, and a simple move program is described in 
Figure 40. The robot is most often instructed to move a tool frame, often called a Tool 
Center Point, or TCP, to a desired pose (position and orientation) and a series of such 
instructions make up a path. The TCP is defined by the programmer, and is most often 
attached to the robot flange, but can be stationary, in which case the robot works by 
moving a work object (Wobj) rather than a TCP.  

Programming is usually divided into two categories; on-line and off-line. On-line 
programming is utilizing the robot in situ, using the programming interface box 
(sometimes called a teach pendant). Off-line programming is a connotation used for 
all other types of programming methods which do not use the physical robot, but 
have more or less been made synonymous with computer-aided off-line 
programming. In computer-aided off-line programming, CAD models are used to 
represent the world (or manufacturing cell) and poses are extracted using these for 
guidance. The software used for off-line programming can be vendor-specific, such as 
RobotStudio for ABB, or generic, for example Delmia V5 from Dassault Systèmes. In 
order to accurately simulate trajectories and estimate cycle time, the software needs 
to include, or use, models of the robot controller. Virtual Robot Controller (VRC) is a 

 
MODULE SimpleMove 
!Below is the target/pose definitions 
CONST robtarget 
Target_10:=[[1015,0,1362.5],[0.5,0,0.866025404,0],[0,0,0,0],[9E9,9E9,9E9,9E9,9E9,9E9]]; 
CONST robtarget 
Target_20:=[[1150,0,1285],[0.5,0,0.866025404,0],[0,0,0,0],[9E9,9E9,9E9,9E9,9E9,9E9]]; 
CONST robtarget  
Target_30:=[[1150,-350,1285],[0.5,0,0.866025404,0],[-1,0,1,0],[9E9,9E9,9E9,9E9,9E9,9E9]]; 
CONST robtarget  
Target_40:=[[1270,-350,1215],[0.5,0,0.866025404,0],[-1,0,1,0],[9E9,9E9,9E9,9E9,9E9,9E9]]; 
CONST robtarget  
Target_50:=[[870,-530,1550],[0.5,0,0.866025404,0],[-1,0,-1,0],[9E9,9E9,9E9,9E9,9E9,9E9]]; 
 
!Below is a simple move routine 
PROC Path_10() 
MoveJ Target_10,v1000,z100,Tool_1\WObj:=wobj0; 
MoveL Target_20,v200,z10,Tool_1\WObj:=wobj0; 
MoveL Target_30,v100,z10,Tool_1\WObj:=wobj0; 
MoveJ Target_40,v10,z10,Tool_1\WObj:=wobj0; 
MoveJ Target_50,v100,z100,Tool_1\WObj:=wobj0; 
ENDPROC 

ENDMODULE 

Figure 40. A simple move program in RAPID code. MoveJ is a joint move function and MoveL is the 
corresponding linear move in cartesian space. "!" is used for descriptive comments (and is not part of the 
executable code). 

 



result of the RRS (Realistic Robot Simulation) projects, aimed at developing an 
interface which enables a standardized integration of motion software for robot 
controllers with simulators (Fraunhofer IPK, 2012). However, some generic off-line 
programming tools, like Delmia V5, come with standard models for inverse 
kinematics, which can roughly simulate desired trajectories. Computer-aided off-line 
programming can also be extended to help the programmer, for example by 
extracting features (e.g. lines) from models of the workpiece that can be used to 
generate desired trajectories.  

On-line programming methods include the common teach-in, where the robot is 
jogged to the desired pose, which is then stored in the program. Using vision to detect 
writing or other markings on a workpiece, or using vision to extract features, is 
another method employed in programming. Force control, described below is one 
technology that enables lead-through/walk-through programming, where the robot is 
made compliant and lead by the tool to a desired pose instead of being jogged there 
by the teach pendant. All of these different examples show there is a lot of effort being 
put into research to reduce programming time, both on-line and off-line.  

 

The success of a manipulation task is dependent on the capability to handle the 
physical contact between the robot and its environment (Villiani & De Schutter, 
2008). If the robot could be accurately modeled, along with the environment, it is 
possible in theory to rely on pure motion control. Although it is possible to model the 
manipulator with sufficient precision, a model of the surrounding environment is 
difficult to construct with corresponding accuracy (Villiani & De Schutter, 2008). This 
means that ordinary pure motion control is not enough, since the models contain 
errors and uncertainties arise due to the contact force linked to robot compliancy. 
Force feedback and force control of some sort are therefore needed to manage these 
uncertainties and successfully complete the desired manipulation.  

Force control can be active or passive. Passive force control can be achieved by using 
the robot’s own compliancy or by means of specially designed tools with built-in 
compliance, e.g. Remote Center Compliance (RCC) devices (see for example (Drake & 
Simunovic, 1979)). These often rely on elastomer shear pads to deflect the workpiece 
and are used for peg-in-hole insertion assembly applications. Although robust and 
having a fast response time, RCC devices need to be tailored for a specific task and can 
only handle small deviations in geometry. For deburring, compliancy in the motor 
spindle is often used as a way to handle changes in force. This is a robust way of 
handling contact forces, but, as with RCC, the geometrical variation window is small. 
There is also no guarantee that high contact forces will never occur and for deburring, 
as the way to program the task is to push the spindle as far as possible to achieve 
highest possible deburring rate, inducing high risk and decreasing the life expectancy 
of the motor, as described in section 6.5.4. 



In active force control, compliancy is accomplished by a designed control system and 
usually requires information on contact forces and torques (Villiani & De Schutter, 
2008). It can in turn be divided into direct force control, where force/torque is 
continuously controlled to a desired value, and indirect force control, where 
force/torque is controlled by motion. Impedance and admittance control are common 
forms of indirect control schemes where the manipulator (robot) can be described as 
a mass-spring-damper system with the possibility to adjust parameters (Villiani & De 
Schutter, 2008, Caccavale et al., 2005). An impedance controlled robot reacts to 
deviation in desired motion by generating a force, while a robot in admittance control 
reacts to interaction forces by imposing a deviation from desired motion (Villiani & 
De Schutter, 2008). Indirect force control does not require any knowledge of contact 
forces or torques but force measurements, if used, gives the opportunity for 
decoupled behavior (Villiani & De Schutter, 2008).  

As some tasks require the ability to control both desired motion and desired force, 
direct force control is needed. The control scheme most used for such tasks is called 
hybrid force/motion control which enables simultaneous control of both contact 
force and end-effector motion (Villiani & De Schutter, 2008). Other control schemes 
exist, e.g. parallel force/position control, where the force controller is allowed to 
dominate motion, which means position errors are tolerated to ensure force 
regulation (Villiani & De Schutter, 2008).  

 
For active force control, contact force and torque 
measurements are needed to modify or generate 
desired trajectory; some sort of force sensor is 
therefore needed. For some types of actuators, 
such as electric servo motors, actuator effort (by 
measuring motor current) can be used as a 
measure of applied force. As the motors are often 
connected to the robot joints by gearboxes, with 
an output/input efficiency of 60%, simple shaft 
torque load cells at the gearbox output can 
increase accuracy (Cutosky et al., 2008). For most force control tasks, however, six 
components (called degrees of freedom, DOF) are needed to provide complete 
information on contact force (Villiani & De Schutter, 2008) and other, external, 
sensors are used. These come in a variety of sizes and utilize many different 
techniques to acquire data, strain gage techniques being the most common (Cutosky 
et al., 2008). ATI for example delivers 6 DOF sensors with force/torque capacities 
ranging from 32[N]/200[Nmm] to 40[kN]/6[kNm] (see Figure 41 and (ATI Industrial 
Automation Inc, 2012)). Where sensors are placed, and the degree of freedom 
needed, varies depending on application and task, but one common set-up for force 
control is to use a 6 DOF strain gage sensor close to the robot’s TCP. This is common 

Figure 41. ATI sensor range family (ATI 
Industrial Automation Inc, 2012) 



when the robot tool is interacting with the environment, for example in assembly or 
deburring. 

 

ABB Robotics has been developing force control for some time and offers 
functionality in their controllers aimed at both machining and assembly applications. 
In order to use ABB’s force control functions, the robot controller needs to be 

equipped with a measuring board which is connected to a force sensor made by ATI. 

The software packages that includes the functionality is called FC Machining and FC 
Assembly and includes programming by lead-through/walk-through and the FC 
Pressure and FC SpeedChange functions together with different search functions 
useful for assembly. The descriptions below are based on the work carried out using 
ABB’s force control functionality in the deburring case described in Chapter 7 and on 
the different force control manuals supplied by ABB, like (ABB Robotics Products, 

Figure 42. A (simplified) description of the FC Pressure function. The programmed path is denoted 
by solid lines, the real path by dashed lines. 

 
 
MoveL p25,v50,z1,tTool1\WObj:=wWobj1; 
!Next line is used to calibrate the sensor to ignore mass of gripper and product 
FCCalib ProdLoad; 
!Start of FC Pressure path 
FCPress1LStart p26,v100\Fx:=0\Fy:=-50\Fz:=0,70 
\ForceFrameRef:=FC_REFFRAME_TOOL\ForceChange:=100\DampingTune:=120 
\TimeOut:=8,fine, tTool1\WObj:= wWobj1; 
!FC Preassure mid trajectory move instructions below 
FCPressL p27,v80,120,z1,tTool1\WObj:= wWobj1; 
FCPressL p28,v80,120,z1,tTool1\WObj:= wWobj1; 
!And so on until last trajectory position… 
FCPressL p32,v50,100,z1,tTool1\WObj:= wWobj1; 
!FC Pressure end, withdrawal from surface contact 
FCPressEnd p33,v100\ForceChange:=50\ZeroContactValue:=20, tTool1\WObj:= wWobj1; 
!Ordinary move instruction 
MoveL p34,v100,z1,tTool1\WObj:=wWobj1; 

Figure 43. Example of an FC Pressure path in RAPID. Lines starting with "!" are used for descriptive 
comments (and are not part of the executable code). 

. 



2011b) for machining and (ABB Robotics Products, 2011a) for assembly 
functionality.  

FC Pressure is a function used to achieve a certain force in a certain direction, and 
doing so while moving through a desired path. This is useful in grinding, since it gives 
the ability to push towards a surface with a known force and then follow that surface 
while maintaining the force. In FC Pressure (see Figure 42), the robot is positioned 
over the surface with the tool (position controlled), and at the start of the FC Pressure 
path, the robot searches towards the surface. When the desired contact is achieved, 
the robot follows the designated path while maintaining the desired contact. 
Parameters such as damping, speed, and desired force can be changed throughout the 
FC Pressure path (see Figure 43 for example code). The FC Pressure function is most 
useful when burrs and residual material encountered are relatively small and 
controlled or when the workpiece may vary in position in for example a gripper or 
fixture.  

The FC SpeedChange function works by ramping up/down speed depending on force, 
i.e. controlling the feed rate (see Figure 44). Speeding up/down is done in steps, 
depending on force magnitude. For example, if a robot holding a deburring tool 
moves over a workpiece, and encounters a force, for example a burr, the robot slows 
down while removing the unwanted material. A non-force controlled robot that 
encounters an obstacle in its path risks overloading the gearboxes and damaging the 
equipment. The FC SpeedChange function has the option of being paired with a 
recovery function that is initiated depending on force. This can be used if a burr is 
encountered which is larger than the grinding process can handle as the recovery 
function can be used to offset the path at a “higher” position than the original. FC 

SpeedChange is best used when the product is in a controlled position but burr size 
may vary.  

The FC Assembly package is similar to FC Machining, but includes functions targeted 
at assembly applications, for example circular searches for pin-in-hole assembly (ABB 
Robotics Products, 2011a). It also includes functions for searching towards a surface 
and for maintaining a desired contact force. Programming is mainly done by setting 
conditions, for example searching for a reference force or torque, which is then 
enacted when the robot is in force control mode.  

Figure 44. A simplified description of the FC SpeedChange function. The programmed path is 
denoted by a solid line and the real path by dashed lines, with differences in dash length a 
vizualitation of speed ramp-down. 



 
In the ABB system several different parameters are available for manipulation. Based 
on the experience from working with the demonstrator system for deburring, the 
main ones are described below.  

The most influential parameter is damping, which affects how fast the robot will react 
to changes in force.  Low damping makes the robot respond faster to force changes 
and high damping makes the robot react slower. In noisy applications, or in 
applications where large force transients may occur, higher damping is preferred. 
Damping thus affects the speed of the robot in the force-controlled direction, with 
high damping making it move slower and a low damping making it move faster.  As 
damping affects how fast the robot reacts to external events, it is also very influential 
for stability of the robot (system), and can be used to limit the effects of outside 
“noise” like vibrations. The damping is set for each force/torque direction globally in 
the ABB system and is manipulated by the use of percentages in the RAPID code.  
Other main parameters are desired force/torque, which is set in the RAPID-code and 
can be adjusted throughout an FC Pressure path. 

Other parameters include different thresholds and ramp up/ramp down speeds 
which affect the trajectory of the robot. Also there is the possibility to affect the 
frequency of the force control loop, and to set a low pass filter (if needed) and to set a 
“deadzone” for force read by the system.  

 

The demonstrator for force-controlled assembly presented in Chapter 7 uses wing 
box assembly as a case. A wing box typically consists of skin panels, spars and ribs 
(Rooks, 2001) of which ribs account for the largest amount of single parts (see Figure 
45). There are several ways to assemble a wing box, one of which is described in 

(Kihlman, 2005). The common 
assembly method is drilling and 
riveting, with temporary 
fasteners and fixtures used to 
hold structures together. The skin 
panels consist of large metal 
sheets, supported by stringers 
which are pre-assembled. The 
actual wing box assembly process 
begins with joining the internal 
structures of ribs and spars in 
huge floor-mounted fixtures. After 
the ribs and spars have been 
drilled and riveted, the panel’s 

Figure 45. Common components in an aircraft wing box 
(Rooks, 2001, p. 298). 



segments on one side are loaded and drilled, either by using hand tools or special-
purpose NC-machines and rivets inserted. The structure is then closed by assembling 
the opposite panels, forming the wing box. One assembly step, mentioned previously 
in Chapter 3, is the process of shimming. In wing-box assembly, this is often used to 
close the gap between the rib and the skin. As this is a very labor-intensive process 
(Coleman, 1991) and the cure time for the liquid shim is long, so called “shim-less” 

manufacturing has been introduced. There are different methods for shim-less 
assembly, but they more or less consist of measuring the skin panel/cover and the rib 
feet (the connecting interface to the panel) using high-precision metrology, 
simulating any clashes and creating a machining path, which is then applied to either 
the rib feet or the skin (Chouvion et al., 2011). Another process, called predictive 
shimming, has been developed as a way to speed up the process (Glazebrook, 2008). 
This relies on measuring the parts to be mated independently, and using this 
information to fabricate solid shims to fill the predicted gap between them.  

Assembly tolerances are usually about ±0.25 mm in aircraft manufacturing, 
something which is feasible for a well-calibrated industrial robot and cell when 
teaching poses, or by using real-time guidance systems (deVlieg, 2010). However, 
with the increase in use of composite materials in manufacturing, which can vary by 
±7% in thickness (Coleman, 1991), and the desire to make these parts lighter and 
thus more complaint and force sensitive, ordinary industrial robots might not be 
useful in all applications. 

 
Drilling is one of the assembly steps that have been automated, especially in the pre-
assembly steps of, for example, the skin panels, where large C-shaped machine 
structures are used to drill panels and stringers (Kihlman, 2005). Current automated 
solutions in aerospace are largely dedicated and fixed and most attention in robot-
based solutions has been targeted towards drilling and riveting (Jayaweera et al., 
2010). Little research has been done on robot-based assembly systems (Jayaweera et 
al., 2010) but lately, however, robotic assembly in aerospace, much of which is based 
on measuring systems as part of the process, has begun to attract more interest. One 
example is the AWBA project, where a robot, with the aid of a Leica tracker, positions 
ribs towards a skin with an accuracy of ±0.05 mm. Here, the Leica tracker is used to 
measure the position of the stringers on the skin to avoid collisions, which requires 
reflectors to be put in measurement positions. Another solution, also measurement.-
based, is presented in (Jayaweera et al., 2010), where a laser seam finder is used to 
position engine parts (castings) and sheet metal relative to each other. The same 
researchers previously reported efforts in positioning compliant sheet metal parts in 
real time, using the same system and measuring the positions of holes to do a 
mathematical “best fit” (Jayaweera & Webb, 2007). As many measuring systems that 
are used to increase precision in real time rely on line of sight, (deVlieg, 2010) has 
developed a system that relies on secondary position encoders mounted on the 



outside structure of the robot, on the joint. This reduces the impact of backlash and 
gearbox compliancy as these can be replaced in the different mathematical models 
controlling the robot by more descriptive and easily established parameters. The 
latter is done by a method similar to ordinary accuracy calibration, by using a 
measuring system and letting the robot run through a sequence of poses, which is 
used to establish the refined kinematic model. Also included is a similar calibration 
for the robot in loaded condition, something very common in assembly operations. 
Tests have shown that joint deflection in loaded conditions makes up for 50-80% of 
the deflection of the TCP (deVlieg, 2010). 

Looking outside the aircraft industry, the articulated (serial structure with revolute 
joints) robot has been used as an assembly fixture in for example welding 
applications, where robots pick and place metal sheets for other robots to tack weld 
into position. This can be seen as a part of robotic fixtureless assembly (RFA), 
described in Chapter 3, where the ultimate goal is to eliminate the need for dedicated 
fixtures by the use of robots and programmable versatile grippers (Bone & Capson, 
2003). When the robot’s own accuracy/repeatability is not enough, this approach is 

often paired with other types of sensors, e.g. vision or laser measuring systems. One 
example is (Bone & Capson, 2003) where two robots with programmable grippers are 
used to locate parts (in 2D), but also to position them relative to each other after 
grasping (in 3D). Another similar approach is presented in (Park et al., 2002) where 
the part pose in the gripper is measured, and calibrated for, to increase accuracy. 

 
As assembly means setting relationships between parts, as well as positioning, force 
control has been used as a means to achieve robotic assembly. Early efforts involved 
layered assembly (see for example (De Schutter et al., 1987)  and more recent efforts 
involve engine parts such as torque converters (Gravel et al., 2008) but are also 
moving into plastic components such as the assembly of an emergency button unit 
(Stolt et al., 2011).  

Force control has also been used in aircraft assembly operations. One example can be 
found in (Crothers et al., 2005), where force control is used to place mandrills 
(supporting structures of a mold) in order to build a unified carbon structure. 
Unification means that the structure is built before the molding stage, which limits 
the amount of fasteners and assembly fixtures (for example). Position control is used 
for most of the process, but when placing the mandrills, the robot works by simple 
active force control and searching for and maintaining force in one direction at a time. 

In force control, parameter settings determine response time and reaction forces, and 
thus the insertion/assembly time (Arai et al., 2006). For assembly, this is an 
important feature, as parameters which give large compliance enable large 
positioning errors but result in longer cycle time. An effort has therefore been made 
to establish correct parameters mainly based on three methods: analytical, by 



estimating the correct parameters through knowledge of geometry; learning-based, 
by mimicking human operators and finding suitable parameters; and experimental, 
by iteratively trying different parameters (Arai et al., 2006). In the first two cases, 
cycle time cannot be established, and in the last, it is measurable throughout the 
experiment.  

 

One of the demonstrators presented in Chapter 7 concerns cleaning of castings where 
deburring is the main process used to achieve the end result. Iron foundries in Europe 
are characterized by small and medium-sized companies, where 80% of the foundries 
have 250 or fewer employees (ECORYS SCS Group, 2008). Between 2005 and 2008 
the number of employees fell by 10% in iron foundries, along with the number of 
foundries decreasing by 6.9% (CAEF, 2012). Casting is the process where liquid metal 
is poured into a hollow mold with a cavity of the desired shape and left to solidify. 
The mold is then broken apart and the product, or casting, is released for further 
processing. Casting is often used for complex products where other manufacturing 
methods are either impossible or uneconomical. 

The molds can be made by mixing different components together, e.g. epoxy, clay, 
sand, etc. and made in two halves, which are glued together (see Figure 46, left). One 
mold can hold several products, with channels for distribution of the liquid metal and 
an inlet called a feeder. The mold can also have (separate) internal bodies, to form 
negative surfaces of the casting. Depending on the mold material and how the mold is 
made, different tolerances can be achieved. However, since the mold is made up of 
two halves and of material which can collapse, the produced casting needs to be 
processed, i.e. cleaned, from burrs, unwanted material, and of the channels/feeder.  

 

 
“Burr” is the term most often used to refer to an undesirable effect on an a work piece 
after a machining process, but can also be used to describe residue after forging, 
casting, sintering, etc. (Ryuh & Pennock, 2006). Here, the term is used to describe the 

Figure 46. Left: One half of a machine formed sand mold. Right: Grinding works by forcing grains toward 
the surface, cutting away small amounts of material at a time. 



material residue left along the part lines of a casting (i.e. where the two halves of the 
mold meet). “Deburring” is a term used to describe the removal of burrs, which can be 

done using abrasive grinding, milling, sanding, etc. Abrasive grinding, or just grinding 
for short, is a common way to remove burrs by using an abrasive disc to work on the 
material until it reaches the desired shape or tolerances (see Figure 46, right). 
Grinding is often used when the material is too hard and brittle for milling and works 
by forcing a multitude of grains, all having small, sharp cutting edges, towards the 
surface of the workpiece so that each grain cuts off a small portion of the material. 
Grinding is therefore comparable to a cutting process, but the cutting edges are many, 
small and of poorly defined geometry. The general rules of ordinary machining 
nonetheless apply; the disc’s peripheral speed, along with the travel/work speed over 

the workpiece, and the force applied, are what affects the rate of material removal 
(see for example (Bonde-Wiiburg, 2000)).  

Grindings discs are expendable wheels where abrasive grains and a bonding material 
have been pressed together to form a compact matrix. For hard materials, the grain 
material is most often borium nitride or titanium nitride (Ryuh & Pennock, 2006) 
while the bonding material can be a silicate, a ceramic or rubber. If the abrasive 
medium is chosen with the intended material to be cut in mind, the grains are self-
sharpening and the disc’s cutting properties are maintained. One of the problems 
with grinding is the generation of heat compared to other machining processes, as too 
much heat can change the properties of the processed material. Also, since the disc 
may rotate very fast, which induces high stress on the disc, there is a risk of it 
exploding if handled incorrectly, like the disc being unbalanced or put under 
otherwise high stress.  

 
For iron castings, cleaning is mostly done manually using hand tools (see Figure 47) 
or stationary grinders. This is often due to the complex shape of the product, and of 

the high forces involved in the processes 
(abrasive grinding, cutting etc.) used. 
Also, depending on the quality of the 
molds, excess material can vary in size 
and location, and the castings often have 
to be manually inspected to deduce 
quality. Manual cleaning can be done in 
different ways, depending on product and 
convenience. Either the operator holds 
the product towards stationary grinding 
discs, or hand tools with small rotary files 
or abrasive grinding discs are used. 
Cleaning castings is heavy work and 
involves rotary machinery, vibrations, 

Figure 47. Common hand tools used for cleaning of 
castings. 



and dust, resulting in a poor, hazardous working environment. Also, the quality of the 
finished product may differ depending on operator. An example of a hand-cleaned 
casting is shown in Figure 48. 

 

 
The poor working environment and 
the high cost of manual cleaning 
have been the drivers for automating 
the process. However, most 
installations concern cleaning of 
aluminum castings, where the 
residual metal (burrs, feeders, etc.) 
are often smaller and more 
consistent, and the forces involved in 
metal removal are comparably small. 
Automated cleaning solutions exist 
for iron castings, both based on CNC 
technology and on industrial 
robotics. Koyama is one vendor that supplies a CNC solution, called the Barinder 
machine (Koyama Co.Ltd, 2012, P.S. Auto Grinding Ltd, 2012), for heavy-duty 
grinding applications, with a total of 8 NC controlled axles (see Figure 49). Here, the 
fixture part works towards a stationary tool which can be repositioned between 
grinding paths to simplify access. 

Robot-based solutions consist of a robot, a spindle motor, a deburring/grinding tool, 
and a tool holder (Ryuh & Pennock, 2006) and a fixture or gripper. The robot can hold 
either the spindle or the product to be cleaned. The robots used require higher 
stiffness and rigidity, especially in the wrist, and also special casing to withstand the 
chips and dust that comes with the process. The robot is thus often over-sized 
regarding payload, and usually double-jointed and with a coupling bar between links 
to increase rigidity. Robot-based grinding is also available from vendors of automated 
systems. Vulcan Engineering Co. delivers different robot-based solutions for cleaning 
castings, one of which is called the FOXALL© grinding cell (Vulcan Engineering Co, 

Figure 48. Example of casting before (left) and after (right) manual cleaning. 

Figure 49. Koyama’s Barinder machine (courtesy of PS 
Auto Grinding Limited, UK) 



2012) where an industrial robot is placed inside a container and works towards a 
fixtured workpiece. 

GrindLine, is a product from the Swedish company SVIA (Svensk Industriautomation 
AB), which also includes a robot in a container casing (Svensk Industriautomation AB, 
2012). In this solution, however, the robot picks products from a conveyor, using 
SVIA’s PickVision™, a camera based solution to supply the robot with the proper 

coordinates for pick pose. The robot then holds the workpiece, moving between 
different tools to complete the cleaning. GrindLine is available with ABB’s commercial 
force-control system, which has been used in installations for lead-through/walk-
through programming as well as to achieve more flexible machining.  

 
As observed while working with industry partners, in robotized cleaning 
programming of the grinding path is often carried out by finding the middle ground 
between overloading the spindle motor and achieving as high grinding forces as 
possible by taking advantage of the robot’s compliancy to encompass some variation 

of burr size. For example, if the robot holds the spindle, working towards a fixture 
workpiece, this is done by jogging the robot to contact without the robot signaling 
overload. The workpiece used is a “master” workpiece, which has been manually 

cleaned and is free from burrs and excess material. The robot is jogged to several 
positions along the grinding path using the teach pendant and the positions stored. 
After the grind path is complete, it may be copied and translated (offset) to account 
for burrs of increased size. A workpiece is then loaded into the fixture and a trial run, 
with the spindle rotating, made to check for overload or clashes. If overload occurs, of 
either the robot or the spindle, the path is adjusted. The available spindle power is 
most often the limiting factor in material removal using carbide tools like grind discs 
(Hui Zhang et al., 2005). How hard to push with the robot is something the operators 
“get a feel for” with experience. This is nonetheless an unsafe way of programming, 
since it may induce high, uncontrolled forces.  

 
The end-quality of grinding relies on the ability to control applied force. Thus 
grinding has been one of the processes where different force control solutions have 
been researched implemented. As described earlier, commercial solutions with force 
control are available if requested by the buyer, but force control installations, 
however, are still uncommon in industry (Brogårdh, 2007). One initiative is described 
in (Jianjun Wang et al., 2008), where force control is used to deburr turbine blades. 
Another is described in (Jinno et al., 1999) where simple, almost 2D, shapes are 
deburred. The simplicity of the deburred workpiece however might be related to the 
vision system used to calculate the robot trajectory. Although force control is most 
often used in the actual process, by controlling applied force to the workpiece, some 
researched solutions also pair this with using force control in programming. In (Hui 



Zhang et al., 2006) ABB’s force control is paired with visual servoing to extract a 
deburring path for cast aluminum wheels.  

 

The common articulated industrial robot is very versatile and has successfully been 
used in many applications such as welding, material handling etc. Still some issues on 
its applicability have been raised in this chapter; the low absolute accuracy and its 
difficulties in handling an ill-defined environment, especially in manipulation tasks of 
some sort.  Although research is being done on increasing pose and path accuracy, 
this does not take into account the variation of the robot’s environment, especially 

considering variation of the geometry of the processed product.  

With the increase of carbon fibers in aerospace manufacturing, and the geometrical 
variations of the material (as described above) the capability of the industrial robot 
needs to be enhanced in some way, in order for it to handle assembly tasks of carbon 
fiber material. In aerospace in general automated assembly has had little research 
interest and commercial solutions have focused on drilling and riveting.  

Deburring of iron castings is as described heavy and monotonous work resulting in a 
poor working environment. Commercial solutions like the Koyama Barinder machine 
are very capable, but limited in applications for complex deburring. Industrial robots 
has been used for such applications, but the high forces involved in the deburring of 
iron castings has made this difficult to automate for complex geometries. The low 
stiffness of the common articulated robot also makes it difficult to machine castings of 
complex geometry as cutting depth and cutting width will be non-uniform and the 
machining force might vary dramatically (Hui Zhang et al., 2005). Today 
programming of solutions based on industrial robots used in deburring of iron 
castings is often done by pushing the motor spindle and robot to their limits. This 
procedure is not only a time-consuming trial and error process, but also risky as low 
contact forces cannot be guaranteed. 

Force control enables the robot as described to react to forces in a desired way, and 
can be used to program the robot to for example push on an object or “search” for a 

desired force. The ability to react to force stimuli would be highly useful in many 
assembly and deburring applications but still the technology is uncommon in 
industry applications. 



 



 

 

This chapter presents the research on force control conducted through the assembly and cleaning of 
castings demonstrator. At the end of each part some concluding remarks are made.  

Wing box assembly is today highly manual and labor-intensive as it has been difficult 
to automate complex assembly using conventional automation. Also some assembly 
applications are reliant on the ability to control force to achieve a successful outcome. 
It is therefore interesting to test the usefulness of force control in respect of the 
assembly and placement of aircraft components. A test case using a compliant aircraft 
part was developed (see [PAPER V] and [PAPER VI]). Here, the main objective was to 
put the chosen part, a carbon fiber rib, in position, with a known force distributed 
over several contact points. This should be seen as an attempt to further automate 
wing box assembly as described in Chapter 6.  

The other case described is to use force control for cleaning of castings focused on 
deburring (see [PAPER VI and PAPER VII]). As stated earlier, the outcome of the 
grinding process is highly dependent on the applied force. Another issue is that the 
programming process of ordinary position-controlled industrial robots, when used 
for cleaning, is tedious and time-consuming. To gain insight into how well current 
systems for force control can handle the process of complex cleaning in an industrial 
setting, a test cell was set up at a small foundry company.  

 

As the steps in aligning the rib required switching between several coordinate frames 
for the translational/rotational movements, an open system was deemed to be 
required. This consisted of an ABB IRB 4400 robot and the S4CPlus controller, with 
added hardware such as a Motorola G4 processor card, communicating with the 
controller through a common bus. Also included was a measurement card for 
acquiring force sensor data, a force sensor and a master PC for programming (see 
Figure 50, left). The controller was opened up by ABB to permit modification of the 
low-level joint control loop (see Figure 50, right). 



   

 
The actual force controller was modeled in Matlab/Simulink while programming was 
done in the Matlab add-on Stateflow. In Stateflow the desired sequence is modeled 
visually by drawing and connecting boxes to create a “state machine”, each box 
constituting a “state” (see Figure 51). While in a state, the robot is told what to do, for 
example search or move in a certain direction. Transitions between states are 
triggered by a condition, e.g. an achieved force or torque (see Figure 52). The state 
machine is the application-specific part of the force control program, while the 
surrounding Matlab/Simulink model is generic except for the inverse kinematics of 
the robot model. The resulting state machine is shown in  Figure 51.  

 

Figure 50. Left: The system used in the demonstrator for force-controlled assembly. Right: interfacing 
with the controller was done in the lower level joint control loop (from [PAPER V]). 

Figure 51. The state machine for the assembly sequence (from [PAPER V]) 

 



Before programming, the assembly sequence was planned and all valid events 
mapped (for example the robot hitting the wrong bracket). Using this mapping, some 
events were made invalid by planning the robot’s start pose, thus reducing the 

resulting state machine.  

 
The task was to align the rib to a set of multiple surfaces, made up of brackets, on a 
test jig (see Figure 53). The brackets could be rearranged to simulate part variance 
and the gripper was a simple vacuum gripper without any geometry assurance 
properties. The rib was simply put in a rough position and the vacuum switched on 
(see Figure 54, left). The rib itself was compliant and prone to wobble, although the 
gripper stiffened the rib somewhat. The alignment sequence began with the robot in a 
position in front of the jig, with the rib tilted to ensure a known first contact. The 
robot then executed searches towards the brackets, step by step, by switching 
between rotations around edges, to equalize torques and find a force, until a the final 
position was reached, see Figure 54, right. The sequence was run several times, 
rearranging brackets and re-gripping the rib, producing a consistent result with a 
cycle time of 2 minutes and 20 seconds.  

Figure 52. Left: Plots of force and torque and triggered change of state. In this 
sequence, transition from state 3 to state 4, for example, is triggered by a force 
of 20 N.  



 

 

 

 
The gripper used was simple, without any locating properties other than holding the 
rib by vacuum. The rib was compliant, and when the robot moved too fast, or made 
jerky movements, it started to wobble, inducing force readings in the same range as 
the desired contact force the robot was searching for. This limited the velocity of the 
robot and thus the assembly time. Also, the rib was prone to bending at some contact 
points, which affected desired force as this had to be set low not to damage the rib or 
risk bending it away from the gripper. 

The assembly sequence was probing in nature with the robot searching for contact 
and reacting accordingly. The alternative to programming in Stateflow would have 
been to program the sequence by a multitude of IF-ELSE and WHILE statements. This 
would have resulted in code difficult to survey and manage. Also, planning the 
assembly sequence reduced the state machine by half. During the first trials the 
brackets were arranged so that the robot could, during an executed assembly 
sequence, land with the rib on a bracket close to the sensor. This made the sequence 
go into a standstill, since the robot/controller could not judge on which side of the 
sensor the resulting torque originated. In this case, the bracket was simply moved. In 

Figure 53. Left: The test jig was set up to simulate the mating part, with brackets to 
represent contact surfaces. Right: Close-up of a bracket. 

Figure 54. Left: The robot with gripper and attached rib. Right: The rib after alignment sequence.  



a real case, however, the part(s) would have to be designed taking this possibility into 
account.  

It should be noted that relying solely on force control is not feasible for some 
assembly applications. The case described is for example somewhat simplified 
regarding the geometry of the mating part. For a real case of a rib being aligned to a 
panel, the stringers might pose a risk during the alignment process and the initial 
positioning of the robot needs to be position-controlled and/or fused with some other 
sensors such as vision. As high damping for example limits the risk of “jerky” 

movement (for example when metal to metal contact is required), but also impacts 
cycle time (Arai et al., 2006), vision can also be used to limit the search time by 
identifying when the mating part is close and then triggering force control.  

Other interesting development is the possibility to use force control to guide the 
robot (with the robot acting as a carrier), as in the JILAS project (ECHORD, 2012). In 
the case described, the robot could act as a carrier, guided by a human operator, until 
close to the final position, where the assembly sequence would be initiated. With 
carbon fiber structures increasing in importance in aircraft manufacturing, and the 
corresponding desire to keep track of applied forces, and the difficulties in controlling 
part variance (for example thickness), force control could give significant benefits in 
aircraft assembly.  

 

The host company of the demonstrator cell built as part of the ProFlexa project 
manufactures wear parts for excavators, which are made of material cast iron of high 
strength that has been tempered to increase surface hardness. The company uses 
sand molding castings which are machine-made and result in products with 
tolerances of about ±1 mm, and burrs and excess material that can be described as 
less prone to variations. The demonstrator cell consisted of an ABB 6660 foundry 
robot, with an ATI Omega 160 IP65 sensor and controller including the necessary 
software packages for FC Machining, FC Machining GUI (the graphical user interface 
for programming) and FC Assembly. 

The cell also included the SVIA FeedLine, for transporting the products into the cell 
and three motors with discs for grinding and cutting, along with the necessary 
support systems (pneumatics, tool changers, etc.). The SVIA FeedLine includes SVIA 
PickVision™, a system consisting of an overhead-mounted camera looking down onto 
the conveyor belt, and calculating the pick positions later used by the robot (Svensk 
Industriautomation AB, 2012). The cleaning cell was designed to handle products 
within the same part family and was integrated into the product flow of the company, 
with the intent of it to be used during a long period of time and for rather high 
volumes. The robot worked by holding the product, and moving between grinding 



disks of different thickness to complete the cleaning. At the end the robot dropped the 
product down a chute, where it was inspected and finalized by an operator.  

Initial programming was done off-line, using RobotStudio and CAD geometry of 
equipment and products to generate trajectories, see Figure 55. The initial program 
created was used as a template for the companies own staff to program new products. 
This, however¸ was done on-line in the cell. Also, the sensor was used to measure disc 
radius used for initial calibration of tool center points (TCP) and during the process to 
move TCP according to disc wear. This was done by using the force readings of the 
sensor as an I/O to validate contact and store positions later used to mathematically 
compute disc radius. 

This approach cuts unnecessary cycle time for measuring the grind discs as it is done 
as part of the process and not in a separate routine. As the robot held the product the 
TCPs were stationary and located at the perimeter of each disc, see Figure 56, left. In 
the grinding sequences both the FC Pressure and FC SpeedChange functions were 

Figure 55. Left: The demonstrator cell as modeled in RobotStudio. Right: The different programs visualized. 

Figure 56. Left: The robot holding a workpiece in front of one of the grinding discs. Right: The grinding paths, 
denoted by dashed lines on one of the products programmed in the cell.  



used. The FC SpeedChange was used to decrease the size of two inlet channels, as 
these varied in height from workpiece to workpiece. After they had been reduced to a 
known height, FC Pressure was used to oscillate over the channels and further grind 
them down. Most of the grinding paths, however, followed the part line burrs using 
FC Pressure. The company removed the feeders by “knocking” them off after the 
castings were broken out of their molds, which made it easier to handle the parts in 
the cell. The area of the feeder nevertheless had to be smoothed out, by two 
oscillating (FC Pressure) paths over the area. The part also had an area with a narrow 
radius of approximately 4 mm, which was one of the critical features. Here, force 
control functionality was used only to slightly “touch” the part in order not to dig in 

and affect the desired tolerances. An overview of the grinding paths is shown in 
Figure 56, right. Grinding force varied between 20N and 200N (in TCP frame) and 
force readings from the sensor (in sensor frame) can be seen in Figure 57. As the 
material is very hard, one of the key issues in programming was how to maintain the 
disc’s cutting properties (i.e. apply enough force so that the disc self-sharpens), while 
not inducing too much heat and risking changing the material properties, but still 
remove the burr and achieve a satisfactory result. 

  

 
As of today, three products have been implemented in the cell, which has been at the 
host company for almost a year. One of the major issues was establishing the right 
parameters for the process. Many parameters (damping, filters, etc.) influence the 
result and the stability of the robot directly. The impacts of the parameters are also 
sometimes hard to deduce as changing one may affect the result, but so could 
changing another parameter.   

The manufacturer recommends starting parameters but since the environment and 
process have a huge impact on appropriate settings, these often have to be tuned. In 
the case described, grinding also varied from using large discs, removing a lot of 
material in one path, to only touching the workpiece. This meant that parameters had 

Figure 57. Sensor readings taken from ABB’s Test Signal Viewer of force in the sensor coordinate 
frame for X, Y and Z while oscillating over one of the inlet channels. 



to be able to handle both cases. Fortunately, there was an option to change 
parameters during the process. When tuned, the process was nonetheless very robust 
and produced consistent results (see Figure 58). Although parameter setting can be 
restricted and functionality more “packaged”, this have to be weighed against the 

benefits of a more open system. This is a very important aspect regarding force 
control, as parameter settings and functionality is highly process dependent. If the 
system is too limited, so is the usefulness of the force control technology. 

   

As cast iron products vary slightly in 
geometry, gripping the product was 
initially thought to be an issue in the cell. 
As expected, gripping proved 
inconsistent, with the product in a slightly 
different position every time but this was 
handled well by the force control. To 
begin with, however, the gripped 
product/workpiece sometimes moved in 
the gripper when force was applied, 
producing a “jerking” movement which 

induced a force spike into the sensor. 
Such movement could not be handled by 
the system and was solved by adjusting 
the gripper and product. Such sudden 
movements however, would probably 
have to induce errors since they may 
signal something going very wrong in the 

Figure 58. Left: Two workpieces with de-burred edges. Right: One 
workpiece with grinded feeder area. 

Figure 59. Example of frequency spectrum of the 
force signal in the y-axis of the force sensor 
(robot standing still). High readings on 
approximately 14 Hz, 25 Hz and 50 Hz (courtesy 
of Lund University) 



process, for example a faulty gripper, causing the process to terminate. The system 
however, could cope with slow movements of the gripped product due to applied 
force.  

Another issue was the impact of the surrounding environmental “noise” (see Figure 
59). This made parameters like damping too high to enable lead-through/walk-
through programming. Although some filtering options exist, the filters were not 
powerful enough to impact stability. Several measurements were made with the 
robot standing still, which gave consistent results as regards the frequency of the 
environmental noise. The source, however, could not be isolated. It should be noted 
that the foundation of the robot was not optimal, as it was placed on a very thin 
concrete floor, which was reinforced just enough to support the robot’s weight.  

Cycle time was on a par with that of manual handling and cleaning, although the cell 
layout was not optimal. The workpieces were nonetheless manually inspected and 
sometimes worked on after leaving the cell, which adds processing time.  

Today the cell works by cleaning to a strict program and targeting the surfaces where 
burrs always occur, e.g. the part line and feeder area. This may induce unnecessary 
cycle time, as some parts/surfaces do not have to be cleaned, and for some parts, 
manual finishing is needed on surfaces not processed in the cell. Paired with a vision 
3D system for inspection before and after cleaning, the program can be adjusted from 
part to part, either by choosing and assembling a program from pre-made routines or 
by generating the program from scratch. Generating a program from pre-made 
routines is probably feasible today, given the right input while generating a program 
from scratch for complex geometries is something which is currently undergoing 
research. 



 

”Stay on target... Stay on target.” 
 --Gold Five, flying the gauntlet towards the Death Star reactor-port in ‘Star Wars’ 



 



 



 

This chapter is devoted to summarizing the findings, discussing them, and relating them to the research 
questions. As this research contributes to both academia and industry, the contributions made to both 
domains are listed, along with suggestions for future research related to this thesis.  

This thesis has been devoted to addressing a number of questions which share the 
common goal of increased flexibility in manufacturing. The companies participating 
in the different research projects come from very different manufacturing sectors, 
vary in size, and also have different product complexity, manufacturing processes, 
and volumes. They are all nonetheless interested in increasing their flexibility, 
whether by being able to handle a larger variety of products cost-efficiently and/or 
geometrical deviations in manufacturing.  

 

Robots and fixtures share several traits, as outlined in previous chapters in this 
thesis. A robot may be considered a very flexible, re-programmable fixture, like in 
RFA, Robotic Fixtureless Assembly. With the work on the Semi-hyper Flexapod 
presented, the ART concept pushes the boundaries further by making fixtures more 
similar to robots but, instead of internal accuracy as normally with robots, using the 
de-coupling principle.  

RQ1a: How can the applicability of the original ART concept be widened? 

As described in [PAPER II] and Chapter 4, the need for a small, compact device to 
eliminate shimming became apparent when working with different industry cases, 
which resulted in the development of the MiniFlexapod. No matter the physical form 
of the device there is a need in industry for a compact setting unit which can be re-set 
and adapted to different product geometries. The MiniFlexapod is not designed for 
frequent product changes, but as a more flexible shimming box to adjust for the last 
small deviation between current and desired position. For more frequent 
changeovers, a device with actuators, like the Semi-hyper Flexapod, is more suitable 
[PAPER III]. These two new flexapods broaden the applicability of the ART concept, 
both towards “dedicated fixtures” and “hyper-reconfigurable fixtures”, as described in 
Figure 60.   



As described in Chapter 4 and [PAPER III] and [PAPER IV], and as shown by the Semi-
hyper Flexapod, it is also possible to go from passive fixtures to active fixtures while 
adhering to the de-coupling principle. This is done by introducing built in actuators 
and measurement systems that are constantly on-line, which will further extend the 
applicability of ART into hyper-reconfigurable fixtures. An active ART device also 
moves fixtures into robotics, blurring the dividing line between robots and fixtures 
(much like RFA, robotic fixtureless assembly does by utilizing robots as fixtures). But 
unlike the active devices presented in Chapter 3, de-coupling fixture structure and 
accuracy will make the solution more affordable. It will also make the sensors used a 
more active part of the process. Some suggestions as to how the sensors can be more 
active have been made in this thesis; adapt the fixture to the parts and products 
(rather than the converse), use the sensor to encompass small changes in the fixture 
body (due for example to temperature), use in conjunction with other types of 
sensors, e.g. force sensors, to ensure contact pressure for example. It is nonetheless 
important to evaluate how this can be used and the prerequisites. 

 

RQ1b: How can the ART concept impact the fixture design process? 

ART is based on a modular approach and modularity is one of the enablers for 
computer aided fixture design. Configurators can thus be developed for ART as a way 
to reduce design hours, as shown by the described ART configurator system in 
Chapter 5 and [PAPER I]. The developed configurator system aid in the selection and 
placement of beams and boxes and in properly modeling the Flexapod 6 and can 
reduce design time substantially as shown by the use case in Chapter 5.4.2.  As small 

Figure 60. The resulting span of ART, with the developed prototype demonstrators, in 
relation to other types of fixtures (further extended from Kihlman, 2005, p. 70) 



adjustments to the product can be encompassed by the ART fixture’s reconfiguring 
capability, this also enables concurrent product development and fixture design.  

Reducing the tedious, repetitive tasks involved in fixture design is the first step in 
reducing design time and effort. As presented in Chapter 5, the next step could be to 
help the designer with the fixture layout, preferably using case-based reasoning 
which mimics the behavior of the fixture designer. A fully automatic fixture design 
system for ART might be feasible, but the question is if the resources needed to create 
such a system would pay back in the end. From a research point-of-view, the vision is 
nonetheless interesting. 

RQ1c: What are the combined effects (of RQ1a and RQ1b) on manufacturing 
flexibility? 

The link between product development and fixture design is strong, and the fixture 
drawings cannot be finalized and released before the product interfaces are fully set. 
Adjustable devices (or other adjustable fixture features) like the flexapods of the ART 
concept also aid concurrent engineering efforts. Many late product design changes 
are relatively small and product interface points might be moved by only some 
millimeters.  Such small design changes may lie within the ART fixture’s scope, either 

through rebuilding or reconfiguring and fixture manufacture can thus begin earlier. If 
the company has already invested in ART, the building blocks for the fixture may 
already be on the shelf, ready for fixture build.  

By developing the ART toolbox further, to enable faster reconfiguring and replace 
shimming, the ART concept can also be adapted to new applications and sectors by 
allowing a company to choose the solution best suited to their needs and type of 
manufacturing.  

 

Even if methods to increase (pose and path) accuracy exist, this is in many 
manufacturing cases not enough, especially under loaded conditions like when 
interacting with an unknown environment as described in Chapter 6. Also, in some 
processes the ability to control applied force has a direct impact on resulting quality.  

RQ2a: How can force control enable the use of industrial robots in manufacturing 
processes like assembly and deburring?   

The outcomes of many assembly and deburring applications are highly reliant on 
force for their success. Both the assembly demonstrator and the deburring 
demonstrator described in in Chapter 7, [PAPER V], and [PAPER VI] show that force-
controlled robotics can deliver consistent quality and handle deviations in incoming 
material well.  



In aircraft manufacturing, especially with the increase in carbon fiber products, the 
ability to control force might be a prerequisite for some applications such as 
assembly. In deburring applications, compliancy in spindle or robot might be enough 
to handle deviations in part line burrs or excess material. However, as one common 
way to achieve desired pressure is to work close to overloading the spindle motor, 
force control will most probably also increase safety and the lifespan of the motors 
and reduce tool wear. And, although the technology seems complex, when the system 
is correctly tuned, it makes programming easier compared to traditional solutions, as 
deviations from nominal are handled well by the system. This also includes off-line 
programming, where it lessens the need to calibrate virtual models.  

RQ2b: What are the prerequisites for using force control in an industry setting? 

One of the main issues has been parameter setting (like damping, deadzone, force and 
speed) and tuning (like filtering) along with programming, as shown by both force 
control demonstrators and in [PAPER IV]. Parameter setting and tuning can be done 
by experts, although the company’s own staff needs to know how different 
parameters impact the process. Still force control systems need to open and 
configurable, as there is a close coupling between the desired task and the force 
control system and it is difficult for a vendor to package functionality fitting all tasks. 
Guidelines and systems capable of suggesting parameters and auto-tune filters would 
nonetheless shorten start-up time and access to parameters (and functionality) can 

be tailored for the intended user. Based 
on the empirical findings, when 
working with the demonstrator 
together with operators from industry, 
programming both off-line and on-line 
has to be further developed and 
tailored to fit specific processes and 
applications. The user interface for 
programming and access to parameters 
also needs to be tailored to fit the 
expected user. 

RQ2c: What are the combined effects 
(of RQ2a and RQ2b) on manufacturing 
flexibility? 

As shown by both of the force control 
demonstrators in Chapter 7 and 
[PAPER VI], force control allows for 
larger deviations of product 
discrepancies (i.e. part to part variation, 
and part variation vs. nominal), see 

Figure 61. Force control allows for larger 
discrepancies in three dimensions; product, 
equipment and in virtual models vs. reality. This 
enlarges the “automation box” compared to 

traditional “rigid” automation [PAPER VI] 

Figure 61 Force control allows for larger 



Figure 61. In the force control for deburring demonstrator burrs varied in size and 
not two products were exactly alike. Furthermore in the rib assembly demonstrator, 
the brackets were re-arranged to simulate part variance which was handled well by 
the system. The demonstrators also showed that equipment could be made to less 
tight specifications, for example variance in gripping position was well handled by the 
force control. Also little effort was needed to calibrate virtual models to the real 
world when programming offline. The use of force control thus enlarges the 
“automation box” compared to common “rigid” automation without sensing 

capability (see Figure 61). 

The ability to handle part variance can be argued to give the system robustness, as it 
has the ability to better handle disturbances without negative impact on quality or 
productivity. This holds especially true compared to ordinary “rigid” automation, 

where product (and process) tolerances often have to be tightened in order for the 
automation effort to be successful. Robustness is part of a system’s flexibility, 

although on a micro level, as it can be used to describe the system’s capability to 

adapt to changes in incoming material. As the need for calibration and accuracy in 
programming positions decreases, flexibility is also impacted when it comes to for 
example new product introductions.  

 

Figure 62. The research questions and their relationships (as presented in Chapter 1). Arrows denote 
information flow. Also depicted is the basis for the research questions (industrial or research). 



If the models used for off-line programming do not (as) accurately have to reflect the 
real cell, and touch-ups on-line are not needed, this speeds up industrialization and 
ramp-up as less resources (like time) need to be devoted to model tuning and 
program tweaking. The need for tight gripper and fixture specifications is reduced, as 
the system can cope with discrepancies between expected product position and 
actual position.  

 

The supporting research questions RQ1 and RQ2 above are used as the basis for the 
guiding research question RQ0, as described by Figure 62. RQ0 however, addresses 
flexibility at a “higher” level then the supporting RQ1c and RQ2c. It should also be 

noted that although the basis for RQ0 is formulated from a research point of view, this 
is also relevant from an industrial aspect. The same applies for RQ1 and RQ2 that, 
although they mainly concern industry, still have research relevance.  

RQ0a: How can conventional manufacturing equipment combined with sensor input 
support flexibility? 

The demonstrators presented in this thesis, the MiniFlexapod, the Semi-hyper 
Flexapod, the ART configurator system and the force-controlled assembly and 
deburring cases, all impact flexibility at some level. As stated at the beginning of this 
thesis, flexibility can be addressed on macro as well as micro level. Macro level 
flexibility deals with the technology being able to handle changes in production 
volumes or in product mix. This type of flexibility is often described in literature. In 
this thesis macro aspect of flexibility is most addressed by the different ART 
demonstrators, which address the need to limit startup time and enable fixtures to be 
re-used and make fixture design and product development concurrent. Micro level 
flexibility, or the ability of the manufacturing technology to handle small disturbances 
in for example geometry or material properties, is less explicitly mentioned when 
discussing flexibility. Robustness is another way to describe this trait, but in literature 
robustness still normally considers macro level flexibility. One example is (Correa, 
1994) and the introduction of “system robustness flexibility”. Correa describes this as 
a whole systems ability to overcome unplanned changes, and exemplifies this with 
machine breakdowns (Correa, 1994). Although this is an important flexibility trait of 
a system, micro level flexibility as used in this thesis and as shown by the force 
control demonstrators, rather aims at preventing downtime and machine 
breakdowns (due to variance in incoming material).  The closest thing to micro level 
flexibility the author has found is the uniformity aspect of flexibility presented by 
Upton in 1994. This aspect describes how well a system can handle change without 
quality or profitability being affected (Upton, 1994) and corresponds for example to 
how the force control demonstrators enabled the possibility to handle an increase in 
part variance, without affecting quality.  



Another way to describe flexibility is presented by (Mandelbaum, 1978) who 
characterized two different types of flexibility; action and state. State flexibility is 
when the system itself, without outside intervention, can handle changes in the 
system’s environment. Action flexibility occurs when the system, through some type 

of outside aid, can cope with the change. With the manufacturing cell considered as 
the system, sensor input like force control, can be said to support state flexibility, 
which the author would also like to describe as robustness or micro flexibility. Other 
sensor input, e.g. a measurement system coupled with the ART concept, may be 
argued to support action flexibility, since it can be used to shorten set-up time and 
costly investments in equipment. Sensor input, correctly managed and utilized, can 
thus give manufacturing equipment the ability to handle flexibility in terms of both 
action and state.  

 

The different demonstrators show that the choice of technical solutions making up 
the configuration of a manufacturing cell enables the choice of support system (see 
Figure 63). As an illustrative example; if using an industrial robot equipped with force 
control, and using the ART system for fixtures, this enables technical solutions like 
walk-through programming and computer-aided fixture design tools as part of the 
support system. The configuration of the manufacturing cell combined with the 
support system enable manufacturing flexibility on a macro as well as on a micro 
level. In the terminology of (Upton, 1994), flexibility is a construct of;  

 range (the amount of different products we can produce in the cell) 
 uniformity (how well we can handle change without quality or profitability 

being affected) 
 mobility (how easily we transition through changes like for example new 

product introductions) 

Using this terminology as a framework, the findings can be further analyzed. 
Manufacturing technology impacts range, uniformity and mobility, see Figure 64. 

Figure 63. The choice of technical solution in the manufacturing cell enables the 
different choices of support system. These two components then enable flexibility. 



Using the previously described case as an illustration, the robot can be 
reprogrammed to encompass new products, the fixtures can be reconfigured, 
covering the range and mobility aspect of flexibility (the macro level), while force 
control can handle micro level disturbances, thus impacting uniformity. The technical 
solutions of the support system, like off-line programming, do not affect the range of 
products we can handle, but greatly impact how easily we can transition (mobility) by 
making programming and fixture design easier and thus affecting uniformity (or 
profitability) but on a macro level. The range aspect of flexibility however, is only 
addressed by hardware, as the range of products a cell can produce is dependent on 
the capability of the e.g.. the machine or fixtures used in the cell. 

The use of sensor integration of some sort can be active, as part of the process, or 
passive, as part of validation efforts or calibration. Using sensors actively can greatly 
enhance the intelligence of the manufacturing equipment, as in robotics, and make it 
more capable of handling change. It can also, as for example in the case of active 
fixtures, give added value to a device. In order to reap the full benefits of intelligent 
manufacturing equipment, these need to be robust and not induce downtime due to 
added complexity. They also need to be complemented by support systems, 
preferably targeted at that specific application, in order to lower the technology 
threshold for users. 

 

 

From the author’s point of view, sensor integration into manufacturing equipment 

enables the use of support systems, broadening the impact of the choice of technology 
into other areas than the manufacturing cell, especially into manufacturing support 
functions like pre-production engineering. This makes the choice of suitable 
manufacturing technology increasingly complex, as the choice affects not only 
manufacturing efficiency, but the efficiency of other functions and it is important not 
to limit the scope of impact the technology has only to the manufacturing cell level 

Figure 64. The technical solutions of the manufacturing cell impact all the different 
aspects of flexibility, while the support system impacts uniformity and mobility. 



but to also include support functions like pre-production engineering [PAPER VII]. As 
the technology in itself is complex, it has to be packaged to fit the specific process, as 
for example with programming of industrial robots, where systems are tailored to for 
example deburring. This lowers the technology threshold for using the technology, 
making it available to SMEs who cannot afford to employ experts. More intelligent 
manufacturing equipment, tailored to the specific process, will be an important part 
of manufacturing paradigms to come.  

 

Issues concerning the different demonstrators have been raised and discussed in the 
different demonstrator chapters. This chapter will thus be aimed at discussing the 
whole scope of the thesis and not the findings and implications of each of the different 
individual demonstrators.  

This research has covered several different types of technologies and spanned 
different companies. Flexibility and “intelligence” of some sort in manufacturing 

equipment have been common denominators. Using the demonstrators to draw 
conclusions fuses research with development efforts. As a researcher, it is important 
in this scenario to try to find generality in the findings and to work with future 
challenges and not the problems of today. As discussed in Chapter 2, validity can be 
gained from triangulation, rich data and long-term involvement. Working with the 
different companies has given rich data and triangulation opportunities, and many 
relations have continued throughout the research process.   

For many of the described demonstrators (as for the ART configurator system and 
force control deburring), the development and application into an industry setting 
has shed new light on the technology in terms of prerequisites and benefits. Moving 
the research from the laboratory into an industry context, however, is something 
which draws on resources, as it has to be closer to industry standards in terms of 
safety and user-friendliness. It is nonetheless the author’s opinion that without this, 

many of the insights presented in this thesis would not have been made as they are 
strongly related to testing the technology in “real” applications and real settings. In 

many laboratory tests the product or the environment is “simplified” in order to gain 

control, or merely due to a lack of resources. Also, the person handling the equipment 
is a researcher, and not the end-user. This approach will not convince industry of the 
benefits of the proposed technology, nor test it fully in all aspects related to successful 
industry implementation. However, industry-implemented projects require careful 
planning in order to be successful. 

The research covered in this thesis involved both large and small companies, who 
have very different realities and platforms for handling the adaptation of new 
technology to their manufacturing. Large companies have often had experience of 
similar or adjacent technical systems and may keep and maintain expertise in the 



area, while small companies have to rely on outside support. Also, small companies 
adapting for example force control to their manufacturing might also be unfamiliar 
with industrial robots, and the adaption of the new solution is therefore not only 
about force control but also industrial robots. It is important in the development of 
support systems and support structures to consider the reality of the small company 
as a small company usually has very little room for error.    

As stated earlier the technologies are not solutions for all problems. It is important to 
apply them to the correct manufacturing cases, where their traits and benefits result 
in the highest gains. Also, as with force control, they can be combined with other 
sensor systems like vision, in order to overcome some of the shortcomings and 
enlarge the automation box even more. 

 
The research conducted is of an applied nature, and based on an industrial challenge, 
as described in Chapter 2. It has been conducted systematically with the intent to gain 
further understanding of the nature of flexibility, but also of how technology can 
enhance flexibility in manufacturing. As such, it contributes not only to the research 
community but also to industry.  

Looking at the industrial relevance of this research some of the demonstrators have, 
as described, been applied in industry. By doing this, insights are gained not only by 
the researcher but also on the part of the industry partners, who might not have 
dared test the technology other than in the context of a research project. This can be 
seen as part of the effort to bridge the “valley of death” between research and 

industrialization. This is not only beneficial for industry (who gain access to and 
knowledge about a new technology) but also for academia, which gains knowledge 
and experience of how inventions can become innovations. During this research 
several new prototypes, like the MiniFlexapod and the Semi-hyper Flexapod, have 
been developed. These concepts might be taken to the next level and commercialized. 
The proof-of-concept of force-controlled assembly in aircraft manufacturing is also a 
rather new application area for both articulated robots and force control.  

Considering the academic contributions, one is the presented impact of 
manufacturing technology on flexibility, where the author has chosen to relate this to 
the flexibility aspects presented by (Upton, 1994). The description of flexibility being 
divided into two levels (micro and macro) should be able to be applied to other types 
of manufacturing than deburring and assembly and to other technologies. In force-
controlled deburring and assembly, insights were gained on the importance of ease of 
parameter setting and on information being tailored for the intended user. This is 
also valid for other types of advanced manufacturing equipment and may be used 
facilitate industrialization of technology. Other contributions are the clarification of 
how research can help aid the adaption of new technology into industry (as described 
above). As the author could not find any methodology resembling the practical 



research approach described in Chapter 2, this model may be used by others when 
working with similar research in manufacturing technology.  

 
Today, setting the MiniFlexapod is not intuitive and the kinematic model for the 
MiniFlexapod will therefore need to be developed together with software for position 
feedback in order to make it easier to do. Also, the current devices (including the 
MiniFlexapod) in the ART toolbox are 6 DOF, which is sometimes an overshot, 
especially as regards welding fixtures for example. Research into the area of modular 
devices, made up of a set of parts where desired degree of freedom can be built by 
combining different building blocks, would be interesting to explore.  

An active fixture with the ability to react to, for example, temperature changes can be 
valuable in high accuracy manufacturing. Based on the ART decoupling principle, an 
active fixture reacting to external measurement data would be a natural extension of 
the ART concept. The different possibilities and prerequisites of such a fixture need to 
be researched further. 

The ART concept has a modular approach, where the choice of devices used is linked 
to the manufacturing conditions. It is interesting to explore modularity in other 
equipment areas, where functionality can be added or removed depending on the 
process. Lean automation for example stresses that equipment used cannot be overly 
complex, but designed for the specific application. Many manufacturers of for 
example end-effectors nonetheless offer “one size fits all” solutions. Here, interesting 
work is being carried out in evolvable assembly systems (EAS, see for example (Onori 
et al., 2006)) and with plug-and-produce functionality for manufacturing equipment 
(see for example (Arai et al., 2000)) which can be used to gain insights into the area.  

Ease of tuning and finding the right parameter settings are an issue in force control. 
Here, self-tuning force controllers, with auto-tuned filtering would have to be 
researched, along with other aids for parameter setting. Research into how 
information for programming and error handling in force control is best presented 
would also strengthen the technology’s acceptance. 

As force control is limited and parameter settings that give high safety impact cycle 
time, it would be of interest to combine force control with other sensor inputs, e.g. 
vision. This will further widen the uncertainty “window” (i.e. the “automation box”) 
the system can handle while remaining safe and productive.   
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