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ABSTRACT 
 
From the early days of aircraft manufacturing Dedicated Tooling has been used in the 
assembly process to ensure the attainment of assembly tolerances and product quality. 
Dedicated Tooling clamps the aircraft parts to be assembled into the jig to enable assembly 
by riveting. However, increased competition in the aircraft industry has driven the need to 
improve quality while reducing cost and in turn the need for innovative solutions to 
accomplish this.  
 
In this review paper the possibility of using metrology to increase the position accuracy in 
robotics will be examined. This is necessary to be able to use robotics in assembly of aircraft 
parts with the appropriate accuracy. Also, because of the small product volumes in the 
aircraft industry, the jigs must be flexible in order to assemble more than one structure in 
each jig. Solving these two problems could be the break through for starting to use robotics 
in aircraft assembly at a higher rate, and doing so in a cost-effective way.  
 
By then reviewing literature of today’s flexible tooling technology in the aircraft industry, 
the conclusion indicates that there is a gap to fill in aircraft assembly tooling. Modular Tools 
is one solution where standard aluminium profiles are used to manufacture jigs with some 
degree of flexibility. Another way is pogo fixturing, which uses sticks to hold airframe parts 
together in the assembly process. The sticks can only be reconfigured in a limited range, and 
are not cost-effective. By using Affordable Reconfigurable Tooling, the jigs will not only 
have greater ability to be reconfigured, but by using robotics for the reconfiguration task as 
well as for drilling, riveting and other material handling tasks, the system will also be cost 
effective. 
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1. INTRODUCTION 
 
Today the aircraft industry uses jigs for aircraft assembly, designed through a traditional 
technique called Dedicated Tooling. The jig supports components and acts as a positioning 
gauge. Every assembly in the aircraft has its own jig, which is designed to be suitable only to 
assemble that particular structure type. When the total batch of structures is completed, the 
jig is either stored for future use or discarded. No material or functions from the jig is reused 
or recycled. With only some exceptions, building aircrafts this way has been done for 60 
years, and is safe and well known.  
 
However, Dedicated Tooling is expensive and has long manufacturing lead times. It is also 
not designed for variations in temperature, deflections or unstable foundations. Any tooling 
realignment is time-consuming, and can often be achieved by the fettling and shimming. 
Also the total product volumes in the aircraft industry are often smaller, seldom over 1000 
(Boeing, 2001). In order to reduce cost and to increase affordability despite the small batch 
sizes, there is a growing requirement for tooling to be flexible, reconfigurable and 
reconstructable - flexible so that it can be quickly adapted to small variations within a single 
structure, reconfigurable so that it can be changed within a structure family and 
reconstructable so that it can be changed between different structure families.  
 
In the aircraft industry today, technologies exist that have flexibility in the assembly process. 
One is Modular Tooling, who uses standardised profiles to build the jigs, which makes it 
possible to re-cycle the parts, and as the parts in the jig are not welded they can be adjusted 
and thereby provide some flexibility. There also exist techniques to achieve reconfigurability 
by use of so-called pogo sticks, which can change the configuration to reconfigure between 
different airframe structures. 
 
Flexible aluminium fixtures however, are more suited for adopting minor changes in the 
airframe structure and must be re-built to handle other airframe structures. The pogo 
fixturing technique on the other hand has the ability to reconfigure itself, but only in very 
restricted manners. The Affordable Reconfigurable Tooling shall be able not only to handle 
larger reconfigurations, but also in a cost effective way.  
 
There has been very little research addressing the “level of flexibility”, which is about 
comparing different concepts with different amount of flexibility. In this study a framework 
for analysing different concepts of jigs with different level of flexibility will be presented.  
This report of state-of-the-art will start out with an introduction to flexible tooling and move 
on to the enabling technologies that is needed to make Affordable Reconfigurable Tooling 
work. 
 
2. AIRCRAFT ASSEMBLY TODAY 
 
Flexibility in the production area and flexible production systems is being spoken of since 
the beginning of the 80th. One clear reason for this is that most manufacturing industries 
more or less have experienced the rising number of product variants with simultaneously 



decreased product lifespan. Nowadays, more things shall be done in smaller quantities, 
which increase the demands on the production systems. The system shall handle more 
product variants, with differing customer demands and the ability to change product 
generation frequently. The consequence of all this is that if a company uses product- or 
variant specific tools, the cost needs to be distributed among fewer products, which gives 
heavily increasing product costs as a result. George N. Bullen from Northrop Grumman 
Corp ones gave an example of that big cost drivers are involved in aircraft assembly. He 
reported that assembly-related operation account for over 40% of total airframe 
manufacturing costs (Bullen 1999). 
Traditionally, the design of an aircraft is also used to produce the aircrafts assembly tools 
with which to manufacture that specific aircraft. Initially, master tooling gauges are 
produced to an extremely high standard and calibrated using national standards. These 
gauges are used to calibrate the fixed jigs and tooling which in turn are used in the 
manufacturing process. The gauges form a physical standard to which the aircraft is 
manufactured. However, there is a significant lead-time associated with the manufacture and 
calibration of the tools. Jigs and tooling constitute a significant proportion of the cost of 
manufacturing aircraft structures. The commercial aerospace sector is intensively 
competitive – manufacturers attempt to drive down the acquisition and operating costs of 
their aircraft (Gooch, 1998).     
 
Almost all the parts of an aircraft are assembled by riveting. However, currently the riveting 
processes are done mostly by human operators, especially in small or middle scale 
companies of aircraft manufacture. Most of the existing automatic riveting systems for 
airplane fastening is very big and very expensive. In addition, the jigs for airplane assembly 
are high in cost (Li et al, 1996). The cost of designing and fabricating the diversity of jigs to 
satisfy the jig requirements of a manufacturing system can amount to 10-20% of the total 
system (Nee et al, 1995), and the storage of dedicated jigs occupies lots of space. Jigs are 
critical in the development of new manufacturing techniques and largely dictate the level of 
flexibility a manufacturing system can achieve.  
 
3. EXISTING FLEXIBLE AND RECONFIGURABLE SOLUTIONS 
 

3.1 Modular Tooling 
 
Modular Tooling is a tooling technology using modular thinking to get flexibility. The 
modularity is about building fixtures from a collection of standard parts. The details can be 
attached with ordinary screws and have some kind of slots, which enables the parts to be 
adjusted and therefore becomes flexible, see figure 1. Aluminium is the most commonly 
used material in these collections. Besides the flexibility, it is often possible to recycle these 
standard parts, which enables parts to be reused for the next generation of fixtures.  
 



 
Figure 1: Extruded aluminium profiles connected with a common screw 

 
As with all modular systems, the interfaces between different parts in the system are the 
most crucial features. For a jig with the purpose to support, position and control an 
assembly, the parts of the jig can be divided in three different categories – the frame, the 
adapters (positioning and holding the parts) and the links between the frame and the 
adapters, who generally are called the pick-ups.  
 
There is a lot of effort put in research projects, to develop effective modular assembly jigs. 
The jig parts easiest to standardise is the frames, who need to have flexible interfaces 
towards the pick-ups (this is one reason why extruded aluminium is interesting). To 
standardize the rest of the jig system, there are two main tracks to follow: 
 

• A small number of standard adapters, which sets requirements on the details to have 
standard interfaces 

• A small number of standardised pick-ups, who need to be a six degrees of freedom 
system to overlap the distance and angular differences between the frames and the 
adapters for all possible configurations  

 
Advanced measuring technology together with computer support, simplifies building 
methods like Modular Tooling. Using a metrology system for the calibration of fixtures 
opens up for the use of digital master tools as well as for simplifying the build process itself. 
Volvo uses CMM’s and digital master tools to configure the jigs. However, it is also 
possible to use measurement systems with more mobility, as photogrammetry or laser 
tracker systems. Important to understand is that the general idea with Modular Tooling is not 
about the use of extruded aluminium profiles, but for the idea of using modular thinking. 
The reason why aluminium often is used in Modular Tooling is because the suppliers of 
aluminium parts often offer the standardized collections of profiles and features to enable the 
building of fixtures with standardized parts, and in a flexible and modular manner. Modular 
Tooling has proven to reduce the development costs of the fixtures, as well as the time to 
develop them.  
 
One factor, which is often forgotten in the manufacturing industry, is that there are 
environmental advantages to reuse production equipment. In fact, the European Community 
is about to set new demands on the industry in Europe, to force them to have control over 
what is brought in to the country and how to handle material waste, in order to more 
effectively use our natural recourses.  
 



3.2 Reconfigurable Tooling 
 
A way to achieve Reconfigurable Tooling is through the use of “pogo” sticks, see figure 2. 
One of these applications is developed by Kostyrka Ltd. (Kostyrka, 2000). They use flexible 
sleeves made from a compound of metal and plastic, which are axially held in housings. The 
sleeves surround the part and clamp it by applying hydraulic pressure to the sleeve jacket. 
These pogo sticks can be moved from one position to another either actively or passively. 
The active pogo sticks are individually adjustable and programmable by their own controller 
and servos to conform to part shape. The passive pogo sticks consist of actuators only 
capable of extending, retracting and clamping. These pogo sticks are positioned through 
external means, such as a robotic gantry or the machining centre itself. The gantry system 
then sets the pogo sticks to the correct heights. The pogo sticks are placed in a fixture bed, 
where they are positioned in a matrix. There is a vacuum cup on top of every pogo stick and 
by the extraction of each pogo stick, they together can form a pattern and can hold plates and 
skins with varied configuration. 

 

 
Figure 2: Pogo sticks 

 
Another company using reconfigurable tooling techniques with pogo sticks is 
TORRESTOOL from mTorres in Spain. Their tool is a universal holding fixture, conceived 
to support aircraft components in space. It may be arranged as horizontal, vertical or round 
configurations, either active (servo driven) or passive (pneumatic) type of motions. Mostly 
the Reconfigurable Tooling is used to hold plates and skins for trimming, drilling and 
milling 
 

3.3 Jigless Aerospace Manufacturing (JAM) 
 
Another approach reducing the cost and increasing the flexibility of tooling systems for 
aircraft manufacture is Jigless Aerospace Manufacturing (JAM). This approach strives for 
the minimisation of product specific jigs, fixtures and tooling. A new integrated 
methodology has been developed, which uses a number of building blocks and tools, to 
enable design for jigless assemblies as a result of a logical, step-by-step process (Naing, 
2000). In the traditional way of building aircraft, previously described as Dedicated Tooling, 
the parts are located on reference set jig location. These jigs are dedicated to one assembly; 
therefore they have no influence on flexibility. The parts held in the jig, are drilled and 
fastened manually and deburring is required. This is a very labour intensive process. By 
using JAM instead, parts may be assembled as part-to-part, where two mating parts are 
drilled in isolation from each other and deburred. The holes in the parts are then used to 



locate one part to another. No jig locations are used. Jigs only function as support cradles, 
therefore giving flexibility. No deburr operation is required and the process will be less 
labour intensive. With this technique the final position of the parts in the assembly is defined 
in the detail manufacturing process. This on the other hand is sets higher demands on the 
manufacturing process, where the risk of mismatch from one part to another increases.  
 
Another way of using JAM is done by virtual reference. Here, a robotic arm holds the part 
together. No jig location feature is necessary, therefore it is flexible and if enough pressure is 
applied when drilled then no deburring operation is necessary. This technique sets high 
demands on both the labour and the assembly system (Engström, 1998).  
 
The Boeing Company has made an approach similar to JAM, called Determinant Assembly 
(DA) (Williams, 1998), (Swanstrom & Hawke, 2000). With DA they can reduce the number 
of tool-located components, by using coordinated fastener holes. All coordinated fastener 
holes are drilled under size during part manufacture. The parts are then determinately located 
through the use of coordinated fastener holes.  
 
4. METROLOGY SYSTEMS 
 
To be able to move from the old tradition of using Dedicated Tooling to the flexible tooling 
technique, both the tools as well as measuring system need to be changed. When 
determining accuracy of robotic arms, accuracy is separated into two categories, repeatability 
and positional. Today industrial robots have fairly good repeatability accuracy, about 0.1mm 
sometimes even better (ABB, 2001). The positioning is much worse. Most robotics 
manufacturers do not even mention positional accuracy when performance is specified. This 
is not an attempt to cover up some weakness; it is simply not considered a very interesting 
factor in most robot applications. This partly due to the way robotic arms are traditionally 
programmed, namely by “teach-in”. The teach-in method has the advantage that the 
positioning error is compensated for. If the arm is repeatable and the work-piece is placed in 
the same location in front of the robot, the end-effector will be able to perform its task in the 
right place every time, despite the fact that the location for this task is more or less 
‘unknown’ (Whinnem, 2000). When the process uses offline programming and not teach-in 
operations, the positioning accuracy of robots is not enough. In the aircraft industry in 
general the fixturing devices that hold parts together when building aircrafts must have 
position accuracy better than 0.2 mm. A drilled hole in an airframe must have even better 
accuracy. Some external measuring device is necessary to get the accuracy needed to drill, 
rivet or assemble any aircraft structure. Today different measuring technologies have been 
brought about to handle this problem. One of them is Photogrammetry and another is Laser 
technology.  
 

4.1 Photogrammetry 
 

Richard Gooch made an interesting description of photogrammetry. He advocated that the 
photogrammetry uses the known position of several camera stations together with the 
projected angles of rays passing from the images of targets detected on the image plane of 



each camera, to establish the 3D location of targets by determining the point in space at 
which these rays intersect (Gooch, 1998). Richard explained the difference between Optical 
Metrology and Machine Vision. The Optical Metrology uses high contrast optical targets 
that provide the highest possible measurement accuracy, thus the need for sophisticated 
image processing is eliminated in optical metrology. Machine Vision needs high performed 
computing to extract and recognise natural features of an object. The goal of Optical 
Metrology is to reduce costs and lead times while improving quality. Other important factors 
are the elimination of Dedicated Tooling and increased level of automation. Richard 
advocates that optical instruments containing advanced electro-optics, embedded processors 
and digital interfaces are opening up new horizons for the application of optical 
measurement in manufacturing automation. Metrology is an enabling technology and 
applications are being extended from inspection to control of manufacturing process itself. 
 
Another system that uses photogrammetry is 3D Image Metrology that has made large 
improvements over the last years, particularly in three areas. The first area is quality control, 
where production personnel and/or specialists operate the systems. In the second area, 
machine control consisting of “black boxes”, which provide 3D positional feedback to CNC 
machines or robots. The third area is in-process inspection, where the systems are integrated 
to CNC machines, robots or production lines and perform measurements on the fly (Beyer, 
1999). One system that uses the 3D Image Metrology is the TI2 technology at The Boeing 
Company. This approach is based on the idea of controlling the location of a drill bit directly 
in relation to the part using 3D Image Metrology instead of relying on expensive mechanical 
systems. The TI2 system consists of the Tricept robot from Neos Robotics, the Imetric 3D 
Image Metrology system from Imetric and the IGRIP simulation software from Deneb. The 
TI2 system uses a 3D Image Metrology to inspect hole locations, trimming paths, and other 
machining operations on the fly. But, the measured data is not directly fed back to update the 
machine path in this system but to provide information for an inspection report and 
statistical process control (Beyer, 1999) 
 

4.2 Laser Measuring 
 

The rear structure of the Airbus A340-600 has been assembled with two laser 
interferometers, manufactured by Leica. According to the expertise the traditional 
construction tools could be replaced by supports to hold the work pieces together in space. 
The laser trackers use the angles derived from the virtual CAD model to measure the real 
object. Consequently the work pieces can be positioned in real time to each other using 
reference targets on each part. Thus all sections could be adjusted immediately; the tooling 
cost could be cut by half. The laser tracker positions all work pieces to be assembled. Earlier, 
the measurements had to be taken manually, now they are generated automatically (Leica, 
1999). 
 
As mentioned in section 3.3, The Boeing Company has done an approach to achieve flexible 
tooling, by using Determinant Assembly (DA). This technology results in a flexible and 
more accurate assembly system. DA eliminates the need for master tooling gauges by 
building the jigs and tooling to CAD and calibrating these directly using optical 



measurement systems such as the laser tracker. The changes to assemblies can be 
accomplished by modifying the feature locations in a part NC program. This is contrasted to 
Dedicated Tooling where a physical component of an assembly fixture must be relocated or 
a new index fabricated and installed on the assembly fixture (Williams, 1998). 
 
5.  A NEW TOOLING CONCEPT 
 
The relationship between the existing tooling concepts today and the Affordable 
Reconfigurable Tooling concept is illustrated in figure 3. It is positioned in between two 
technologies. To the left are tools for aircraft assembly, and to the right fixtures working as 
holding devices for aircraft part manufacturing. This section will briefly describe the five 
different tooling concepts. They will be compared through their ability to reconfigure 
between different configurations in a short period of time. 
 

 
Figure 3: Five Tooling Concepts with different ability to reconfigure and different degrees of 
flexibility. 
 

5.1 Assembly Jigs 
 
Concept nr. 1 in figure 3 is called Dedicated Tooling. This concept is the most commonly 
used tooling technique in aircraft assembly today. Because Dedicated Tools are tailor made, 
they have the ability to assemble all kinds of airframe structures. Every tool is designed to 
assemble one particular structure. On the other hand if changes are required, the jig has to be 
sawed apart; new parts designed, manufactured and finally welded or perhaps screwed into 
the jig to the right position. The consequence of this is that this kind of assembly jigs never 
is reconfigured. 
 
Concept nr. 2 in figure 3 moves us to Modular Tooling, which is built on standard 
aluminium profiles, see section 3.1. Those jigs might be changed, but in a limited range. By 
using pick-ups to adjust to the datums (e.g. fixturing points), those jigs may handle minor 
changes from the original configuration. They are flexible but not very reconfigurable. 
Reconfiguration between different airframe structures is hardly an option. But suppose that 
the Modular Tools has to be reconfigured, to assemble another structure type, the jig would 
first have to be disassembled and then rebuilt again to apply the new configuration. 
Compared to Dedicated Tooling, the Modular Tooling has advantages. Most of the jig 



structure is re-usable, the parts are standardised and the jig is adjustable, but not very 
reconfigurable. 

 
5.2 Manufacturing Fixtures 

 
Concept nr 3 in figure 3 is the Pogo-fixturing concept, which is previously described in 
section 3.2 as reconfigurable tooling. This solution is today mainly used to fix airframe parts 
for milling and drilling. The fixture is most often used to suck plates with vacuum cups, so 
that a gantry robot can mill the edges on the plate or drill holes. Although these fixtures are 
most commonly used for fixturing details for manufacturing there do exist applications 
where assembly is done. One example is the assembly of stiffeners to plates. Although this is 
assembly, it has a very restricted change over rate. The ability to reconfigure between 
different airframe structures is possible, but rather small. 
 
Concept nr 4 in figure 3 shows a concept called Hyper-flexible concept. This solution is used 
mostly for holding parts for manufacturing (e.g. flexible NC-fixtures). The change over rate 
is rather small, but the time to reconfigure is fast. This technique is old and well known and 
very much developed. Although the NC fixtures may reconfigure quickly, they have 
geometrical limitations in the ability to change over between different types of structures. 
They are most commonly used to fix smaller details for manufacturing. No assembly is 
involved.  
 

5.3 Affordable Reconfigurable Tooling 
 
By using the ideas from reconfigurable manufacturing fixtures combined with the ideas from 
the modular thinking, a new concept has been developed. This concept is called Affordable 
Reconfigurable Tooling. Basically this solution uses an industrial robot to do the 
reconfiguration task. The jig will need some kind of pogo sticks, similar to the passive pogo 
sticks from Kostyrka (section 3.2), although they will almost certainly need to be modified. 
The pogo sticks have some kind of locking device, which is inactive in order to be 
reconfigured and active to be fixed. The reason why they are locked when the system is 
deactivated is because there is always a risk of leakage with a pressurised system if the tool 
is not reconfigured in longer periods of time.  
 
Although the assembly system goes from being dedicated to reconfigurable, there will be 
limitations in the change over rate that the system will manage. Perhaps the system has the 
ability to reconfigure within one family of structure types (e.g. planar structures, wing 
structures or aircraft bodies). This might be enough for some aircraft assemblers who have a 
specific niche on the market, for example medium sized wing structures. But if there still are 
demands to handle a reconfiguration between product families – the need to reconstruct the 
tool, the pogo sticks should be modular in order to making it possible to reconstruct the tool 
to a bigger change over than the pogo sticks will manage. Because the pogo sticks are 
modular they can be dismounted and applied in some other configuration. This will probably 
be done manually and therefore take more time, but perhaps that is acceptable for some 
assemblers, where longer reconfiguration time is acceptable.  



 
To clarify the distinction between Pogo-fixturing and Affordable Reconfigurable Tooling 
one can say that in the latter case there is the advantage to use a robot in the reconfiguration 
process. It probably will be cheaper to buy passive pogo sticks. Their only task is to be 
flexible when unlocked and rigidly fixed when locked. No expensive equipment is needed in 
each pogo stick to give the high accuracy in positioning. By using a robot to do the 
reconfiguration task, no built-in servo is needed in every pogo stick to move it. Investing the 
money in a robot will probably be the cheapest investment in this comparison, not only 
because of the cheaper pogos required, but also because of possibility of using the robot to 
do drilling, riveting as well as other material handling tasks.  
 
6. CONCLUDING REMARKS 
 
In section 5, a short introduction was given on how Affordable Reconfigurable Tooling may 
be a way to fill the gap between today’s assembly jigs and part manufacturing fixtures. The 
question is probably how much time we can afford for the reconfiguring process. The 
University of Linköping in cooperation with nine other Airplane manufacturers and 
suppliers, are now under way to continue this work, which also is founded by the European 
Community – Automation for Drilling, Fastening, Assembly Systems Integration, and 
Tooling (ADFAST). Still there is a lot more work required in the research of how the 
Affordable Reconfigurable Tooling system shall be designed to accompany a wider range of 
reconfiguration, robustness and accuracy. 
 
An other interesting area, where a lot of progress has been made recently is in the metrology 
area. Optical measurement sensors are increasingly available, often finding application in 
measurement and inspection of manufactured products. For example, theodolites and laser 
trackers are already used to calibrate jigs and tooling. Digital photogrammetry is used in 
dimensional inspection of assemblies such as aircraft wings. Such tasks demand high 
performance sensors with 2D and 3D capability, large working envelopes, high accuracy, 
low measurement latency and increased flexibility. The availability of sensors, which meet 
and exceed such criteria, is fuelling new possibilities in the manufacturing process itself. 
Dedicated Tooling may be eliminated and replaced by Affordable Reconfigurable Tooling 
under the control of embedded sensor systems. But a lot more research is required before the 
accuracy in the machine controller is to perform with enough precision and speed.  
 
As the interaction of 3D models and 3D metrology is making it possible to close the link 
between designs and manufacturing, the vision to start using virtual manufacturing, which is 
about going from CAD solids to accurate assembled aircraft structures is coming to be a 
reachable strive. But considerable effort is needed in the reconfiguration programming 
process in order to shorten the long lead times in Dedicated Tooling. The time and effort 
must not be translated in complex offline programming procedures and end up in continuous 
long time and thereby high costs. The offline programming system needs further 
development in order to function as an operation planning system as well. This makes the 
programming and operation planning of the system. Today there exists software for this kind 
of processes, for ex. RobCad from Technomatix, or IGRIP from Deneb. If the kinematics of 



the tool is defined in the offline system, simple drag and drop methods is one easy way of 
solving it. But still, a lot of work and effort is needed before we get there.  
 
A lot of work is still left to be done to achieve Affordable Reconfigurable Tools, but if they 
become a reality, industrial robots will finally find their way into the aircraft industry, and 
reduce the labour intensive assembly process as well as drilling and fastening, which would 
make the aircraft manufacturers more Lean, Agile and Flexible. 
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