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Abstract

Light-weight aluminium space frame structures are frequently used for small-volume products, such as sports cars. The assembly of
these products has so far been mainly manual and requires the use of complex and expensive fixtures. To increase the profitability,
the research conducted at wbk Institute of Production Science is aiming to achieve an automated, fixtureless assembly of such
structures by the use of industrial robots. To achieve the required accuracies regarding the alignment of the joining partners, a new
approach based on component-inherent markings has been developed. This article describes the approach for the fixtureless

positioning of components and the validation of the marking detection.
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1. Introduction

The reduction of moving masses is of paramount
importance for increasing energy efficiency of
machinery, vehicles and equipment. Thus, lightweight
designs will increasingly gain in importance. A
possibility for weight reduction lays in the application of
light supporting structures, such as for example
aluminum space frame structures, which are already
progressively used in the automobile and aviation
industry [1-2]. At the same time, the automobile industry
experiences a tendency towards considering individual
customer demands. This leads to a greater diversity of
variants and thus to a reduction of quantity [3-4].

Fully automated process chains that are able of
producing various components without interruption are
suitable for the cost-efficient production. For economic
reasons, however, they are seldom applied when
producing light supporting structures due to their lack of
flexibility. Special devices or adapted machines are
required for the assembly of space frame structures.
Their application though is very expensive. To safeguard
profitability, it needs to be done without those devices in
the future. Therefore, the precise positioning of the

joining partners in space constitutes a central challenge
to the automated, flexible and to a great extent
fixtureless assembly [5-7].

The precise positioning may be realized with flexible
handling devices in combination with industrial robots.
However, industrial robots do not operate precisely
enough. They thus need to be supplemented by a
measuring system for determining the exact position of
the components to be joined. This scientific paper shall
present a system for the fixtureless positioning of
rotation-symmetrical components as well as its
employability [8].

2. Requirements and state-of-the-art

Systems for the three-dimensional measurement and
fixtureless alignment of joining partners must meet the
following requirements [8]:

e For the assembly of space frame structures the
position and orientation of several components must
be measured and aligned in 6 degrees of freedom (x,
y, z, A, B, C).

e Both, hardware and software must be useable for
different components without requiring a machine
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changeover or adjustments of the algorithms for the
evaluation of the measurement data in order to
provide maximum flexibility.

e The measurement and alignment of the 6 degrees of
freedom are also carried out for rotationally
symmetrical components, such as tubes or balls.

e The alignment process must be fail-safe and should
allow the alignment of joining partner without force
application, if possible.

Approaches that would meet these or similar
requirements for fixtureless assembly processes with
industrial robots have already been defined. However,
these approaches are generally limited to specific
applications and offer only limited flexibility. Some of
the most important approaches are presented in [9-12].
These approaches use optical measuring systems to
measure the spatial location and orientation of the
components. In most cases, the detection process for the
components is based on the identification of
characteristic features such as edges and bores. When
the shape of the component is known, it is possible to
define the spatial location and orientation of the
component based on this knowledge. Rotation-
symmetrical parts, such as spheres and all profiles with a
circular cross section, do not possess any characteristic
features that could be measured accurately for a
determination of the component orientation. Therefore,
these methods are unsuitable for these kinds of
components. Furthermore, the flexibility of the method
is limited because the algorithms used for measurement
data evaluation and sometimes also the hardware must
be adjusted whenever a new and different component is
handled [13].

To sum up, the most suitable approach responds to
the individual characteristics. However, there is no
approach that fulfils the demands of a fixtureless
assembly of rotation-symmetrical components.

3. Approach for the fixtureless positioning of
components

The following shall present an approach that allows the
exact positioning of aluminum extrusion profiles
towards each other as fixtureless as possible. The
profiles’ exact positioning during the assembly process
is achieved with a component inherent scale. This scale
is applied onto the extruded section’s surface with a
special marking laser in previously defined intervals.

Figure 1 shows the procedure for aligning the profile.
The components to be positioned are pre-arranged by an
industrial robot. Afterwards, the markings are read with
a stereo camera system and the positioning of the
components towards each other is evaluated. The
subsequent positioning of one component to another is
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precisely carried out by industrial robots. This process is
repeated until the final joining position has been reached
[11, [14-15].
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Fig. 1. Closed-loop system for three dimensional alignment of joining
partners (6 DOF) with the target value of less than 0.1 mm in Matlab
operation [8]

The following shall present the validation of the
approach. For this purpose, the accuracy of the detection
of the markings is determined first and the employability
is derived from this value afterwards. Finally, the
validation of the overall approach is presented.

4. Validation of the marking detection

In order to validate the process of the spatial
arrangement of joining partners without any fixtures, the
first step consists of performing a series of experiments
to define the accuracy and the maximum coverage of the
measuring system.

For the experiments, a stereo camera system was set
up. The stereo camera system for the experiments is
mounted on a five-axis micro-machine tool (figure 2).
This installation allowed moving the components, on
which the markings have been applied, and the
measurement system relative to each other in a highly
precise way. The markings for the experiments are
applied on a plane and a round (radius 40 mm)
aluminum part.
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Fig. 2. Test set up for validation measurement system

For testing the measurement system and the
measurement algorithms, the axes were examined
separately and the position and orientation of the
component are changed in steps of 5 mm and 5°, until
the marking that has been applied on the part can not be
captured anymore by the measurement system. The
measuring of the B-axis from the perspective of the
marking is performed by turning the component by 90 °
[13].

The average accuracy (mean deviation from the set
points) in determining the translational positions (X, y
and z) and the average accuracy in determining the
rotations (A, B and C) are shown in table 1 [13].

Table 1. Average accuracy

Plain surface Round surface

x direction [mm] 0,0077 0,0039
y direction [mm] 0,0066 0,0079
z direction [mm] 0,0219 0,0064
A rotation [°] 0,0397 0,0057
B rotation [°] 0,0673 0,0981
C rotation [°] 0,0886 0,0763

These findings illustrate that the positions of the
markings may be captured with an extremely high
accuracy. Thus, the stereo camera system is suitable to
be integrated into the overall approach.

5. Statistic validation of the overall approach

The wvalidation of the marking detection in the
measuring environment is followed by the validation of
the overall approach which is performed by an industrial
robot and a measuring device. The required tests are
carried out by a prototype relative to a real production
environment to implement the overall solution. For this

objective, the system’s smallest resolvable increment
was determined first.

5.1. Determining the smallest resolvable increment

The smallest resolvable increment of the movement
of the observed component is necessary for calculating
the joining elements’ trajectory when compensating the
deviations as well as for determining the termination
criterion when arranging the joining partners.

For this purpose, a straight round component with a
radius of 20 mm was first moved along the x axis of the
component marking in different increments. After that,
the same was performed for orientation A around the z
axis. The target values for the movement of the
industrial robot lay between 0.01 mm and 0.1 mm or
respectively between 0.01° and 0.1°. The actual distance
travelled was measured with the laser tracker. The laser
tracker’s accuracy lays at £16 pm. It should be noted
that the measurement uncertainty of the laser tracker is
not optimal for a desired alignment accuracy of joining
partners. The accuracy of laser tracker though is not able
to be achieved by other alterative measurement systems
such as mobile coordinate-index arm as well. However,
these measurement uncertainties are in an area which has
no decisive influence on the result analysis in this paper.
The measuring setup is depicted in figure 3.
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Fig. 3. Test configuration for validation of overall approach

This measurement setup positioned a straight round
profile with a radius of 20 mm in varying steps along the
x-axis. The target values were transferred to the
industrial robot and the distance travelled was measured
with a laser tracker. In this measuring setup, the smallest
resolvable increment to be determined lay at 0.02 mm
and 0.02°.

5.2. Spatial alignment of joining partners

The overall solution may be used for the exact
positioning of joining partners in space if the
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components to be joined can be moved in a translatory
and rotatory way with a defined amount. A statistical
analysis has proven the ability for positioning. For this
purpose, straight and bent round profile geometries were
used for validation. Different positioning movements in
the six degrees of freedom (x, y, z, A, B, C) are executed
with the measurement setup described above. After each
step, they are detected with the camera system and
measured with the laser tracker.

The results of the distance accuracy DA of the
covered increment are shown in table 2 together with the
empirical standard deviation s,. Furthermore, the
industrial robot’s actual movements are compared to the
control’s default values. This result is the value DI of the
industrial robots’ motion steps as well as the respective
empirical standard deviation s;.

Table 2. Reached accuracy for the straight round profile

x[mm]  y[mm] z[mm] A[?] B[] C[]
DA 0,002 0,001 0,021 -0,004 0,003 0,005
Sa 0,008 0,009 0,028 0,008 0011 0,050
DI 0,000 0,005 0,018  -0,002 0,001 0,002
51 0,008 0,011 0,024 0,007 0007 0,026

The key wvalues for determining the approach’s
employability were determined with the test set up
shown in figure 3.

The determined values of the distance accuracy of the
industrial robots’ motion steps suffice for guaranteeing
the approach’s functionality. On average, the values for
the reached distance accuracies lay at 0.005 mm
(translations) and 0.065 ° (orientations). The permissible
joint gap for the alignment of joining partner lays at
+0.1 mm. Thus, the reached distance accuracy results to
be far better than the minimum requirements.

6. Examples of application

Different joining partners were selected and
examined in order to validate the approach with real
joining examples. Figure 4 depicts four typical types of
joints of supporting structures. These supporting
structures are only suitable for force free joining
processes for example laser beam welding. Thus, friction
stir welding is restricted [16].

The respective tests were carried out with the
previously described prototypical test stand designed for
actual production conditions.

Butt joint Connection assembly

Butt joint Connection assembly

Fig. 4. Different connection types

In the final validation step of the solution for the
fixtureless, automated spatial alignment of joining
partners, the solution was applied for four connection
types that are relevant for frame structures. All tests
proved the employability of the solution for the
alignment of joining partners towards one another.

After the alignment process, the maximum remaining
gap between the joining surfaces measured 0.05 mm. On
average, a remaining gap of 0.02 mm was achieved.
Thus, this value lies fundamentally below the maximum
permissible joint gap for joining operations of +0.1 mm.
This alignment accuracy allows higher assembly
accuracy in compare to a conventional alignment with
industrial robots. In General, the alignment of joining
partners is conducted very close to the joining area. The
tolerances of components have, therefore, a small impact
on alignment accuracy [8].

7. Summary

A novel approach for the spatial alignment of joining
partners has been developed at the wbk Institute of
Production Science for the assembly of frame structures.
The approach allows the alignment of joining partners
without the use of fixtures. It is based on component-
inherent markings. The approach entails the mathematic
description of extrusion profiles on the basis of 3D
coordinate systems, the design, detection and evaluation
of component-inherent markings and an algorithm for
the alignment of the component position.

The fact that component-inherent markings applied to
the component surface are used represents an advantage
because the location and orientation of rotation-
symmetrical profiles, which are often used for frame
structures, can be identified accurately.
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