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Abstract

In this paper an approach for a precise assembly of space-frame-structures is presented, while each of the single components
features production-related deviations. The first section shows the results for the compensation of production-related deviations for
dimensionally curved profiles in a space-frame-structure. The actual approach deals with the machining of the profile-end
segments. Thus, the spatial alignment of the entire profile-contour can be optimized and therefore be adjusted to the theoretical
profile-contour. In the second section, a flexible clamping-gripper for the assembly of space-frame-structures is presented. With this

gripper, it is possible to handle and clamp different profiles for a certain assembly process.
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1. Introduction

Due to rising energy prices as well as the overall
effort to increase energy efficiency, light weight
concepts will play a decisive role in the reduction of fuel
consumption [1]. Space-frame-structures made by
joining aluminum extrusion profiles, which are
increasingly used in the automotive and aerospace
industries, significantly contribute to weight reduction
and therefore to the increase of energy efficiency [2].

Because of the tendency of product customization,
which leads to an extended product variety, the
production process is more and more shifting towards a
small batch production [3]. Within a high product
variety, the assembly is still one of the most cost
effective operations [4]. Therefore, the individual
assembly processes have to be made more flexible and
adaptable [3].

The assembly of space-frame-structures in a small
batch series is mostly done manually and with the help
of cost intensive devices which often make up 10-20 %
of the total production cost [5]. The demand for a high
reproducibility during the assembly of a space-frame-

structure is often impossible to guarantee by a manual
process [6]. Therefore, the automated assembly is
preferred because of quality and economic aspects [7].

Concerning space-frame-structures, the number of
joints should be minimized as they usually represent a
mechanical weak spot. Therefore, as well as for
economic reasons, the number of profiles used in a
space-frame-structure is minimized which increases the
geometric complexity of the individual profiles [8-9].
One possibility for the production of complex three-
dimensional aluminum profiles is the process “curved
profile extrusion” [1], [10].

In general, production processes are subject to
variations and can never be considered as perfect [11].
Therefore, certain deviations from the target geometry of
the single components may occur when using new and
innovative production processes for a small batch
production, as the leveling of these processes to increase
the stability is not possible, or only in a limited way, due
to economic reasons [12]. The quality of the single
components is normally very important especially for
the assembly of space frame structures in order to
guarantee their functional completion and assembly
requirement. Hence, the consideration of relevant
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existing deviations of each single profile occurring while
assembly has to be performed.

Concerning the assembly of space-frame-structures,
two main issues arise, as the existing deviations can add
up during assembly in such a way, that a “closing” the
structure is only possible to a limited extend. If a
flexible, automated assembly without specific devices is
aspired, it becomes evident that the assembly will not be
possible without any measures to increase the accuracy.
A manual assembly process performed with specific
rigid devices may cause a “forced closing” of the
structure, which leads to the insertion of residual stress
and therefore to a negative impact on the fatigue strength
[12].

Depending on the area of application, approaches to
minimize the effects that cause deviations are not
sufficient, since due to the processes not all influences
can be detected [13]. Given that, as well as the fact that
accuracy problems are often not recognized until the
components are assembled [14], it becomes evident that
advanced measures have to be implemented and the
inline-quality control should be conducted in order to
ensure an automated and flexible assembly process.

1.1. General Approach

The machining of the end sections of single profiles is
a flexible and economical way to compensate production
related deviations and therefore to increase the accuracy
of a space-frame-structure.

Two different machining possibilities can be executed
on a profile. The first option is the shortening of the
start- and end-sections of a profile, which represents two
translational degrees of freedom. The other possibility is
to insert a chamfered edge at the start section of the
profile, which allows a spatial rotation of the profile and
thus represents the rotational degrees of freedom for a
profile. Combined, this is a flexible way for adjusting an
actual-profile to a target-profile, which allows a
compensation of deviations and therefore, to increase of
the accuracy.

Figure 1 illustrates the context schematically, by
taking a two-dimensional profile that is fixed to a panel.
Compared to the target-profile, the actual-profile shows
deviations regarding the length as well as the profile-
contour (fig. 1, top). By cutting the beginning and the
end of the profile and adjusting an angle at the beginning
of the profile, the optimized profile (fig. 1, bottom) can
be aligned spatially in a way that the deviation of the end
points and the contour can be minimized. Consequently,
the profiles can be adapted individually and the accuracy
of the space-frame-structure can be increased [9], by
applying the following procedural method.

The measurement data of the actual-contour is
available for all profiles which are assembled into a

space-frame-structure. With this data, the mathematical
modeling can be performed. With the help of a virtual
assembly, all deviations regarding the length as well as
the contour can be analyzed. This allows the
determination of all errors that occur when “closing” the
space-frame-structure. These errors are subsequently
minimized by an optimization with respect to basic and
boundary conditions. The processing parameters are
calculated in a last step.
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Fig. 1. Compensation of contour deviations in any of spatial directions
by machining profile end segments

The mathematical modeling as well as the methodical
is already shown extensively in [9] and [12]. For this
reason, the next paragraph will focus directly on the
results regarding the demonstration structure used in the
Transregiol0, a German-collaborative research center on
behalf of the German Research Foundation (DFG) [9].

2. Results for the compensation of deviations

Figure 2 shows the virtual assembly of the
demonstration structure for the Collaborative Research
Centre Transregio 10. The structure contains twenty
profiles and eight joining elements. All profiles were
manufactured by using “curved profile extrusion” and
measured after the production process. The joining
elements are always considered to be perfect, as they are
manufactured with a high accuracy. Therefore, the
theoretical contour of the joining elements is used in the
virtual assembly.
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These points are distributed over the
whole profile and therefore, specify the
contour-accuracy of a profile. The
deviations of these points are displayed in
table 2.

As already described in [9], the
optimization of the profiles is generally
carried out based on the least squares
approach which is fundamentally the
minimization of a function generating the
sum of squares as following:
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Fig. 2. Virtual assembly of demonstration structure before
optimization; the critical positions regarding added deviations by
closing the structure (in circles) and the added deviations (in squares)
(rearrange fig.2)

All profiles of the demonstration structure shown in
Figure 2 feature deviations regarding their contour and
length. In general, the deviations of the single profiles
resulting from the comparison of their theoretical-actual-
contour recline around / to 3.5 mm regarding length and
contour accuracy. Caused by an addition of these single
errors, maximum deviations up to /5 mm arise (see fig.
2). Because of these added deviations, problems in
“closing” the structure, or sub-parts of the structure,
arise at different positions, which are emphasized in the
red boxes in figure 2. The deviations of the end points
for profile 1 to 3 are shown in table 1.

Table 1: Deviations of end points in [mm]

Profile  x-deviation  y-deviation  z-deviation  res. deviation
1 0.983 8,379 1,138 8,513
2 0,167 6,589 1,465 6,752
3 1,434 9,259 2,563 9,714

Besides the deviations of the end-points of a
structure, it is also important to ensure a high accuracy
of the whole structure. On profile 3, four additional
contour-points are shown. A subsequent optimization of
these additional points is implemented.

Table 2: Deviations of all points on profile 3 in [mm]

Points  x-deviation  y-deviation  z-deviation  res. deviation
1 0,024 6.194 0.448 6,210
2 4,115 7,173 0,258 8,295
3 6,901 2,843 0,252 7,449
4 4,100 1,300 1,667 5,015

between an individual point on a profile
selected to optimization and the fitted point given by a
theoretical contour.

In the subsequent optimization of the additional
points, all end points compose the target function. A
specific number of contour-points can be taken into
consideration as side conditions, depending on the
accuracy requirements of a specific profile. With these
side conditions, it is also guaranteed, that specific points
or areas on a profile match pretended accuracy. For
example, if there are any cut-outs on a profile which
represent the connection-section for another component,
these points always have to be part of the optimization.
After the optimization, the processing data can be
generated.

Figure 3 shows the structure after the optimization of
all profiles. In the present case, all profiles were
optimized with respect to the distance of their end points
regarding the theoretical-contour.

Additional, between 1 and 4 contour points were
selected on each profile to achieve a high accuracy of the
whole structure. As it can be seen in figure 3, the
deviation could be minimized over the whole structure.
Especially in terms of “closing” the structure and sub-
parts of the structure, a significant increase of the
accuracy was accomplished. Besides this improvement,
the accuracy of the whole structure was increased as
well. In table 3 the deviations of the end points of profile
1 and 2 after the optimization are displayed.

In General, the accuracy requirement by each joining
process is different. One joining process of space frame
structures which is frequently used is laser welding. The
process required accuracy in term of the maximum
allowed gap by laser welding is 0.2 mm [7]. Thus, an
alignment of the joining partners has to be very accurate
in order to ensure that the required tolerances are met.
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Fig. 3. Virtual assembly of demonstration structure after optimization;
the critical positions regarding added deviations by closing the

structure (in circles) and the added deviations (in squares)

Table 3: Deviations of end points after optimization in [mm]

Profile  x-deviation  y-deviation  z-deviation  res. deviation
1 0,0016 0,007 0,022 0,023
2 0,464 0,348 0,409 0,712
3 0,300 1,700 0,968 1.981

In table 4 the deviations of all contour-points of
profile 3 after the optimization are displayed.

Table 4: Deviations of all points on profile 3 after optimization in [mm]

Point x-deviation  y-deviation  z-deviation  res. deviation
1 0,005 0,692 0,002 0,692
2 0,210 0,304 0,049 0,373
3 0,400 0,155 0,284 0,514
4 0,200 0 1,059 1,078

The results show that the machining of the profile end
sections is a flexible way to compensate production
related deviations. By executing the methodical
procedure, the accuracy of the demonstration structure
could be increased significantly. Thus, the requirement
for an automated assembly of space-frame-structures
without specific devices is given.

3. Flexible clamping-gripper for the assembly

As already stated, the automated assembly of space-
frame-structures is preferred because of quality and
economic aspects. One way to align the joining partner
without specific devices and therefore automate the
assembly is to use industrial robots.

Given the fact, that accuracy problems for the
assembly that result from the production process are
under control by using the introduced method, there are
still deviations, which are caused by the accuracy of the
robot as well as errors resulting from the impreciseness

of gripping a joining partner. However all types of errors
combined add up to deviations higher than / mm at the
joining spot for each profile. Therefore the achievable
alignment is not sufficient for the required joining
process [7]. For the assembly with industrial robots, an
additional system with a higher accuracy is required, to
ensure the correct alignment of the components.

Therefore, an approach based on component inherent
markings was developed at the wbk Institute of
Production Science. The markings, which are applied on
the profile during the production process “curved profile
extrusion”, represent a 3D coordinate system. During the
assembly process, two profiles are roughly arranged and
the markings can be captured with a stereo camera
system. Therefore, the position and orientation of the
components can be determined precisely. Afterwards the
deviations between the two joining partners can be
determined and with the help of an implemented close-
loop-control, the industrial robots can execute a
compensation-movement to align the joining partners
precisely. The approach has been validated in first
experiments, where one profile was aligned with an
industrial robot, while the other profile was fixed in
device. Details can be found in [7].

Even the renouncement of specific devices demands a
fixation of the joining partners during the joining-
process. Thus, the use of one clamping-device is
essential. The device must have a maximum flexibility
while ensuring that the two joining partners can be
aligned precisely to each other. For this reason, a
clamping-gripper was developed at the wbk Institute for
Production Science which offers both, a high flexibility
in regards of different connection-types as well as the
ability for a precise alignment. Therefore, the stereo-
camera system, which forms a closed-loop control in
combination with the component-markings and the
industrial robot, was integrated in the clamping-gripper.
Figure 4 & 5 show the prototype of the clamping-device.

The gripper has the shape of square and is mounted
on an industrial robot. The stereo camera system is fixed
on two linear axles. Therefore, a large workspace is
created and various types of profile-joints can be
processed. In addition it is possible, that the camera can
always be aligned perfectly in focus to the profiles.

To create different profile-joints, it is also necessary,
that the clamping devices can be adjusted in the
workspace. Therefore, the two devices are mounted on
two axles on the lower side of the framework, which can
be moved independently to the camera-axles. To be able
to perform profile connections between 0° and +/~ 90°,
the two clamping devices can also rotate around the z-
axis. Figure 5 illustrates the described context and shows
two exemplary connection-types.
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Fig. 4. Prototype of the flexible clamping gripper.

A profile-profile connection with an I-joint, where both
clamping devices have the same position and orientation
(top) and a profile-profile connection with a T-joint
(bottom), where both devices differ in position and
orientation. Indirect profile-connections with the help of
connection components may also be performed with the
gripper. The shown structure therefore has high degree
of flexibility regarding different profile connections.

The actual process for the alignment of two profiles
contains six steps.

e The data for programming the industrial robots
and the gripper is determined from an offline
model. From this model, the data for the motion
of the robots as well as for the individual axles of
the gripper are identified.

e Afterwards, profile 1 is set up and fixed within
the clamping device.

e  Profile 2 is positioned. Here, the profile is not set
up in the exact target-position but placed with a
safety distance to avoid collisions, that may
result from deviations of the robot as well as the
impreciseness of the gripping spot for a profile.

o The markings of both profiles are detected and
the deviation between the two joining partners is
calculated.

e With a closed-loop control, profile 2 is then
aligned precisely with profile 1.

J. Fleischer et al. / Procedia CIRP 18 (2014) 226 — 231
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e In the last step, profile 2 is fixed with the
clamping device for a possible joining-process of
the profiles afterwards. The required force for
individual profiles’ fixing are not hereby
precisely specified, since possible effects on a
profile in terms of elastic deformation are not the
main purpose of this presenting paper.

Rotation of clamping devices

Fig. 5. Alignment of clamping devices for different profile-connections

The camera system and as well as the clamping-
gripper were both already tested separately. Here, the
precise alignment of two profiles by using component
inherent markings has been proven successfully [7]. The
components of the clamping-gripper were calibrated,
thus allowing an exact positioning of the clamping
devices as well as the camera. By the integration of both
systems on an industrial robot, the coordinate system
defined by the camera can no longer be served as the
reference base for the used robots, as it is now spatially
moved as well.

Current research 1is therefore focused on the
calibration of the entire system, consisting different
axles of the gripper, the industrial robots as well as the
camera. For this purpose, a base-coordinate system has
to be defined, in which the camera coordinate system
can always be definitely determined. Therefore, the
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same basis-coordinate system is assigned to each
industrial-robot. Subsequently, the position information
of every axis of the clamping-gripper, as well as the
position of the robot the gripper is mounted on, is read-
out and converted to the basis-coordinate system. Thus,
all calculated deviations and the compensation
movement of the robot can be determined with respect to
the common base.

First tests for the calibration of the whole system
were successfully, but further measures to increase the
accuracy of the whole system are planned in order to
realize the entire process properly.

4. Summary and Outlook

In this paper an approach for a precise assembly was
presented, which addresses two main issues.

Regarding production-related deviations of single
components that may add up during the assembly and
therefore, prevent an automated “closing” of a space-
frame-structure, a new approach for the compensation of
these deviations was presented. The general approach
contains the machining of the profile end segments
which allows a spatially alignment of the profiles and
therefore, leads to an optimization of the whole structure
regarding the accuracy.

Controlling these deviations, single profiles have to
be aligned and fixed precisely for an assembly. With the
use of industrial robots for the assembly, challenges
arise regarding the accuracy of this process-step. For this
reason a flexible clamping gripper was developed. The
gripper features a stereo camera system, which is used to
detect component inherent markings on the profiles.
Therefore, deviations during the alignment process can
be detected. A closed loop control between the camera
system and the industrial robot allows the compensation
of deviations during the process.
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