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Abstract: In the automotive industry, 3D laser scanning is the most frequently used method to check
the geometry of the shape and dimensions of a body in individual stages of production, where the
scanned model is compared in a computer model. This procedure identifies excessive deformations
around the roof antenna of an SUV. The manufacturer assumed that these deformations occurred
during the antenna assembly process. An analysis of possible causes of deformation occurrence was
performed based on the comparison of results obtained by numerical and experimental modelling.
Experimental measurements using tensometry performed on a painted and unpainted roof structure
showed the effect of paint reinforcement on deformations around the antenna. Based on the analysis
of results obtained directly under operational load, it was found that the installation of the antenna
was carried out on the already deformed roof plate and the installation process itself was not the
primary cause of the identified excessive deformations. The presented results of deformation and
stress analysis document deeper connections between the measured displacements of 3D scanning
and the technological process of component production itself. The use of the achieved results should
especially help designers, calculators, technologists as well as production quality controllers.
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1. Introduction

Technological processes of processing especially thin sheets in the automotive industry are often
associated with excessive deformations of components, which on the one hand may not be dangerous
in terms of safe and reliable operation, but their presence is undesirable from a visual (esthetic) point
of view. Undesirable deformations are related not only to technological operations of cutting and
processing but also to residual stresses in materials [1–3]. With the introduction of automation to
technological processes, car manufacturers are trying to introduce new elements to control the geometry
and shape of components in order to ensure trouble-free assembly or minimization of errors during
handling [4–6]. The achieved accuracy affects, for instance, the quality of component joints in terms of
required strength and functionality, etc. The paper describes the analysis of the occurrence of excessive
deformations, which were identified during the installation of the roof antenna. Figure 1 provides
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examples of various locations and methods of antenna mounting. When studying Figure 1, it is clear
that the attachment points of antennas are different in terms of size and shape of the plate.
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Figure 2. Examples of different variants of antenna mounting: (a) first variant; (b) second variant. 

At first glance, the installation of a roof antenna is a simple operation, but during its realization, 
visible deformations may occur, which will ultimately significantly affect the customer’s first 
impression when buying a car. On the other hand, it should be mentioned that the price to achieve a 

Figure 1. Examples of roof antennas—different sizes, shapes and locations.

Each manufacturer tries to implement their own “Know How” in their products and thus create
products which are unique not only at first glance, but also in production and assembly technology.
As different antenna shapes are created depending on the design or functionality, different types of
mounting for the respective antenna are also created. The size of the antenna shape depends on the
possibility of its use, whether it has a built-in GPS receiver or a basic AM/FM receiver [7]. The two
antenna-mounting procedures are shown in Figure 2. The first is the attachment of the upper part of
the antenna inserted into a predefined hole by locking the screw mechanism from the underside of
the roof (Figure 2a). The second possible alternative is to attach the antenna, which consists of two
parts—the core and the cover—with screws from the underside of the body (Figure 2b).
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Figure 2. Examples of different variants of antenna mounting: (a) first variant; (b) second variant.

At first glance, the installation of a roof antenna is a simple operation, but during its realization,
visible deformations may occur, which will ultimately significantly affect the customer’s first impression
when buying a car. On the other hand, it should be mentioned that the price to achieve a perfect shape
and surface is often too high and therefore it is necessary to find a compromise (boundary) between
perfection and acceptability.
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Constant demands on the innovation of the body shape from the customers’ side brings several
problems for the designers; it is possible to include the design of technical solutions that can be used
for several car models without significant changes. Adjusting the shape and dimensions of the roof
is one of these components, because it is made of thin sheet metal, which needs to be reinforced in
selected places. The places, shape and method of attachment of reinforcing elements must be consulted
not only with the production technologist, whether the proposed solution is technically possible to
produce, but also with the economist to assess the economic side of production, etc.

To reduce excessive deformations, reinforcement elements are most often used, the shape and
method of attachment of which are currently designed primarily using the means of numerical modelling.
A car body, however, is a complex construction, where every small change can cause considerable
complications in the assembly process. Therefore, where possible, experimental measurement tools
based on different physical principles are used to verify the results of numerical modelling [8]. As for
the dimensions or shape of inspected components, laser methods are most often used. With the
development of modern measuring devices, we can observe a significant advent of powerful measuring
devices enabling 3D analysis of components in real time [9], including outputs in a format that can be
relatively quickly and easily compared with numerical modelling results.

It should be noted that, in the case of numerical modelling, it is often an investigation of an
ideal model, where the results depend on the input parameters defined by the designer. In the best
case, information obtained from experimental measurements on real products is needed, otherwise
tabular values are used. In some cases, the problem of defining the required parameters is mainly for
modern (developed) composite materials, which mechanical properties are not known for all stress
(loading) states or types of stress [10,11]. The designer must always keep in mind that any small change
(modification) of one component may adversely affect the functionality of another and thus endanger
the safe and reliable operation of the entire mechanism.

The presented paper describes the methodology of experimental verification of the occurrence
of excessive deformations on the roof of a car, which were identified around the roof antenna.
The assumption was that the main cause was the process of tightening the screw to fix the antenna.
The proposed methodology was based on a deformation-stress analysis determined by numerical
modelling. Subsequently, displacements around the antenna before and after its assembly were
experimentally determined with a Leica 3D measuring scanning device. To validate the achieved
results, a strain gauge method was used, which allowed us to measure strain in selected locations
under operational loading. Based on the comparison of the obtained data, the influence of antenna
assembly on the occurrence of excessive deformations was assessed.

2. Checking the Geometry and Shape of the Assessed Car Roof

2.1. Light Reflection Method

For the immediate identification of undesirable inequalities on equal or relatively curved surfaces,
a relatively simple method is used, based on observing the reflection of parallel black and white
stripes. If the reflected bands are parallel, the area to be assessed does not show the presence of
undesirable defects.

Process for inspecting the shape of the roof surface in the vicinity of the antenna under consideration
after installation is shown in Figure 3. From Figure 3 it is clear that the areas with the most visible
deformations around the opening have been covered by the upper part of the antenna, but the curves
of the black and white stripes are still visible to the naked eye on the sides.
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Although the undeniable advantage of this method is the speed of measurement, it does not
provide accurate quantitative data on the shifts needed for a deeper analysis of the problem. However,
the patterns obtained may help to validate the results obtained by other methods, whether using
numerical or experimental modelling.

2.2. Laser Tracker Systems

The optical laser method called laser tracker systems is currently a standard part component of
automated lines, especially in automotive plants. It is one of the most accurate and fastest methods for
analyzing the unevenness of complex components. Scanning 3D objects is used, for example, to check
tolerances of individual dimensions in real time. The measuring set used consists of a static part of the
Leica Absolute Tracker AT960 and a portable Leica T-Scan 5 [12].

The apparatus enables data collection at a speed of up to 160 lines per second, or up to 210,000 points
per second. The identification of the position in space is realized on the basis of reflection of the
laser beam from the optical system of mirrors, which are distributed around the entire circumference.
The greatest advantage is the possibility to measure various types of surfaces—from matt to reflective.
The computer software then evaluates measured data and, by comparing them with model values,
deviations are determined at analyzed points. The accuracy of the equipment specified by the
manufacturer is ±60 µm to a distance of 8.5 m.

The main advantage of the device is not only the compact character and easy operation,
but the possibility to validate measured dimensions of the real product with a software 3D model
at predetermined points. Figure 4 shows a process of measuring displacement of the analyzed roof
before mounting the antenna. Figure 5 shows the measured fields of roof displacement before and after
mounting the antenna. The displacement measurement points were selected so that it was possible
to compare the change near the hole (points 1 to 20) but also in the vicinity of the antenna cover
(points 21 to 38).
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Figure 5. The displacement fields measured by Leica T-Scan 5: (a) before mounting antenna—stage 1;
(b) after application the strain gauges—stage 2; (c) after mounting antenna—stage 3; (d) after
unmounting antenna—stage 4.

Table 1 compares displacement values at selected locations according to Figure 5. In the case of
measurement after installation, the area under the antenna cover was not evaluated (stage 3). Places
where displacements have not been evaluated (measured) are marked in gray.

Table 1. Displacement values in selected places in individual stages of mounting.

Measuring Place
Displacement (mm)

Measuring Place
Displacement (mm)

Stage 1 Stage 2 Stage 3 Stage 4 Stage 1 Stage 2 Stage 3 Stage 4

1 0.75 0.72 - 0.74 21 0.55 0.54 0.44 0.62
2 0.76 0.71 - 0.74 22 0.53 0.55 0.45 0.60
3 0.77 0.70 - 0.75 23 0.57 0.57 0.56 0.57
4 0.76 0.71 - 0.75 24 0.61 0.59 0.74 0.64
5 0.72 0.68 - 0.71 25 0.68 0.67 0.81 0.70
6 0.76 0.72 - 0.74 26 0.75 0.76 0.89 0.78
7 0.76 0.74 - 0.77 27 0.81 0.81 0.87 0.87
8 0.83 0.79 - 0.82 28 0.85 0.85 0.85 0.94
9 0.89 0.86 - 0.89 29 0.89 0.89 0.91 0.96

10 0.94 0.91 - 0.93 30 0.90 0.93 0.88 0.98
11 0.94 0.91 - 0.92 31 0.89 0.89 0.91 0.96
12 0.94 0.90 - 0.93 32 0.85 0.85 0.92 0.94
13 0.92 0.88 - 0.92 33 0.83 0.81 0.89 0.90
14 0.88 0.82 - 0.87 34 0.78 0.75 0.99 0.84
15 0.82 0.75 - 0.82 35 0.73 0.67 0.97 0.79
16 0.81 0.74 - 0.81 36 0.67 0.64 0.94 0.73
17 0.76 0.75 - 0.75 37 0.60 0.64 0.71 0.64
18 0.79 0.75 - 0.78 38 0.57 0.61 0.59 0.64
19 0.76 0.72 - 0.79
20 0.78 0.73 - 0.78

Deviations of values between individual stages are given in Table 2. Three stages were analyzed.
The first stage was represented by deviations of displacements after the application of strain gauges to
the unloaded roof (2/1). The second stage was the comparison of the displacement after the antenna
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mounting with the state after application of strain gauges (3/2). At this stage, it was not possible to
evaluate deviations at locations 1 to 20. The last step was to compare values of displacements after
disassembly of the antenna against the state after application of sensors—i.e., with the conditions
before antenna mounting (4/2). An interesting fact was the finding of deviations in the same operation
in both directions. The most important fact is that significant deviations occurred after the installation
of the antenna in places 34 to 36, where the difference in values reached almost 47% (in absolute terms,
the difference equals 0.3 mm). Nevertheless, this condition is not critical for the assessment of car
operation safety, but these deviations may already be visible to the eye.

Table 2. Displacement deviations between individual stages of antenna mounting.

Measuring Place
Deviation Interval of Measured Values (%)

2/1 3/2 4/2

1–20 <1.32; 9.09> Not evaluated <−9.72; 0.0>
21–38 <−7.0,2; 8.22> <−46.88; 18.52> <−17.91; 0.00>

For easier interpretation of numerical values given in Table 1, a displacement filed can be
used (Figure 5). From the asymmetrical distribution of the displacement fields, it is clear that the
deformation of the sheet metal registered before the actual assembly of the antenna is different on
the right and left side. The cause of the detected phenomenon is most probably due to some of
the previous technological operations, whether cutting the hole, fixing the reinforcing elements by
welding, connecting the roof to the supporting structure of the car, etc. Although the manufacturer
tried to achieve the required accuracy during the production of its products, it still varies within
certain tolerances. The basis on which the criteria for the specific intervals is determined and whether
they are sufficient are still questionable. The answers to these questions make it possible to obtain
experimental measurements based on other physical principles carried out on real components. On the
one hand, their implementation provides the possibility of validating theoretical values, but it must
be borne in mind that experimental measurements have their limitations. A great advantage of
experimental measurements is the acquisition of data in the so-called operational loading, which is
often time-consuming and costly. In this case, a strain gauge method was chosen to validate the
measured data.

3. Experimental Measurement

3.1. Design of Methodology for Experimental Measurement of Deformations in Selected Places

The advantage of experimental measurement is that it allows the consideration of real boundary
conditions including constrains, dynamics loading and other operational influences [13–16]. The strain
gauge method was proposed for experimental measurements. At selected locations, values of reduced
stresses were recalculated from relative values and were compared.

A strain gauge method was proposed for experimental measurements. The aim was to compare
values of measured strain in selected places with values determined by numerical modelling.
The application points of strain gauges were placed symmetrically along the axis parallel to the
longer side of the roof (Figure 6). Since the stress in question was not known in advance, strain gauges
RY91-10/120 were used. The deformation sensitivity constant was ka = 1.98 ± 1%, kb = 2.04 ± 1%
and kc = 2.05 ± 1%. Each grid was connected in a quarter-bridge. A Quantum MX840 strain gauge
(manufactured by HBM) with Catman software evaluation was used for operational measurements.
Since a quasi-static load was considered, a sampling frequency of 50 Hz was set. The aim was to compare
values of measured reduced stresses in selected places with values determined by numerical modelling.
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The aim was to compare the values of relative deformations εa, εb, and εc in locations BL1, BL2, BP1, 
BP2, CL1, CL2, CP1, and CP2 at unit load caused at the location of the antenna mounting hole 
(Figure 8). Five repeated measurements were performed. The time courses of the measured relative 
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3.2. Realization of Experimental Measurement

3.2.1. Test Measurement at Unit Load

Experimental measurements were performed on three different roofs of the same car model.
Two roofs were painted and one was unpainted (Figure 7). It should be noted that these roofs are not
the same. Marking A—painted roof, in selected places material was taken for other mechanical tests.
Marking B—unpainted roof. For this reason, roofs A and B were used for preparatory experimental
measurements; therefore, only four strain gauges were applied. The measured results were not
compared with numerical modelling, as the model with the collected material was not used in the FEM
(Finite Element Analysis) analysis. The third roof marked C corresponds in shape to the numerical
model, so that the measured values were compared with FEM analysis. In this case, strain gauges
were applied at six locations. In order to ensure the same operating conditions, one person used the
same type of antenna and the same tightening procedure in all cases. Figure 8 shows a view of the
applied strain gauges on the analyzed roofs.
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The following presents the results of tensometric measurements performed on roofs B and C.
The aim was to compare the values of relative deformations εa, εb, and εc in locations BL1, BL2, BP1,
BP2, CL1, CL2, CP1, and CP2 at unit load caused at the location of the antenna mounting hole (Figure 8).
Five repeated measurements were performed. The time courses of the measured relative deformations
are shown in Figure 9.
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From the measured strain εa, εb, and εc, the values of the principal stresses were calculated
according to Equation (1)

σ1/2 =
E

(1− µ)
εa + εc

2
±

E√
2(1 + µ)

√
(εc − εb)

2 + (εa − εb)
2, (1)

where E is Young’s modulus and µ is Poisson’s ratio, and subsequently, using Equation (2), the values
of equivalent stresses according to von Mises theory were determined

σHMH
red =

√
σ2

1 + σ2
2 + σ2

3 − (σ1σ1 + σ2σ3 + σ1σ3). (2)

where σ1, σ2, and σ3 are principal stresses.
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The values of the main normal stresses and reduced stresses according to the von Mises theory
are given in Table 3 to compare the stress states on roofs B and C under the same load.

Table 3. The values of normal stresses and reduced stresses at unit load according to Figure 10.

Measuring Place σmax (MPa) σmin (MPa) σred (MPa)

BL1 1.83 −0.51 2.13
BL2 2.55 −2.21 4.12
BP1 2.12 −0.91 2.69
BP2 2.65 −2.50 4.46
CL1 1.72 −0.55 2.05
CL2 5.22 0.26 5.09
CP1 1.61 −1.16 2.41
CP2 5.77 0.92 5.36
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From the above values it follows that:
In place 1, in both cases (roofs B and C), the values are significantly lower compared to values in

place 2, while on the painted roof (roof C) there are larger percentage differences; in the places on the
left side, the measured values are lower than on the right side in the case of both painted and unpainted
roofs, which is most likely closely related to the shape of the roof (see Figure 6—displacements
determined by 3D scanning).
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In the next step, a strain gauge measurement was performed under load at 11 locations, see
Figure 8. Figure 10 shows time records of relative deformations under unit load at locations I to XI.

The mentioned measurement was performed in order to document the influence of the operating
load on the stress in various places of the roof structure. The disadvantage of the measurement is that
the values can be evaluated only in places of applied strain gauges (it is not a full-area analysis as in
the case of optical methods). On the other hand, as can be seen from the above curves (Figure 10),
strain gauges are extremely sensitive and even very low stress levels can be evaluated. In this case, the
stress values for individual modes were not compared. The aim of the measurement was to verify
the functionality of the applied strain gauges before the actual measurement at the operational load,
which was the installation of the antenna.

3.2.2. Operational Measurement—Antenna Mounting

After performing tensometric measurements at the so-called unit load, the measurement was
performed during the actual assembly of the antenna. As part of this measurement, displacement
measurements were also performed by the Leica device, which required surface preparation (spray
application) in the measurement area (Figure 11). The connection of the strain gauges and the setting
of the sampling frequency were identical to the test measurement.
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The time record of the strains during antenna mounting on the unpainted roof B is shown in
Figure 12 and on the painted roof C in Figure 13. Since the assembly tightening process can be
considered a quasi-static loading phenomenon, the sampling frequency was set to 50 Hz. Significant
peaks corresponding to sudden changes (e.g., at 43 s), such as object impact, etc., do not affect the value
after tightening (in 195 s). The description of the individual stages of measurements is as follows:

1—setting the antenna to the mounting position,
2—tightening the nut,
3—stabilization of measured values,
4—loosen the nut,
5—antenna removal,
6—spray application for surface scanning (this phase was carried out only on the painted roof C).
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The procedure for evaluating the measured strains was identical to that of the test measurement.
The values of the normal stresses and reduced stresses for the state after antenna assembly (stage 3)
calculated according to Equations (1) and (2) are given in Table 4.

Table 4. Values of normal stresses and reduced stresses after antenna mounting.

Measuring Place σmax (MPa) σmin (MPa) σred (MPa)

BL1 −1.94 −7.50 6.74
BL2 3.93 −7.33 9.90
BP1 1.88 −6.37 7.48
BP2 0.68 −7.18 7.54
CL1 −3.14 −10.22 9.07
CL2 −0.39 −12.58 12.39
CP1 −5.31 −15.97 14.09
CP2 −2.69 −15.53 14.38

Figure 14 shows a graphic interpretation of direction of normal stresses in measuring places after
antenna installation (Figure 13—stage 3), calculated according to Equation (3)

tanϕ =
2εb − εa − εc

εa − εc
. (3)
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The advantage of strain gauge measurements under operational load is the possibility of validation
of the results with numerical modelling. The difference is mainly in boundary conditions. Experimental
measurements are performed on a real model with real bonds, while numerical modelling depends on
the definition of bonds, contacts, etc. The disadvantage of the strain gauge measurement is the
evaluation of deformations and stresses only in places of applied gauges, while numerical modelling
allows examination in any place. At present, numerical modelling methods are most often used in
the selection of experimental evaluation sites. When it is not possible to obtain necessary information
by the above procedure, the experimenter’s own experience plays an important role. There are
certain dependences between deformations and stresses, which was also confirmed by the results of
tensometric measurements. However, it should not be forgotten that stress levels in the material of real
structures and equipment, in addition to the load from operation, also consider residual stresses from
production. In the case of thin sheets, these can result in higher levels of deformation.

4. Deformation and Stress Analysis Using Numerical Modelling

Experimental measurements showed that stresses on the right and left sides of both painted
and unpainted roofs showed significant deviations. The aim of numerical modelling was to show
that with symmetrical geometry of the roof structure and the attachment of the antenna on the axis
of symmetry, uniform loads are assumed on the right and left side of the roof. For the numerical
simulation by the finite element method, a real roof model was used. As already mentioned in Section 2,
the control of a real model with a computer model is currently realized in the real part by 3D scanning
of shape and dimensions. However, it is necessary to consider what the device is measuring and
what are the measured values compared to, or how it should be proceeded in case of optimization
of the production process, etc. We do not address this part in this paper. Numerical modelling
can, e.g., analyze not only the overall displacements but also their components. Numerical modelling
is highly used in the automotive industry. It is a modern and fast method for the implementation of
design changes. It is used for different parts of vehicles or different areas of interest—e.g., in [17] the
noise and vibration of a roof is investigated using the finite element method and is compared by an
experimental modal analysis.

Due to the fact that it was not necessary to address the safety of the structure itself—the results were
to be used to illustrate a possible comparison of the results—the boundary conditions were simplified.
Only the part of the roof around the mounting hole attached around the perimeter was analyzed.
The static analysis of the roof has been realized by ANSYS software. The created mesh consists
of approximately 31,092 volume finite elements with quadratic approximation and approximately
58,405 nodes. A unit load was applied at the antenna site.
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Results of Numerical Modelling

Figure 15 shows a field of resulting displacements, and Figure 16 shows a fields of reduced stresses
according to the von Mises theory.
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In both cases, the figures show an even distribution of the examined parameters on the right
and left side of the roof. This fact corresponds to a theoretical consideration. In our case, however,
the displacement field determined by FEM (Figure 15) does not correspond to Figure 5, where the
displacements were measured with a Leica high-precision 3D scanning device on a real roof. The values
of reduced stresses in places of applied strain gauges determined by numerical modelling do not
correspond to values determined for antenna mounting (see Table 3). It should be noted here that
due to the defined boundary conditions, the specific values of reduced stresses were not evaluated,
but their percentage on the right and left side of the roof and in places 1 and 2 were. In the case of
numerical modelling, the differences did not exceed 2%. This deviation is related to the setting of
the finite element mesh parameters. For the stress analysis of the antenna assembly process, it is
necessary to use a real model of the antenna consisting of several moving parts. From a technical point
of view, this is not a problem, but the differences between experimental measurements and numerical
modelling may also be related to the accuracy of the shape and dimensions of the antenna used.

5. Conclusions

The aim of this study was to assess the effect of antenna mounting on the occurrence of excessive
deformations of a car roof. The methodology was designed based on data from the manufacturer,
who used a Leica 3D scanning device to measure shape and geometry. A real roof model was used for
numerical modelling. To validate the results of numerical modelling as well as the manufacturer’s
data, a tensometric measurement was performed on a painted and unpainted roof under operational
load—antenna installation. Based on the analysis of the achieved results of numerical modelling and
experimental measurements (3D scanning, tensometry), it was found that:
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• numerical modelling confirmed theoretical assumptions of the distribution of stress and
strain fields,

• total displacements determined by 3D scanning after unmounting the antenna on the painted roof
were higher in most of the examined places and the differences almost reached 18%,

• different values of deformations/stresses on the right and the left side of the roof determined by
strain gauge measurements are directly related to the already deformed shape of the sheet,

• excessive deformation did not occur due to the antenna mounting as originally assumed,
• the antenna was mounted on a 0.8-mm thick roof plate, most likely already deformed due to

previous technological operations (pressing, cutting out the mounting hole, painting).

The mentioned methodology is also applicable for deformation-stress analysis in other stages
of component production (in this case sheet metal roofs), but it is a question of finance and time.
The identification of suitable measuring points and the application of strain gauges can be realized in
the order of days. The largest item is not only the assessed part itself, but also the implementation of
the experiment under operational load. It should be not forgotten that a series of measurements must
be performed to obtain relevant results. In this case, there were two painted roofs and one unpainted.

The presented paper describes the procedure of comparing relative deformations and stresses
(FEM—tensometry) and displacements (FEM—Leica). From the above-mentioned it is clear that
although FEM analysis provides a great deal of information, numerical modelling is performed
on an ideal model under boundary conditions, which may not correspond exactly to real bonds.
The advantage of experimental methods is the determination of physical quantities under operating
load, taking into account real bonds, material defects, residual stresses; however, they often only
provide information about a certain quantity depending on the method used. The presented results
can be used for a better understanding or interpretation of the displacement fields measured by Leica,
or for adjusting the range of permissible deviations from the computer model in order to improve final
products or minimize the error rate in production.
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