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Abstract
In order to analyze the dynamic behavior of aircraft fuselage structures in the mid to high frequency range a
large number of measurement positions is necessary. This is especially true if advanced methods of evaluation
like structure intensity analysis (STI) are to be used. The amount of measurement positions necessary for the
vibroacoustic evaluation of full sized aircraft fuselage structures has previously been shown to be in the order
of multiple thousands requiring extensive measurement campaigns using hundreds of rowing sensors and a
large team working for weeks. Presented here is a novel approach to Laser-Doppler-Vibrometer (LDV) based
measurements of aircraft fuselages. A mobile laser scanning system capable of fully automatic vibration
measurements of fuselage sections using a commercial single-point LDV was developed. The system can
be deployed within the excited structure due to its vibration isolation and is able to autonomously match a
predefined measurement geometry with the real structure using only a couple of reference markers.

1 Introduction

The vibration analysis of complex aircraft fuselage structures in the mid-frequency range requires a dense grid
of measurement points. In 2014 the German Aerospace Center (DLR) measured and analyzed the dynamic
behavior of the A400M acoustics fuselage demonstrator [1, 2], an actual aircraft fuselage re-purposed as
a laboratory structure located at the Helmut Schmidt University of the Federal Armed Forces in Hamburg.
Vibrations data was acquired at a total of approximately 2800 measurement positions with accelerometers
deployed in a rowing sensor grid process. A total of 4 different excitation positions was used. Due to project
requirements the campaign was repeated after several changes to the fuselage demonstrator. Each measure-
ment campaign took a team of 5 scientists and technicians a total of 4 weeks. While the data was of high
quality regarding signal-to-noise ratio an analysis at higher frequencies than 150 Hz was only possible using
methods of spatial averaging [3], as the grid density was not sufficient.

In 2016 DLR performed another measurement aiming at the dynamic characterization of an aircraft fuselage
structure, the Flight-LAB Acoustics Demonstrator [4, 5] located at the ZAL in Hamburg. The data needed
to be of sufficient spacial density to allow for the updating of the Finite-Element-Model up to a frequency
of 300 Hz. This was made possible by measuring a total of approximately 12000 positions using, again,
accelerometers in a rowing grid configuration. The measurement was performed within 4 weeks. The higher
number of measurement positions was possible due to trade-offs in data quality versus installation speed,
no mass dummies were used and the sensors were fixed using wax instead of threaded mounts, and the
Flight-LAB structure being more accessible than the A400M fuselage due to its lower diameter and central
floor.

Both measurements were quite successful but several problems arose: The team members needed to carefully
place and move hundreds of sensors following a predefined pattern and eventually evaluate the results and
dismantle the system. This workflow is accompanied with a lot of repetitive work that demands concentration
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and precision throughout the measurement campaign over the course of weeks. As every sensor also requires a
wired connection to the measurement system a lot of effort is put into sustaining organized cable management.
Overall the process is prone to errors alleviated only by constant on-site checks and occasional repetitions of
configurations. In addition having a team of 4 to 5 people working for weeks is quite expensive and makes
new measurements to confirm the effect of smaller changes to the structure unlikely due to cost and time
constrains.

To alleviate these problems DLR developed a highly specialized laser scanning system dubbed ‘fuselage laser
scanner’ (FLS). This system utilizes a single point Laser-Doppler-Vibrometer (LDV), a sensor allowing for
velocity measurements along an optical axis and quite common in vibration measurements. A problem with
LDV measurements [6] is the angle of incidence of the laser beam on the structure. The designed system is
specifically built to measure aircraft fuselages or similar cylindrical structures. By designing the system to be
deployed within the vibrating structure and close to its radial center the angle of incidence can be kept close to
90◦ for every measurement position, reducing the need for angular corrections. In addition the scanning unit
is modular in longitudinal direction, in principle allowing for a cylinder of extreme length to be measured.

The system is designed to autonomously perform the task of acquisition and excitation of vibration data. It
can be deployed and configured in a couple of hours by a 2 person team and performs the measurement
automatically and without the need of downtime resulting in very cost efficient measurements. Due to a single
point LDV based system operating effectively in serial mode, i.e. measuring one point after another, this
does not necessarily transfer into an advantage when considering total measurement time depending on the
parameters chosen. By designing the system to autonomously map its internal coordinates to a given structure
and measurement grid once a couple of reference markers are glued to the target near perfect reproducability
of tests is achieved. In principle a given structure can be reevaluated after every structural change if time
allows. Without the need of a sizable team the costs for measurements are low.

To show the system is able to perform as designed several test were conducted. Besides smaller, component-
wise laboratory tests of the system, a proof of usability in its intended environment was provided by two tests
utilizing the system within actual aircraft structure. The system was used once within DLR’s DO728 aircaft
as seen in Fig. 1 and another test was conducted returning to the A400M acoustics fuselage demonstrator.

Figure 1: The fuselage scanning system deployed at the D728. Due to time constrains the fuselage was not
completely freed of additions and secondary structures.
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2 System overview and features

The fuselage scanning system is utilizes on a single-point LDV (PolyTec OFV-505) mounted at one end of
an aluminum beam of variable length. A carriage carrying the scanning mirror, a digital camera (AVT Mako
G-032 Mono 12) and a light source is placed on top of this beam. It is able to move along the beam utilizing
a ‘rack-and-pinion’ setup allowing for a simple extension of the systems longitudinal span by adding more
beams. The traverse beam is placed on top of two or more crossbeams.

Currently the system can be set up either with a 3 m or 6 m span. Expanding beyond this range can be done by
getting more beams, longer cables and an accompanying cable carrier as long as the maximum measurement
range of the vibrometer of up to 300 m (depending on the lens used with the Polytec OFV-505) is not exceeded.
Utilizing two small brushless servomotors chosen from the Novotron NN3 series for their high precision
encoders and the availability of controllers with CANopen protocoll support the carriage is the only moving
part of the system. The LDV itself stays fixed at one end of the beam.

(a) Overview of the system setup in short configuration with a 3 m beam (b) Close-up of the scanning head.

Figure 2: The Laser-Doppler-Vibrometer scanning system in a laboratory environment

The longitudinal beam of the system is placed on two or more crossbeams. These are meant to either stand
on their own on the floor of the structure to be measured or being directly fixed towards the rail system of
an aircraft cabin. The longitudinal beam of the system is isolated from the crossbeams by a foam which
functions as a vibration dampener. When loaded with the weight of the longitudinal beam and the carriage
the foam functions as a low-pass vibration filter isolating the system from most vibrations over a desired
frequency. The actual amount and type of foam elements used depends on the weight loaded upon them (i.e.
the longitudinal beam length) and the isolation required for the task at hand. Using less dampening elements
results in a lower suspension frequency and lower isolation frequency but also a less stiff system. Reducing
the possible movement speeds of the servomotors due to self-induced vibrations.

2.1 System control

All control systems needed to operate the LFS, an embedded real-time controller (National Instruments
CompactRIO or cRIO), the LDV controller and the two motor controllers are placed within a single rack
forming the control unit.

The cRIO acts as the central controller of the whole system and due to its modular nature can be expanded with
modules for data acquisition, output signal generation or inter-system communication among other options.
It features a built-in FPGA processor and a complete Linux based operating System. Besides making use of
the FPGA for analog data acquisition of currently 8 channels, providing analog output signals for excitation
systems like shakers and performing image processing it is also utilized to control the servomotors through
a CANopen Bus Network. The result is a real-time scanning system with a built-in controller unit that does
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not need another PC to perform measurements. The current overhead (i.e. time in between the measurement
of two points) of the system is in the range of 200-300 ms. Long compared to commercial LDVs (which
have an overhead of about 50 ms [6]), but further optimization was currently not of interest due to average
measurement times of 5-15 s per point in the mid-frequency range.

The embedded controller can be connected to a Host-PC through a TCP/IP network interface. The Host-PC
is being used to configure the measurement, presenting a live preview of collected data and analyzing the
data. Non of these are required to run the actual measurement once it is configured. The Host-PC can be
(dis-)connected at any time during the measurement process.

2.2 Deployment and automated position calibration

Deployment of the FLS within a new measurement environment is rather simple. The traverse and crossbeam
structure of desired length has to be set up, the carriage and LDV are positioned on the traverse and the beam
optics have to be checked and if needed recalibrated. For optimal results the system should be placed as close
to the radial center of the fuselage as possible. If that cannot be achieved corrections for the angle of incidence
are applied in post-processing. In addition a couple of QR codes are placed on the structure at predetermined
positions whose coordinates within the measurement grid are well known.

Once the system is in position it can determine its own position relative to the surrounding structure using the
QR-Codes and a data file containing the QR-codes position in the desired measurement grid. The system can
scan its full field of view using the camera mounted on the carriage for QR-Codes. It is also able to determine
the position of the LDVs laser spot in the camera image. By centering the laser spot on the QR-Codes a
lookup table of points coinciding in the predefined measurement grid and FLS coordinates is created. Using
this lookup table an algorithm calculates the coordinate transformation between measurement grid and FLS
system coordinates. In essence this process allows the system to repeat measurements even years later in the
same structure if the QR-codes are placed with care and in the best case are kept on the structure. Deviations
occurring due to slight LFS placement differences are suppressed by the self-calibration process. To this end
all information which is needed to reproduce the a measurement is saved inside a database file accompanying
each measurement.

3 Performance tests

Several small scale tests aiming for a component-wise validation of the systems capabilities were conducted.
The results for reproducability of the measurements and the vibration isolation are shown below. In addition
the long term stability of the system under high data loads was tested. The system was able to perform for 70
hours continuously without problems acquiring data at a sampling rate of up 51 kHz.

3.1 Repeatability of the positioning system

A design goal of the LFS system is high repeatablility of the LDV beam position on a given structure. A
significant effort was put into the automated position calibration. Without a robust positioning that effort would
yield no benefit. The electric motors used for mirror rotation and longitudinal positioning were chosen with
that condition in mind. High repeatability was of primary concern. While the scanning mirror of the system is
directly attached to the rotating motor and benefits directly from the motors capabilities the longitudinal axis
uses a ”rack and pinion” setup. This comes along with slight clearance between the motors gear (pinion) and
the linear gear (rack) of the beam. Even though this introduces a slight disadvantage compared to a toothed
belt setup it makes that up in flexibility. The system can be setup at any length desired for the longitudinal
axis.
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To test the precision of the positioning system, the scanning system was instructed to repeatedly position
itself on three different QR-markers. A total of 500 positioning events was analyzed by calculating the laser
spot and marker position using image processing from the camera data. This data was used to calculate the
precision of the systems in terms of a 3σ deviation. While this data includes an uncertainty caused by the
cameras limited resolution and the efficiency of the processing algorithms it should be noted that analyzing
the camera images is the only way a user of the system can see if the positioning was successful in an actual
test. Thus the method chosen gives an estimation of the full systems reliability rather than an individual
components.

Image Processing 3σ deviation at 1.68 m
Marker Pos. X / Y 0.70 / 0.87 mm
Laser Pos. X / Y 1.64 / 1.41 mm

(a) Image processing error

Axis 3σ deviation at 1.68 m
Rotation φ → Y 0.017◦ → 0.48 mm
Longitudinal X 1.42 mm

(b) Total positioning error.

Table 1: Results of positioning testing by analyzing 500 repetitions. A 3σ deviation equals 99.7% (or 369
in 370) of positioning attempts falling within the given positioning precision. The system does not perform
y-positioning. The angular positioning error was propagated to that axis as an estimate.

Results of these tests are compiled in Table 1. As shown there the total 3σ deviation of both axes is well below
2 mm. In fact, given a circle with a radius of 2 mm, approximately a 4σ area, only 1 in 15787 points would fall
out of this area. These results show the robustness of the positioning of the system. An important characteristic
when used in conjunction with the ability to repeat measurements at structures just be repeating the process of
the automated positioning calibration. The system fully satisfies its design goal of high positioning precision
and repeatability.

3.2 Positioning precision

With the repeatability of positioning shown, the quality of the positioning algorithm used to map a predefined
grid to the structure was tested. A complex aluminum structure with easy to localize shapes was used for this
test.

(a) The vibroacoustic test structure with 6 QR markers. (b) An operational deflection shape (ODS) at 4 kHz.

Figure 3: The vibroacoustic test structure (a) is fitted with 6 QR markers providing positioning information.
The markers placed on a skin field and a stiffener provide necessary depth information while the wide spread
of the remaining markers help with the orientation of the structure. The ODS (b) shows a complex vibration
pattern fitting well into the measured shape.
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A measurement grid consisting of 32365 points, resulting in a spacing of 5 mm was matched to the plate
using six QR markers placed to fully cover the geometry in all directions. According to the calculations done
for the repeatability of positioning the measured grid is at the limit of what the system is currently capable of.
The structure, a stiffened aluminum plate with irregular stiffeners and a measurement result are shown in Fig.
3. As can be seen the resulting operational deflection shape (ODS) is as expected. A multitude of vibration
patterns, different for each of the irregular skin fields and confined to the skin fields.

3.3 Vibration isolation

The first out-of-lab test of the LFS system was performed in the DO728 aircraft structure located at the DLR
in Göttingen. The structure is a real aircraft with no engines attached and clipped wings. Bosbach et. al. [7]
provide further details on the DO728 laboratory. For the test performed it was important to simulate the
intended use case of having the fuselage scanning system located within an aircraft structure to measure
during vibration excitation. The structure was excited using the same Prodera EX 520 C50 modified for high
frequencies as in [1, 2].

Fig. 1 shows the system set up in the DO728 cabin. Due to time constrains the fuselage was not fully rid
of secondary structures like cables and tubes. While it was possible to test the systems vibration isolation
without any problems, as the structure itself was of no concern for that, evaluating the more than 12000 points
measurement was problematic. In principle the system was running well and performed the measurement
without problems for more than 30 h. Checking the camera images saved for each measurement position also
proved the positioning was working well. The acquired data itself was not useful for any structural analysis.
Besides a lot of the measurement points being not on the structure itself but rather some of the tubes, cables
and other systems it was also not possible to run the shaker at very high amplitudes due to noise concerns at
the test facility as the test had to run over night.

Figure 4: Example of measured vibration amplitudes and isolation efficiency of the scanning system at 52 Hz.
(A) – Floor vibration near suspension points. (B) – Suspension beam vibrations. (C) Vibration of system
traverse beam and carriage (barely visible due to low amplitude)

To test the efficiency of the vibration isolation the fuselage scanning system was fitted with accelerometers at
its crossbeams, traverse beam and its mirror carriage. In addition accelerometers were placed at the floor close
to the stands of the system to measure the undamped vibration transmitted into the system. The damping of
the traverse beam and carriage is realized using foam dampers in between the crossbeam and the traverse
beam. In the case of the 3 m traverse beam used for this test 8 die of 15 mm edge length of Cellasto MH
24-35 PUR foam (Elastogran GmbH) are used, resulting in rigid body eigenfrequency of 10.2 Hz. This is
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well below the first bending mode of the traverse beam at 32 Hz and far below the desired excitation range
for the fuselage of 50 Hz and upwards.

The test of the isolation was performed by exciting the DO728 structure using a multisine signal of 2-1000 Hz
and measuring the acceleration at the previous described positions. Fig. 4 gives an overview of the setup
and shows the resulting vibration amplitudes at 52 Hz. The isolation of the traverse beam and carriage from
ground floor vibrations seem to work very well. To get a good estimation of the efficiency of the vibration
isolation the relative vibration levels of the unisolated crossbeams and the traverse beam and carriage, as
shown in Fig. 5 were analyzed. The vibration is show to drop to by an order of magnitude in the range of
50 Hz to 120 Hz. At higher frequencies it drops by two orders of magnitude.

There are several possible changes to the system to improve upon the current setup to get a better isolation.
The simplest being to change the type and amount of foam used for isolation purposes and by changing to the
feet of the system to include a second layer of isolation by using rubber isolation instead of the current rigid
setup. Especially when using the system in a environment of transient, irregular low-frequency excitation
events, as would certainly be the case in a flying aircraft, another step might be necessary. As shown in [8]
LDV measurements can in principle be corrected for errors caused by measurement system vibrations. To
this purpose an additional accelerometer can be fitted to the beam steering mirror of the scanning system and
provide the necessary data to correct for external vibrations in post-processing.

Figure 5: Efficiency of the vibration isolation as deployed in the DO728 fuselage. Shown here is the ratio of
vibration measured on the beam steering mirror versus the vibration on the crossbeams carrying the traverse
beam.

4 Preliminary test at A400M acoustics fuselage demonstrator

The dynamic characteristics of the A400M acoustics fuselage demonstrator has been analyzed by DLR in
2014 in great detail [1, 2]. The Flight-LAB project provided the opportunity to return to this facility. The
fuselage has been slightly modified in the years in between measurements making a direct match of data
impossible.

The fuselage scanning system was not used ‘as is’ in the A400M acoustics fuselage demonstrator but rather
combined with an existing microphone array and its longitudinal traverse which uses a toothed belt setup
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specifically fitted to that structure. The LDV scanners rotational axis and carriage setup was kept as is. All
control elements were directly used from the fuselage scanning system, as the longitudinal axis of the A400M
acoustics fuselage demonstrator setup could easily be integrated into the FLS controller. All relevant modules
and functionalities for positioning control and measurement were kept as is.

Figure 6: Comparison of LDV and accelerometer data (integrated to get velocity data) for two different
positions on the A400M acoustics fuselage demonstrator. P000001 is close to the acoustic excitation while
P000002 is at the opposite site of the structure. The data coincides well across a frequency range of 50-300 Hz.

For these measurements the combination of the systems was not completed, but preliminary data showing the
usability of the system is available. This data was acquired using a preliminary setup with some limitations in
terms of stability. In Fig. 6 frequency response data as shown comparing the spectra of two sensors towards
data measured using the LDV scanner positioned at the back of the sensor. For this test the excitation system
was a loudspeaker array close to one side of the fuselage structure driven by a broadband random signal of
40-400 Hz. The acquisition time was 60 s. The whole structure was vibrating with the scanning system inside.
The data of the LDV coincides well with the accelerometer data after integration in frequency domain. Up to
300 Hz the deviation is negligible. At higher frequencies deviations show but are more likely to originate from
slight angle deviations between the two sensors. The acceleromter is perfectly perpendicular to the structures
skin while the LDV will always have an angle of incidence depending on how close to the radial center it is.

Even though the setup at the A400M acoustics fuselage demonstrator is not yet finished, a first measurement
aiming for a general prof of concept was performed. The high density measurement grid designed for the
campaign in 2014 [1, 2] was reused to get some data to compare with previous measurements. The results of
this effort are shown in Fig. 7.

The operational deflection shape shown at both measurements looks superficially similar. Several differences
need to be pointed out: Since the measurements in 2014 several structural changes were applied to the
A400M acoustics fuselage demonstrator. Most importantly a cargo-door mockup was installed closing the
cavity and adding considerable weight. In addition previously installed acoustic boundaries where removed
thus changing the dynamic characteristics of the structure.

The LDV data was acquired using only 6 s of acquisition time per point resulting in a total measurement time
of 4 h. The accelerometer data is the result of an extensive measurement campaign taking 4 weeks and more
crucially was acquired using 5 min of measurement time. In addition the accelerometer data used an 500 N
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electromagnetic shaker with an excitation signal optimized for maximum response. For the quick test of the
fuselage scanning system only acoustic excitation with a simple broad band random signal was available. The
stark contrast in data quality is most certainly a result of these differences. As shown in Fig. 6 when using
the same measurement time the data the FLS and an accelerometer do not differ much.

(a) LDV measurement with 6 s acquisition time per
measurement position

(b) Accelerometer measurement with 5 min acquisition time
per sensor

Figure 7: Comparison of deflection shapes of the A400M-MSN5 fuselage acquired at 47 Hz from broad band
excitation. The LDV measurements are significantly more noisy due to a very short measurement time of 6 s
versus 5 min for the accelerometer data.

5 Conclusion

The fuselage laser scanner (FLS) proved to be an easy to use and efficient system for fuselage vibration mea-
surements. It operates within the desired specifications regarding the positioning precision and repeatability
of measurements. A two person team is able to deploy it within a couple of hours inside a new structure and
start a long term measurement if a measurement grid was defined before or if a generic grid can be used. Mea-
surements run without failure for days due to a lot of stability optimization. A need to pause measurements
can still be introduced. The excitation system might run hot, a problem more likely to occur when using
loudspeakers instead of electromagnetic shakers for excitation. Or external factors like noise concerns at
certain hours of the day might prevent 24 h non-stop measurements. A scheduled operation mode is available
within the system software for this purpose.

The test at the DO728 showed the system working within a vibrating aircraft structure as intended. The
vibration isolation was working as designed and a grid of 12000 points was scanned to repeat the amount of
data acquired during the previous measurement campaign at the Flight-LAB acoustics demonstrator that used
accelerometers for measurement. The data was not of any use for further dynamic characterization though,
as the structure could not fully freed of secondary systems and the vibration amplitudes had to be kept very
low for the long term stability tests. This was caused by time constrains within the project.

A second test within a real aircraft structure, the A400M acoustics fuselage demonstrator, was conducted.
While this was only a rather short preliminary test it proved to be of success in two different ways: Using
the system to measure at exactly the same spot as an accelerometer provides nearly identical data. A best
case result considering the measurement system is still subject to some of the vibration inside the fuselage.
In addition it was possible to measure an operational deflection shape with a high similarity to what has been
measured with accelerometers before, although with much higher noise due to a very short measurement
time.

DYNAMIC TESTING: METHODS AND INSTRUMENTATION 1279



Acknowledgements

The work presented here has been conducted in the joint research project
Flight-LAB within the fifth Aeronautical Research Program (LuFo V). The
project is funded by the Federal Ministry for Economic Affairs and Energy on
the basis of a decision by the German Bundestag.

References

[1] R. Winter, M. Norambuena, J. Biedermann, and M. Böswald, Experimental characterization of vibro-
acoustic properties of an aircraft fuselage, in ISMA 2014 - International Conference on Noise and
Vibration Engineering, 2014, pp. 2731–2748.

[2] R. Winter, J. Biedermann, M. Böswald, and M. Wandel, Dynamic characterization of the A400M acous-
tics fuselage demonstrator, in INTER-NOISE 2016, 2016, pp. 3296-3306.

[3] J. Biedermann, R. Winter, M. Wandel, M. Böswald, and M. Sinapius, Advanced correlation criteria for
the mid frequency range, in INTER-NOISE 2016, 2016, pp. 3307-3318.

[4] J. Biedermann, R. Winter, M. Norambuena, M. Böswald, and M. Wandel, Classification of the mid-
frequency range based on spatial fourier decomposition of operational deflection shapes, in 24th Inter-
national Congress on Sound and Vibration (ICSV24), 2017.

[5] R. Winter, J. Biedermann, and M. Norambuena, High-resolution vibration measurement and analysis
of the flight-lab aircraft fuselage demonstrator, in INTER-NOISE 2018, 2018.

[6] P. Castellini, M. Martarelli, and E. Tomasini, Laser doppler vibrometry: Development of advanced
solutions answering to technology’s needs, Mechanical Systems and Signal Processing, vol. 20, no. 6,
pp. 1265–1285, 2006, Special Issue: Laser Doppler Vibrometry.

[7] J. Bosbach and T. Dehne, Propagation of localized, unsteady heat loads in aircraft cabin air flows,
CEAS Aeronautical Journal, vol. 7, no. 1, pp. 57–68, Mar. 2016.

[8] B. J. Halkon and S. Rothberg, Correction of laser doppler vibrometry measurements affected by steering
mirror vibration, 2016.

1280 PROCEEDINGS OF ISMA2018 AND USD2018


