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Abstract

This work presents a measurement setup for vibroacoustic characterization of a finite closed
cylindrical shell excited by an external vibration source. The system exhibits coupling between
structural vibration and the enclosed acoustic field and serves as a representative case for
compact acoustic systems. The structural response is characterized using input and transfer
mobility measurements with accelerometers and laser Doppler vibrometry, while the acoustic
response is measured as internal sound pressure using a MEMS microphone. The results
demonstrate consistent behaviour across three different mounting configurations, indicating
good repeatability and robustness in approximating free—free boundary conditions. The acoustic
response is dominated by axial cavity resonances, with the fundamental frequency at 606
Hz and its harmonics clearly identified. Transfer mobility measurements on the cylindrical
surface show increased sensitivity compared to flat surfaces. The LDV measurements are
affected by measurement configuration and alignment, leading to reduced coherence and phase
instability, whereas the accelerometer provides more robust and stable results. Under controlled
conditions, both sensors yield consistent magnitude responses, with phase differences attributed
to spatial separation of the measurement locations. The study highlights the importance of
sensor placement, measurement direction, and spatial sampling in vibroacoustic measurements
of coupled systems.

1 Introduction

The vibration and acoustic behaviour of cylindrical shells has been widely studied due to its relevance in many engineering
applications, including pipes, aircraft fuselages, and acoustic devices [1, 2]. This geometry is also representative of compact
acoustic systems, where structural vibration interacts with an enclosed air volume. In such systems, vibroacoustic coupling
leads to coupled resonance behaviour that is sensitive to boundary conditions and excitation, making reliable experimental
characterization challenging.

This work investigates a finite closed cylindrical shell with lids on both sides as a measurement case. Although geometrically
simple, the system exhibits strong coupling between the shell vibration and the internal acoustic field. The objective
is to develop and assess a reliable measurement approach for coupled vibroacoustic systems rather than to study the
structure itself. The setup is designed as a large-scale mock-up to represent key features of compact acoustic devices,
where direct measurement is often difficult. Structural response is characterized using mobility measurements, while the
acoustic response is measured as internal sound pressure over the input force. The main contribution is the experimental
characterization of the coupled response with a focus on measurement robustness, evaluated through coherence and
repeatability.



2 Measurement Setup

The test object is a closed cylindrical structure consisting of three parts: lid B, cylindrical shell, and lid A with screw
mechanism to connect the parts. It is sketched in Fig. 1.
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Figure 1: Dimensions and mass of the test object. The structure consists of three parts: lid B, cylindrical shell body, and lid A. The two
lids have slight different geometries.

Based on the measured mass and geometry, all parts are assumed to be made of aluminium alloy 6061-T6. The material
properties used in this work are a density of 2700 kg/m>, a Young’s modulus of 70 GPa, and a Poisson’s ratio of 0.33.

The measurements aim to approximate free—free boundary conditions. Three configurations are investigated, as shown in
Fig. 2: (1) the cylinder suspended horizontally using strings, (2) the cylinder supported horizontally on foam, and (3) the
cylinder placed vertically on a shaker.

For configurations (1) and (2), the cylinder is oriented horizontally. Excitation is applied at lid A using a shaker (Type 4810,
Hottinger Briiel Kjer A/S, Denmark) connected through a 120 mm stinger and a force transducer (Type 8200) mounted
at the center of the lid. An accelerometer (Type 4344) is mounted on the opposite side of lid A using beeswax, with a
MEMS microphone (P11ACO03, Sonion A/S, Denmark) placed on top. The shell velocity is measured using a laser Doppler
vibrometer (PDV 100, Polytec GmbH, Germany) at a position located H/3 from lid A, with reflective tape applied to
improve signal quality and a laser spot size of approximately 0.5 mm. A second accelerometer (Type 4393) is mounted on
the opposite side of the shell to enable comparison between contact and non-contact measurements. In configuration (3),
the cylinder is placed vertically on a larger shaker (Type 4809), while maintaining the same sensor configuration, with the
additional placement of the second accelerometer on lid B.

The three configurations introduce different limitations. In configuration (1), the cylinder is suspended using nylon strings
attached to a rigid frame, where the exact tension and positioning are not controlled but the setup provides stable support.
In configuration (2), foam supports are placed under both lids, introducing a larger and less controlled contact area due to
uncharacterized material properties. In configuration (3), the total mass exceeds the recommended shaker payload (1 kg),
which reduces the allowable excitation force, although it remains sufficient for the measurements. In addition, two holes
with a diameter of 6 mm are located at opposite sides of the shell at mid-length to allow sensor cabling. These are sealed
with adhesive putty during measurement to maintain an airtight cavity.

Signal generation and acquisition are performed using a data acquisition system (IDAe 3560-B-130, Hottinger Briiel Kjer
A/S, Denmark), with the shaker powered by an in-house amplifier. The force transducer and accelerometers are connected to
a charge signal conditioner (Nexus 2692-A-014), while the LDV is connected directly to the acquisition system. The MEMS
microphone is powered by a size 312 hearing aid battery and connected to a separate conditioner (Nexus 2690-A-0S4).

The excitation signal is broadband random noise up to 12.8 kHz. All signals are acquired at a sampling rate of 51.2 kHz per
channel, resulting in a frequency resolution of 2 Hz. Each measurement uses at least 80 averages. A Hanning window with
66.7% overlap is applied to obtain stable spectral estimates.
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Figure 2: Illustration of the three different measurement configurations with pictures taken from the experiment.

Accelerometer signals are integrated to obtain velocity, and the mobility, Y (f) = v(f)/F(f), is computed using the
HI estimator. Measurement reliability is assessed using the coherence function [3]. All sensors are verified prior to
measurement to ensure correct gain. The MEMS microphone is mounted in a 3D-printed adapter of a standard 1/2”
microphone size and verified using a sound calibrator (42AG, GRAS Sound Vibration A/S, Denmark), while accelerometers
are verified using a vibration calibrator (Type 4294). The force transducer is calibrated using a known mass with a reference
accelerometer mounted on top, where the gain is adjusted by matching the ratio F'/a to the known mass at the calibration
frequency. The LDV is verified against a reference accelerometer mounted on a shaker, with reflective tape applied to
improve signal quality. A wideband transfer function Teor (f) = vipy (f)/Vacc(f) is obtained and used as a correction
factor, particularly for phase compensation due to internal signal processing delay in the LDV.



3 Results

3.1 Input Mobility

Fig. 3 shows the input mobility measured at lid A for the three configurations. The responses from all configurations are
nearly identical over the full frequency range, indicating that the measurement is not sensitive to the different boundary
conditions. The coherence is close to unity across the entire frequency range, indicating high measurement quality and
negligible influence from noise or non-linear effects.
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Figure 3: Input mobility at lid A for three configurations. The measured responses are consistent across configurations, with high
coherence.

Several resonance features are observed in the measured response. A pronounced dip occurs around 1 kHz, followed by
broader peaks in the ranges of 3-3.5 kHz and 4-6 kHz. The most dominant resonance appears around 8.5 kHz and is

consistent across all configurations. At higher frequencies, additional smaller peaks and fluctuations are observed above 10
kHz.

3.2 Internal Sound Pressure

Fig. 4 shows the transfer function between the internal sound pressure and the input force for the three configurations,
H(f) = p(f)/F(f), which is computed using the H1 estimator. The measured responses are nearly identical across
configurations, indicating that the acoustic response is insensitive to boundary conditions and that the cavity is effectively
sealed. No indication of air leakage is observed, as evidenced by consistent axial resonance peaks and their harmonics
without noticeable damping or frequency shift.

At low frequencies, distinct resonance peaks are observed at 606 Hz and its harmonics (approximately 1212 Hz, 1818
Hz, and higher multiples), consistent with axial cavity resonances of a closed air column. This agrees with the estimated
fundamental axial resonance based on the cavity length. The microphone is positioned on the cylinder axis, which primarily
captures axisymmetric pressure variations. As a result, non-axisymmetric modes, such as radial and circumferential modes,
are not resolved in the measurement.

At higher frequencies, the response shows closer spaced peaks and fluctuations, indicating increasing modal density. The
coherence is generally high, but drops at sharp resonance peaks for all configurations, which is attributed to spectral leakage
around narrow resonances.
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Figure 4: Sound pressure to force transfer function for three configurations. The results show consistent responses across configurations
and clear low-frequency cavity resonances.

3.3 Transfer Mobility on the Cylindrical Surface

Figs. 5 and 6 show the transfer mobility measured on the cylindrical surface using the LDV and the accelerometer,
respectively, for the three configurations. For both methods, the responses show similar overall trends across configurations
in magnitude, although some differences due to boundary conditions are observed. However, the coherence is low at low
frequencies (below 2 kHz) for both methods, due to low vibration levels and reduced signal-to-noise ratio.
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Figure 5: Transfer mobility on the cylindrical surface measured using LDV for three configurations and the numerical model. Low
coherence is observed at low and high frequencies, with improved behaviour for the (3) upright configuration.

At higher frequencies, the LDV measurements show reduced coherence for the (1) string suspension and (2) foam-supported
configurations, while the (3) upright configuration maintains higher coherence. Although this does not significantly affect
the magnitude, it leads to strong phase fluctuations, as observed in Fig. 5. This behaviour is influenced by the measurement
configuration. In configurations (1) and (2), the supports are approximately aligned with the laser direction, introducing
additional motion components along the measurement direction that are captured by the LDV and reduce coherence. In
contrast, for configuration (3), the mounting is predominantly perpendicular to the laser direction, resulting in more stable
measurements and higher coherence.
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Figure 6: Transfer mobility on the cylindrical surface measured using an accelerometer for three configurations and the numerical model.
The responses are consistent across configurations but differ from the numerical result.

In comparison, the accelerometer measurements show consistently higher coherence and a more stable phase response,
indicating greater robustness to mounting conditions and measurement direction. Despite differences in coherence and
phase stability, the measured magnitudes remain relatively consistent across configurations for both methods.

3.4 Transfer Mobility in the (3) Upright Configuration

Fig. 7 shows the transfer mobility in the upright configuration, comparing the LDV and accelerometer measurements. The
coherence is generally high over most of the frequency range, except below 2 kHz where it is reduced due to low vibration
levels. The following discussion focuses on the frequency range with high coherence, where the measurements are reliable.
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Figure 7: Transfer mobility in the (3) upright configuration measured using LDV and accelerometer. The high coherence enables reliable
comparison, demonstrating consistent magnitude response, while phase differences reflect spatial variation on the curved surface.

The LDV and accelerometer measurements show similar trends in magnitude, indicating consistent characterization of

the structural response. Differences are observed in the phase, although both measurements follow comparable overall
behaviour.



It should be noted that the LDV and accelerometer are not located at the same position, but on opposite sides of the
cylindrical surface. Therefore, some differences in both magnitude and phase are expected due to spatial variation of the
vibration field.

These results show that, under conditions of high coherence, both measurement methods provide consistent magnitude
estimates, while phase differences remain influenced by spatial measurement location and local structural response on the
curved surface.

4 Discussion

Robustness Across Configurations. The results demonstrate that the proposed measurement approach provides consistent
results across three different mounting configurations. This robustness is observed for input mobility, internal sound
pressure, and transfer mobility on the cylindrical surface. The minimal variation between configurations indicates that
the measurement is not sensitive to practical boundary conditions, and that the setup can reliably approximate free-free
behaviour.

Microphone placement and spatial sampling. The acoustic measurement is inherently limited by the use of a single
microphone located on the cylinder axis, which restricts the observation to predominantly axisymmetric pressure variations.
Consequently, non-axisymmetric modes are not captured. A more complete characterization of the acoustic field requires
multiple microphones distributed over the cavity to resolve the full spatial structure of the acoustic response.

Despite this limitation, the use of a MEMS microphone demonstrates a compact and practical solution for internal acoustic
measurements in confined geometries. The results show that such sensors are capable of capturing key acoustic features,
including the fundamental axial resonance and its harmonics, with sufficient accuracy. This highlights their potential for
applications where space constraints and integration are critical.

Curved vs Flat Surface. The results also show that transfer mobility measured on the cylindrical surface is more sensitive
than on a flat surface. Measurements on the flat lid exhibit high coherence and stable behaviour, while measurements on the
curved surface show reduced coherence and larger variability. This indicates that the increased difficulty arises from the
measurement conditions on the curved surface, where alignment, local curvature, and mounting effects have a stronger
influence on the measured response [4].

Sensor Comparison. On the curved surface, the accelerometer measurements generally show higher coherence than the
LDV measurements, particularly at higher frequencies. This difference is reduced in the upright configuration, where both
sensors exhibit improved coherence. The results indicate that the accelerometer provides a more robust measurement on
the curved surface, while the LDV is more sensitive to the measurement configuration and alignment. Under controlled
conditions, such as in the upright configuration, both sensors show consistent magnitude responses, while remaining
differences in phase can be attributed to spatial separation of the measurement locations.

Numerical Modelling Approach. Numerical modelling is essential for supporting the interpretation of coupled
vibroacoustic measurements and for identifying underlying physical mechanisms. Preliminary comparisons with a finite
element model were conducted, but discrepancies between measurement and simulation were observed and could not
be fully explained within the scope of this work. These differences may arise from modelling assumptions, boundary
conditions, or measurement definitions on the curved surface. A more detailed investigation of these aspects will be
addressed in future work.

Structural Non-linearity. Non-linear effects are not investigated in this work. The structure is known to exhibit non-linear
behaviour, including softening effects [5, 6]. Future work should include analysis of the amplitude dependence of the
frequency response. In addition, frequency sweeps at different excitation levels can be used to identify non-linear behaviour,
for example through the appearance of additional frequency components.

Uncertainty and Sensor Placement. Measurement uncertainty and sensor placement effects are not explicitly quantified
in this work. These factors may influence the results, particularly for transfer mobility on curved surfaces. A detailed
uncertainty analysis, including sensor positioning and repeatability, will be addressed in future work.



5 Conclusion

This work presented a measurement setup for vibroacoustic characterization of a finite closed cylindrical shell with an
enclosed air cavity. The system exhibits coupling between structural vibration and the internal acoustic field, serving as a
representative case for compact acoustic systems.

The results demonstrate that the proposed approach provides consistent measurements across three different mounting
configurations, indicating good repeatability and robustness to practical boundary conditions. The acoustic response is
dominated by axial cavity resonances, with the fundamental frequency at 606 Hz and its harmonics clearly identified. The
use of a MEMS microphone is shown to be effective for internal pressure measurements in confined geometries, despite
limitations in spatial sampling.

Transfer mobility measurements on the cylindrical surface reveal increased sensitivity compared to flat surfaces. The LDV
measurements are sensitive to measurement configuration and alignment, while the accelerometer provides more robust and
stable results. Under controlled conditions, both sensors yield consistent magnitude responses, with phase differences
explained by spatial separation of the measurement locations.

Future work will incorporate numerical modelling to support interpretation and provide an additional reference for validation.
Although numerical models do not represent a definitive ground truth, convergence between measurement and simulation
will increase confidence in the correctness of the measured results. Further work may also address non-linear behaviour,
spatially distributed acoustic measurements, and a detailed uncertainty analysis.
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