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Abstract: Several studies on the perception of impact sounds question the correlation of standardized
approaches with perceived annoyance, while more recent studies have come to inconsistent conclu-
sions. All these studies neglected the aspect of whole-body vibrations, which are known to be relevant
for the perception of low-frequency sound and can be perceived especially in lightweight construc-
tions. Basically, the contribution of vibrations to impact sound annoyance is still unknown and could
be the reason for the contradictory results. To investigate this aspect, we measured vibrations on
different types of floors under laboratory conditions and in situ. For this purpose, a vibration-sensing
device was developed to record vibrations more cost-effectively and independently of commercial
recording instruments. The vibrations of predefined impact sequences were recorded together with
the sound field using a higher-order ambisonics microphone. In addition, a vibration exposure device
was developed to expose the test objects to the exact vibrations that occur in the built environment.
The vibration exposure device is integrated into the ambisonics reproduction system, which consists
of a large number of loudspeakers in a spherical configuration. The article presents the development
and performance achieved using the vibration-sensing unit and the vibration exposure device. The
study is relevant for conducting future impact sound listening tests under laboratory conditions,
which can be extended to include the reproduction of vibrations.

Keywords: impact sound; vibration; lightweight structures; vibration-sensing device; vibration
exposure device; listening tests; ambisonics; sound processing; sound reproduction

1. Introduction

Acoustic comfort evaluations combined with subjective response tests in laboratories
have already been carried out in various institutions [1]. As a rule, these tests focus
exclusively on the sound stimulus, while the exposure of the test subjects to vibrations is
disregarded. Nevertheless, vibrations in buildings are not only disturbing for sensitive
equipment in laboratories but can also cause annoyance and should, therefore, be taken
into account in the structural design and interior design of buildings [2,3]. Lightweight
structures, such as timber buildings, pose a particular challenge for the treatment of
vibrations caused by impact sources, as described in [4]. Therefore, Eurocode 5 [5] already
provides guidance on how to keep low-frequency vibrations within a range that does not
disturb the users of a building. This guidance contains important rules for dealing with
unpleasant vibrations of the excited floor structure but does not take into account the
transmission of structure-borne sound or the perception of vibrations in adjacent rooms.
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The research project focuses on a holistic perception of impact noise in buildings,
which includes the reproduction of sound and vibration. For the reproduction part, some
technical aspects of the design of the vibration exposure device have already been presented.
This paper presents the entire chain of vibration recording and reproduction, including
the evaluation of the solutions developed and their integration into the ambisonics listen-
ing setup.

Impact noise in buildings has already been investigated in several research projects that
included listening tests [1], with the result that impact sound can be a significant annoyance
for building users [6]. Another well-studied topic is the correlation of noise annoyance
levels with Single-Number Quantities (SNQs). Several research studies have concluded
that the standardized SNQs commonly used in Europe (Ln,w or LnT,w) do not correlate
satisfactorily [1,7–9] with the annoyance level of the occupants. This has already led to
several proposals for new SNQs, especially for lightweight buildings [7,9]. Recent research,
on the other hand, shows a high correlation between the standard SNQs of standard impact
sources and the energy-based noise ratings generated by real-world impact sources such
as a walking adult [10]. Even the previously unanimously rejected Ln,w has recently been
considered relevant for the characterization of low-frequency impact noise in lightweight
structures [11]. Recent disagreements have also been noted by Geluykens, who concluded
in [12] that the results of sound perception studies are highly dependent on the sound
stimuli used.

Although it is known from [4] that vibrations caused by impact noise sources are
a significant problem in lightweight buildings, studies have never included vibrations in
the design of laboratory listening tests. The perception of vibrations is also part of our daily
experience when strong impacts occur, such as running down the stairs, slamming doors,
etc. The aim of this study is to develop a vibration reproduction system that accurately
reproduces, under laboratory conditions, the vibrations previously recorded in the built
environment. This will make it possible to extend the listening tests carried out in the
ambisonics listening environment to include the exposure of test subjects to vibrations.
Indeed, the combined effect of sound and vibration stimuli can have a significant impact
on the holistic perception of real-life scenarios.

Sound and vibrations are recorded simultaneously in the impact sound insulation
testing facilities at TU Wien (laboratory recordings) and in various buildings in Vienna
(in situ recordings). Different types of floor constructions made of different materials
are examined. To evaluate the performance of the recording method, different types of
microphones (class 1 free-field microphone, low-noise microphone, fourth- and first-order
ambisonics microphones) and different types of accelerometers (analog piezo accelerom-
eters, piezoelectric accelerometers, and digital capacitor accelerometers) were used. The
recording procedure was predefined and was consistently followed for all measurements.
To achieve the required repeatability of the impact sound source used for recording, the
same 70 kg person was made to walk with and without shoes at a speed of 80 and 100 steps
per minute. A recording was also made with the standardized tapping machine used as
the impact sound source. Recordings were made at three positions in the room below the
excited floor using the four different microphone types at each position. The accelerometers
were positioned on the floor of the receiving room for in situ recordings, while they were
mounted on the ceiling of the receiving room for laboratory recordings. The reason for
mounting the accelerometers on the ceiling was the largely limited transmission of vibra-
tions to the floor of the receiving room, which is due to the specific design of the laboratory
test facility. In addition, a standardized measurement of the impact sound pressure level is
performed in order to have the possibility of characterizing the floor according to the cur-
rent standardized SNQs. This will later open up the possibility of investigating correlations
between the SNQs and the annoyance ratings acquired through listening tests.
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2. Instruments and Methods of Recording, Processing, and Reproducing Vibrations

In order to reproduce vibrations under laboratory conditions, the vibrations must be
properly recorded, processed, and reproduced. In this section, each of these relevant steps
is presented in a separate section.

2.1. Vibration Recording
2.1.1. Accelerometer Selection

When recording vibrations, the choice of the accelerometer is important from various
points of view, e.g., the expected dynamic and frequency measurement range, the mass,
and other technical features of the accelerometer. There are several ways to categorize
the accelerometers available on the market. Considering their operating principle, there
are 3 main types of accelerometers, which are listed in Table A1 [13–15] together with
their specific characteristics. For piezoelectric accelerometers, it is also possible to further
categorize them depending on how the generated signal is used at the output, which is
summarized in Table A2 [13,16].

Piezoelectric accelerometers in voltage mode often implement the IEPE standard
(Integrated Electronics Piezo Electric). In this case, the acquisition module supplies the
accelerometer with a constant current, while the accelerometer itself generates a DC bias
voltage and an AC voltage representing the acquired acceleration. Both are transmitted via
the same cable, which requires an inexpensive standard coaxial cable. The DC bias voltage
can easily be filtered out with a capacitor so that only the vibration signal remains at the
acquisition unit. The constant current is usually set in the range of 2 to 20 mA. Although a
higher current improves the frequency performance and increases the usable cable length,
it also increases the power consumption and causes the sensor to heat up. In such a design,
due to the application of a constant current, cable faults can be detected using the bias
voltage, with a bias voltage close to the supply voltage indicating a cable break or a missing
sensor, while a bias voltage close to the low saturation voltage indicates a short circuit
in the transmission. Regardless of the sensor principle used, the measurement data can
be retrieved in analog or digital form. The differences between the two data forms are
highlighted in Table A3 [17,18].

Commercially available vibration measuring devices are complete measuring systems
consisting of an accelerometer, acquisition, and storage modules. Such systems provide
accurate results and are easy to use for the specific measurement tasks for which they
were developed.

Such systems can be very expensive, with the disadvantage of their lack of measure-
ment flexibility being even more significant. It is common for software to limit control over
measurement and data management. In addition, the small number of supported recording
channels is a very common hardware limitation. To overcome these problems, our design
used an easily accessible, off-the-shelf accelerometer. Furthermore, the design envisaged
that the hardware components could be easily modified and extended to record a large
number of channels simultaneously.

Since human sensitivity to vibrations is highest at frequencies below 100 Hz, as
mentioned in [19], this frequency can also be considered the required upper operating
frequency range of the accelerometer. As it turns out, this is not a challenging technical
requirement, given the operating bandwidths of most commercial accelerometers. On the
other hand, with regard to the lower operating frequency, it makes sense to record as low
frequencies as possible.

With these requirements in mind, a capacitive MEMS accelerometer with digital
output, the ADXL355 from analog devices, was used in the first version of the vibration
sensing device. The ADXL355 is capable of measuring acceleration in all 3 dimensions (x, y,
and z), but—as explained in the following section—the sensitivity of the accelerometer was
not sufficient. Therefore, a piezoelectric accelerometer, VSU TE 805-0050-01, was used for
the final version of the vibration sensing device.
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2.1.2. The Design and Initial Experimental Validation

The ADXL355 capacitive MEMS accelerometer was part of a development board, with
the sensor already soldered to a circuit board. The board also contained some passive
components and pins for the wiring. Communication with the sensor was controlled using
an STM32 microcontroller (Nucleo-F334R8 board). The accelerometer was configured via
an SPI (Serial Peripheral Interface) bus, and the measured values were transmitted via a
UART (Universal Asynchronous Receiver Transmitter) protocol to a PC, where they were
processed and stored.

A validation measurement was performed by placing the ADXL355 and a system of
3 single-axis low-noise piezoelectric accelerometers, which served as a reference, side by
side on the floor (see Figure 1). For 30 s, the floor was left unexcited, and the background
noise was recorded while a person walked near the accelerometers for the following 30 s.
When comparing the ADXL355 with the reference accelerometer recordings (Figure 2), it is
clear that the SNR of the ADXL355 is too low, as none of the peaks caused by foot impacts
are visible. Furthermore, a high level of inherent noise can be recognized. This leads to the
conclusion that the sensitivity of the ADXL355 is not sufficient for the intended use.
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Figure 1. Photos of the developed VSU during the validation measurements. (a) The version based
on the ADXL 355 (left) next to the reference accelerometers (right), and (b) the version based on the
piezoelectric VSU TE 805-0050-01 with the visible circuit board consisting of the accelerometer, a mini
XLR connector, and all necessary electronic components for a direct connection to an audio interface.
In addition, a low-noise piezoelectric accelerometer is added to the board and used as a reference.
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Another aspect to consider is the data transmission protocol. In digital data transmis-
sion, the clock frequency of the bus determines the upper acquisition number, which also
depends on the measurement bandwidth. Furthermore, when using the SPI bus, the wiring
complexity increases with each additional accelerometer. This can be avoided by using the
I2C (inter-integrated circuit) bus, but usually, the accelerometers themselves only provide
one or two different addresses, so an address extender is required in this case.

Due to the insufficient sensitivity of the ADXL355-based design, a piezoelectric ac-
celerometer was used in the next step, as such accelerometers are known to provide higher
sensitivity. In addition, it was found in [19] that for impact noise in buildings, the vibra-
tions in the vertical (z) direction in the frequency range below 100 Hz are at least 10 dB
higher than those in the horizontal direction (x and y). Therefore, only the vibrations in the
vertical direction of the sample need to be recorded, making the low-noise piezoelectric
accelerometer a sensible choice.

Among affordable piezoelectric accelerometers, only those with an analog output
are readily available. Therefore, the addition of an AD converter is required, for which a
standard audio interface is used. In this way, it is practical and affordable to increase the
number of channels if required. Symmetric wiring is used in the form of an XLR cable,
which can be shielded and largely limits electromagnetic interference. Another addition
that the design requires is a circuit that converts the accelerometer’s output signals to a
symmetric type. On the other hand, such a design has the advantage that it is possible
to power the accelerometers via phantom power, which is commonly used for the same
purpose as microphones.

Although the required use of an audio interface increases the cost of the system, it is
important to consider that with a high number of channels required, the cost per channel is
relatively low as audio interfaces are now widely available and accessible. Furthermore,
the number of channels can easily be increased as many audio interfaces offer different
types of synchronization.

Based on these considerations, a VSU (vibration-sensing unit) was developed con-
sisting of a piezoelectric accelerometer, the TE 805-0050-01, a buffer amplifier, a constant
current source, a circuit to convert the IEPE (Integrated Electronics Piezo-Electric) output
to a symmetric signal, and a circuit to use the phantom power of the audio interface as a
power supply. The accelerometer and all circuitry are on one board, together with a mini
XLR connector that connects the VSU to the microphone input of the audio interface via
a shielded XLR cable. The measurement of the VSU board, together with a standard
accelerometer, is shown in Figure 1.

Data acquisition from the VSU can be performed with any suitable audio recording
software or other software that can communicate with audio interfaces. In our case, Matlab
was used to retrieve the measured data and then save it in the form of a .csv file. The
measurement data in such a form can be used later with a high degree of interoperability.

2.1.3. Experimental Validation of the Final VSU Design

To evaluate the performance of the final version of the developed VSU, the device was
mounted on a ceiling, and walking impact noise was recorded. In parallel, the recording
was also performed with a commercially available vibration meter consisting of a low-noise
piezoelectric accelerometer mounted on the circuit board next to the mini-XLR connector
(see Figure 2).

A characteristic recording of the impact during walking is shown in Figure 3. It shows
that the two waveforms are generally consistent, while the reference acceleration looks
smoother, which is related to the reduction in some frequency components. These can
be seen in the FFT spectrum of the same recordings, which is shown in Figure 4. This
graph shows that the general shapes of the two responses are consistent, while the largest
discrepancy occurs at the peak around 20 Hz, where the VSU overestimates the acceleration.
It should also be noted that the two accelerometers are not positioned in exactly the same
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place and can also be influenced by the vibration of the PCB itself, which may cause part of
the measurement difference.
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2.1.4. Considering the Mass Loading of the VSU

The mass added by attaching the accelerometer to the surface under test can affect
the vibration level at the measurement point. Therefore, commercially available vibration
measurement devices consist of accelerometers with a relatively low mass [20], as they
are used to investigate structures very different in mass and in a wide frequency range.
Therefore, an important aspect in the development of the VSU was to minimize the mass
of the device by reducing the size of the circuit board and using small and lightweight
components, e.g., replacing XLR with mini XLR connectors. According to ISO 10848-1 [21],
the effect of mass loading can be neglected if the following condition is met:

macc <
1

2π f YdP
(1)

where macc is the mass of the accelerometer in kg, YdP is the driving point mobility in Ns/m,
and f is the frequency in Hz.
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For materials like concrete, bricks, timber, or gypsum plasterboard, the driving point
mobility at the center of the plate can be estimated as follows (assuming a thin isotropic
plate [21]):

YdP =
1

8
√

Bρs
=

1
2.3ρscLh

(2)

where B is the bending stiffness of the plate in Nm, ρs is the surface-related mass of the
plate in kg/m², cL is the longitudinal wave speed in m/s, and h is the thickness of the plate
in m.

In this respect, materials with low bending stiffness (generally lightweight materials)
can pose a challenge in the high-frequency range, which can reach up to 5 kHz in building
acoustics. Considering Equations (1) and (2), the frequency range for each accelerometer
used is given in Table 1, which also considers the scenario with/without cables and different
building materials. It can be seen that the developed VSU (with the mini XLR connector
and the cable) fulfills the mass requirement for all listed materials and can be used in the
entire frequency range relevant for building acoustics.

Table 1. Upper measurement frequencies for accelerometers to meet the mass requirements. The values
are provided considering the additional mass of the cable/connector and for different building materials.

Accelerometer Mass in g Cable RC 1 HB 1 CLT 1 GPB 1

Bruel and Kjaer 4553-B 8 excluded
21 included >5 kHz >5 kHz >5 kHz >5 kHz

VSU with XLR
25 excluded
67 included >5 kHz <4.85 kHz <2.70 kHz <3.83 kHz

VSU with mini XLR
24 excluded
32 included >5 kHz >5 kHz >5 kHz >5 kHz

1 RC—reinforced concrete, HB—hollow brick, CLT—cross-laminated timber, and GPB—gypsum plasterboard.

2.2. Vibration Signal Processing
2.2.1. General Method to Capture and Process Vibration Signals from Predefined Impact
Noise Sequences

Recordings of impact noise are saved as .wav files, an uncompressed Linear Pulse
Code Modulation (LPCM) format. An LPCM format stores information in such a way that
the signal value is represented as a bit value at each sampling time. The accuracy of such
a digital signal representation is completely determined by the sampling rate and the bit
depth of the ADC.

A digital audio workstation (DAW) connected to an audio interface is used to record
signals from the VSU. The same interface is also used to record first-order ambisonics and
low-noise microphones. In parallel, the vibrations are recorded with a standard vibration
meter. These recordings are used for comparison and calibration. In addition, the higher-
order ambisonics recordings are made on a separate computer running dedicated software.

Since the recordings are made on several manually operated devices, synchronization
of the recorded signals is required. For this purpose, each recording session started with the
person making a single jump, waiting a few seconds, and then starting to walk following
the measurement protocol. By visually aligning the peak of the jump on all recordings, the
sound engineer can synchronize the recordings in the DAW. After this synchronization, the
files are broken down into shorter listening samples, possibly normalized, and converted
to the format required for the loudspeaker and vibration reproduction system in the lab.

2.2.2. In Situ and Laboratory Recordings

The recordings were to be taken in structurally different buildings, with the focus
on examining at least one typical multi-family dwelling made of reinforced concrete, one
made of CLT (cross-laminated timber), and one made of timber frame structure. To this end,
several construction companies, architects, and project developers were asked to provide
access to their facilities.
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For the in situ measurements, the vibrations were recorded on the floor of the receiving
room, while for the laboratory measurements, the vibrations were recorded on the ceiling of
the receiving room (Figure 5). Therefore, a transfer function (TF) between the measurements
on the ceiling and on the floor of the receiving room had to be determined for the laboratory
measurements. This was conducted separately in another acoustic test facility built entirely
from CLT. The measurement was carried out by exciting the ceiling with a heavy hammer
while recording the vibrations generated at different locations on the ceiling and floor. The
acquired vibration signal consists of several pulses, with each pulse representing a hammer
stroke. The signals were split into shorter, equal-length signals, each containing a single
stroke. The complex FFT spectrum is calculated from these and the TF by dividing the
spectrum of the output signals by the spectrum of the input signals. In the next step, the
arithmetic mean of the TFs is calculated. Calculation was carried out for 3 types of hammer
excitations (conventional metal hammer, rubber hammer, and metal hammer with rubber
damping plate).
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Figure 5. Capturing the vibration signals with the VSU on site in the red circle (a) and in the test suite (b).

The TF was determined in a frequency range wider than the frequency range of
the vibrations generated by walking impacts [22,23]. In the next step, as part of the
DAW postprocessing, the TF was used to convolve the vibration signals recorded on the
laboratory ceiling. The resulting signal corresponds to the floor vibrations and will be used
to reproduce the vibrations under laboratory conditions.

2.3. Vibrations Reproduction
2.3.1. The Design of the Vibration Exposure Device

Devices that expose subjects to vibrations have already been developed in the form
of differently shaped platforms and seats. Such devices were called vibration tables [24],
vibration simulators [25], and vibration machines [26] and provided the experimental
infrastructure needed to evaluate the effect of vibration on humans in different scenarios.
However, to accurately reproduce impact sound, a relatively weak stimulus, several of
these devices are noisy due to moving mechanical components or electrical/hydraulic
exciters. When large, the devices also limit the accuracy of sound field reproduction by
restricting the positioning of loudspeakers and elements of the room’s acoustic treatment.

The motivation, therefore, was to build a discrete device that would not generate
audible noise. The device was designed to accommodate a single person with their head
in the listening “hot spot”. This is in the center of the spherically arranged higher-order
ambisonics reproduction system, which consists of 64 loudspeakers and a dedicated low-
frequency driver. The entire system is located in the anechoic chamber of the InnoRenew
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CoE’s acoustics lab, with an acoustically transparent secondary floor under which several
loudspeakers are also installed (Figure 6). Although the case of the specific installation
is presented, VED is an independent system that could also be used in combination with
other listening setups.
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Figure 6. Photo of the vibration exposure device (VED) installed in the central position of the
ambisonics reproduction system.

The VED will only reproduce vibrations in the vertical direction generated using a
linear vibration transducer (mass shaker) installed on the underside of the platform. Such
transducers are commonly used in advanced sound reproduction systems for cinemas and
computer games to extend the perception of low frequencies by adding vibrations. Thus,
these vibration transducers are not intended to reproduce vibrations accurately but rather
to convey an arbitrary intensity of vibrations to the user. For this reason, a calibration
procedure is required to achieve highly accurate vibration reproduction.

2.3.2. Operating Frequency Range at Different Loads

The VED is designed as a rectangular platform (wooden board) supported at its four
corners. These rest on highly elastic pads that, together with the platform and its load, form
a mass-spring system that moves in the vertical direction. The stiffness of the pads was
chosen so that the resonant frequency of the system is below the frequency range in which
the vibrations are to be reproduced. In this context, the frequency range of 10 to 40 Hz is
set as the target operating frequency of the VED.

The resonant frequency of the VED is also highly dependent on the body mass of the
test subject, which can vary considerably. Preliminary frequency response measurements
were performed with various loads on the platform, with the accelerator positioned in the
center of the platform. The measurements were made before the VED was installed in the
anechoic chamber (see Figure 7).

The acquired frequency responses of the measured acceleration with a constant voltage
signal fed to the vibration transducer are shown in Figure 8. From this, it can be seen that
the addition of weight causes (i) the expected decrease in resonant frequency, visible in
the form of a peak ranging between 4 Hz and 9 Hz depending on the load, and (ii) the
magnitude of the response around the resonant frequency decreases at higher loads. It
can also be observed that in the frequency range of 10–25 Hz (gray-shaded area), a signal
correction of +/−10 dB is required to reproduce vibrations uniformly.
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Figure 8. Measured frequency responses of the VED in the design phase at four different load
conditions. The gray area represents the relatively flat operating frequency range.

A dip in the frequency response was observed at 30 Hz, most likely related to the
bending mode of the wooden platform. Therefore, the platform was thickened in the final
design to increase the bending stiffness of the platform and shift this resonance to a higher
frequency. As the final results show (see Section 3), this intervention extended the final
operating frequency range to 10–30 Hz.

Another design decision was to load the platform only in its central part to avoid
excessive loading of the individual elastic pads, which could lead to non-elastic responses
or damage to the elastic pads. Such loading is achieved in practice by restricting the user’s
access to the central part of the platform, as visible in the photo in Figure 6.

2.3.3. VED Calibration and Operation Monitoring

On the DAW, the vibration signal a(t) recorded in the field is set as an independent
audio track that is played back in parallel with the decoded ambisonics tracks. This allows
synchronous reproduction of both stimuli, which is an important reproduction requirement.

The vibration output channel is delivered to the power amplifier driving the vibration
transducer and in parallel to the B & K LAN-XI acquisition system. The acquisition
system records this signal along with the acceleration aved(t), which is detected using an
accelerometer mounted on the underside of the VED platform. The two recorded signals
are used to calculate the frequency response of the system as follows:
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H( f ) =
Aved( f )

A( f )
(3)

where Aved( f ) and A( f ) are Fourier transforms of the signals aved(t) and a(t), respectively,
where f represents frequency.

The recordings with a duration of 5 s are post-processed to continuously monitor
the response of the system, which must be constant in the operating frequency range. In
addition to the monitoring function of the presented system, it is also used to generate an
FIR correction filter [27] unique to each subject performing the listening test.

The filters are obtained from an additional measurement that starts immediately before
the listening tests, when the subject is already positioned on the VED. For this purpose,
a frequency sweep signal of 5 s in the frequency range 5–80 Hz is used instead of a(t).
The inverse of the acquired frequency response is calculated as 1/H( f ), and its inverse
Fourier transform is finally the FIR correction filter. In addition, the FIR filter implements a
10–30 Hz bandpass filter that limits the vibration reproduction to the operating frequency
range. The coefficients of the FIR filter are loaded into the convolution plug-in, which is
applied to the track of the a(t) signal in the DAW. The described calibration process, which
takes about 20 s, is performed before each listening test.

3. Results

To evaluate the performance of the VED, its frequency response was measured in its
final state, i.e., with the VED installed in the center floor area of the ambisonics listening
setup in the anechoic chamber (see the photo in Figure 6). The frequency response was
measured in the same way as in the design phase (as described in Section 2.3.2), but also
after applying the calibration procedure. The measured frequency response for the VED
loaded with 100 and 125 kg is shown in Figure 9, together with the measured coherence.
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Figure 9. Measured frequency responses (top) and coherence (bottom) of the final version of the VED
in the anechoic chamber. For two different loading conditions (left/right), the response is constant
(+/− 5dB) in the operating frequency range.

Without the calibration, the response shows a similar behavior as in the design phase
(see Figure 8), with a distinct resonance peak below 10 Hz. By thickening the platform,
a pronounced deepness, which was previously observed in the range of 25–30 Hz, has
shifted to just above 30 Hz. This made it possible to set the operating range of the VED to
10–30 Hz.
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After applying the calibration, the response of the VED in the operating frequency
range is constant (+/−5 dB) for both load scenarios. Furthermore, a frequency decaying
trend can be observed, which is happening at a constant rate. It can also be observed that
the coherence decreases outside the operating range, which is most likely related to a higher
SNR in this range. This is then also reflected in larger deviations of the response magnitude
below the operating range.

When evaluating the frequency response of the platform, the recorded peak accelera-
tion in the operating frequency range for the calibrated scenario and a load of 100 kg was
0.86 m/s2. This gives some indication of the level of reproducible accelerations that can be
achieved, although a systematic assessment of the dynamic reproduction range of VED has
not yet been performed.

4. Discussion

The comparison of the acceleration recorded with different accelerometers has shown
that a relatively large deviation (a factor of two) can be observed in the determined op-
erating frequency range (see Figure 4). For this reason and due to the relatively easily
accessible instrumentation, all recordings carried out as part of the study are also made
using a commercially available accelerometer. For this reference accelerometer, the specified
operating range includes the operating range of the VED. On the other hand, there is no
direct information on its frequency response, but it can be assumed that the frequency
deviations are in the range of +/−X dB, as required for Class 1 accelerometers. In view
of possible future research steps, a more complete comparison will be made after a larger
number of measurements have been made with several accelerometers.

As far as the reproduction of vibrations is concerned, the operating frequency range of
VED could be set to 10-30 Hz, with frequency deviations of VED in the range of +/−5 dB
(Figure 9). The limitation in the lower frequency range refers to the lowest resonance peak
of the response, while in the upper frequency, a deep resonance peak in the response is
difficult to compensate for. In comparison, the operating frequency range achieved with the
VED is significantly narrower than that of the much more advanced vibration simulator [28],
which operates from 0.5 to 40 Hz. However, only limited conclusions can be drawn from
this, as no information on frequency deviation is available for the vibration simulator [28].
Another comparison found in the literature can be made with the vibration floor [29], which,
according to the authors, is capable of reliably reproducing vibrations in the frequency
range from 5 to 200 Hz. However, the frequency dependence of the reproduced magnitude
is in the range of +/−20 dB [29], which is very high. Overall, despite its relatively limited
frequency range, the VED represents a significant low-frequency extension of listening
setups, which were previously only capable of reproducing auditory stimuli.

Based on the measured response of the VED (Figure 9), relatively large deviations in
the response are measured below 10 Hz, i.e., below the operating frequency range. This is
the frequency range near the lowest resonance of the system, in which it is highly sensitive
to excitation. Therefore, the observed deviations are most likely due to background noise
and would disappear at higher reproduction levels. In this respect, a more systematic
evaluation of the dynamic range of the VED should be performed, taking into account
aspects such as the SNR and harmonic distortion.

An interesting observation of the measured response of the VED after its calibration
(Figure 9) is the underlying frequency dependence of the magnitude, which decreases
with frequency at a constant rate. Such behavior could most likely be well compensated
using an improved FIR filter design. Nevertheless, it is important to be aware that a signal
compensation that is already at 20 dB would have to be increased even further. This could
be a challenge from a signal processing point of view, as it could lead to clipping effects.

An alternative way to improve the response of the VED would be to model its dy-
namics. This would be a conceptually different approach than the current treatment of the
VED as a “black box”, i.e., controlling its response without understanding the underlying
physics. Such an insight would most likely be useful to address the unfavorable 30 Hz
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depth in the response, which has already been successfully shifted towards the higher
frequencies during development by thickening the platform. Nevertheless, this design
improvement has only extended the frequency range by 5 Hz, while this extension could
probably be even larger if more advanced methods, such as experimental modal analysis,
were also applied. On the other hand, it must be considered that the VED is not a static
device, as it can be loaded by different listeners with very different body masses (45–125 kg
can be accommodated). Since variations in load strongly influence the dynamic response
of the VED, a calibration procedure would also be required if the dynamic response is to be
optimized by design.

A partial improvement in this regard would be to optimize the micro-positioning of
the listeners’ feet. Namely, if modal nodes are identified, they can be avoided, and the
“optimal foot position” for the listener can be marked. To this end, it is likely that future
improvements to the VED will evaluate the response on the platform with a high spatial
resolution. This approach is particularly convenient, as it does not require significant
changes to the design and can be understood as an advanced calibration procedure.

The accuracy of recording and reproduction should also be discussed in relation to the
variation in acceleration depending on the specific recording position on the floor. Indeed,
if the variations in recording position are significant, it would make more sense to further
evaluate the recording protocol to account for these variations. As the field recordings have
not yet been completed, such an evaluation will only be carried out as follows.

To further discuss the acceleration amplitudes that the VED can reproduce, it is
important to keep in mind that the characteristic levels generated by impact sound sources
in the building are not generally known, making it impossible to define concrete targets for
the reproduction range of the VED. However, in the data obtained during the calibration
of the VED, the maximum reproduction amplitude for the 100 kg load was 0.86 m/s2.
From this, the corresponding displacement can be calculated, which is 0.21 mm, assuming
harmonic excitation at 10 Hz. If this is compared with the vibration simulator [27], for which
the displacement range of the platform is specified as 21 mm, the displacement achieved
with the VED is 100 times smaller. Such a large difference in range can be explained by
the fact that the vibration simulator [27] is designed to reproduce vibrations in a wider
range of scenarios, such as on bridges and in transportation. Another comparison can be
made with the vibration floor [29], which is declared to be able to reproduce vibrations
with an amplitude of up to 3 m/s2. Although this value is almost four times higher than
the amplitude we measured with VED, it must be taken into account that the reported
frequency deviations of the vibration floor [28] exceed the range of +/−20 dB, which
represents significantly poorer performance.

Another aspect to consider is the perception of vibrations. The human ability to
discriminate between different stimuli is quantified by the just-noticeable differences (JND),
which are, unfortunately, difficult to generalize for comparison. This is because JNDs are
known to be highly frequency-dependent, highly dependent on the body location excited
(face, fingertips, legs, etc.), and also vary greatly between individuals. In our case, the
studies by Bellman et al. [30] are the most relevant for comparison, even though they
examined the test subjects in a sitting position, whereas VED is designed for a standing
person. The authors investigated the JND level difference at different frequencies for
subjects excited in the vertical direction. Their results in the operating frequency range
of VED show that the mean JNDs are between 1.5 and 1.7 dB. In view of this, further
improvements to the VED are needed, for which several directions have already been
mentioned in the course of the discussion.

5. Conclusions and Outlook

The importance of low frequencies and vibrations in the built environment and their
perception are well known. This leads to a new challenge that we have tackled with
our investigation, namely, to accurately record vibrations in the built environment and
reproduce them under laboratory conditions. This goal is important in order to be able to
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carry out listening tests for impact sounds that combine auditory and vibration stimuli. This
requires three steps: recording, processing, and reproduction, as described in this article.

For recording vibrations, various accelerometers were considered and tested. Some did
not meet the sensitivity requirements, so finally, a piezoelectric accelerometer was used as
part of the developed vibration-sensing unit (VSU). The VSU was evaluated experimentally
and proved to be competitive with commercially available low-noise accelerometers. The
VSU only records vibrations in the vertical direction, as previous research has shown that
vibrations generated by impact noise sources in buildings are dominant in the vertical
direction. It is important to point out that the developed VSU can be used for more general
vibration measurements, the potential of which will be explored in future research activities.

The recorded vibrations will be reproduced with another developed device, the Vi-
bration Exposure Device (VED). The VED is used as an extension of the higher-order
ambisonics reproduction system installed in the anechoic chamber of the InnoRenew CoE
acoustics laboratory. The VED consists of a platform on which a standing test subject
is exposed to vibrations. Their head is located in the center of the spherically arranged
loudspeaker array. This reproduction setup allows the simultaneous and accurate repro-
duction of sound and vibrations. An important challenge in this context is the need to
compensate the driving vibration force for the different loading of the VED due to the
different weights of the test subjects. This obstacle was overcome by a developed calibration
procedure that is performed at the beginning of each listening test. This procedure leads
to constant-frequency responses from the VED for all loading scenarios. The system has
already been installed in the anechoic chamber and is in the pilot phase, with the first
listening tests underway. Future research activities will focus on using the developed
infrastructure for different listening tests, with the option to extend the setup by applying
virtual reality solutions.
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Appendix A

This appendix contains tables comparing the different types of accelerometers.
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Table A1. Categorization of accelerometer types with benefits and drawbacks [13–15].

Piezoelectric Capacitive Piezoresistive

electrical signal is generated via
seismic mass pressing on

piezoelectric element

based on capacitance change of
seismic mass under acceleration,

manufactured with
MEMS technology

produces resistance changes in
strain gages of seismic system,

can be manufactured with
MEMS technology

+ high bandwidth + low cost + higher bandwidth

+ wide measuring/dynamic range + can detect static displacement + can detect static displacement

+ high signal-to-noise ratio + good linearity + high dynamic range

+ noise floor independent
of bandwidth

+ high output stability + outstanding signal-to-noise ratio

+ good temperature stability + can be built in very small case + can be built in very small case

+ very robust design + possibility of doing an
active self-test

- sensitive to temperature
variation, compensation necessary

+ many different
variations/designs

+ easy to implement in
wireless designs

- low sensitivity

+ very good linearity + no saturation on large impacts

+ low sensitivity to
magnetic fields

- poor signal-to-noise ratio

- not possible to detect
very low frequencies or

static displacements

- limited dynamic range

- no active self-test possible - low bandwidth

- bigger in size

- saturation on large impacts

Table A2. Categorization of piezoelectric accelerometer types regarding their output [13,16].

Charge Voltage

+ no power supply necessary (charge
accumulated by piezoelectric principle) + sensitivity independent of cable length

and quality

+ no noise (no circuitry inside of sensor case) + signal can be transmitted over long cables
due to low impendence output

+ wide dynamic range (>120 dB) + inexpensive signal conditioners and cables,
as no charge amplifiers or low-noise cables

are necessary

+ high operating temperatures
(−200 to +640 ◦C)

+ self-test function for IEPE usage

+ smaller sensors possible (no additional
circuit inside of case)

+ better for usage in harsher conditions like
dirt and humidity

+ sensitivity can be changed with
charge amplifier

- constant power supply necessary

- cables as short as possible (<10 m) - additional noise due to necessary circuitry

- requires special shielded low-noise cables
(to minimize triboelectric noise)

- operating temperature limited by electronics
(<125 ◦C)

- requires charge amplifier - dynamic range and sensitivity determined
using an internal amplifier

- sensitivity can be influenced by cable length
and quality

- bigger case necessary to fit
additional circuitry
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Table A3. Retrieving data from accelerometers—benefits and drawbacks [17,18].

Analog Digital

+ time continuous data + really cheap sensors available

+ easier to process + robust against interference

+ best suited for audio transmission + more flexible signal processing with DSPs

+ data transmission bandwidth equals
measurement bandwidth

+ possibility to check for
erroneous transmission

+ possibility to use a more accurate ADC + only (small and cheap) microcontroller
necessary for data readout via SPI or I2C

protocols, also for multiple sensors

- no possibility to detect
erroneous transmission

+ accuracy only determined with sensor

- additional circuitry needed for
signal processing

- more complex to process

- usually more expensive - smaller measurement bandwidth for same
data transmission bandwidth

- more susceptible to noise and interference - time-sampled data

- accuracy and noise performance can be
reduced via further circuitry

- SPI and I2C busses are not meant for long
cable transmission (only up to a few meters)

- more expensive microcontroller necessary for
readout for accurate ADC and multiple

ADC channels

- number of usable accelerometers limited by
data transmissions clock speed

- SPI requires a lot of chip-select wires, and I2C
requires an address extender chip for a higher

number of accelerometers
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