
Citation: Bartels, J.-H.; Xu, R.; Kang,

C.; Herrmann, R.; Marx, S.

Experimental Investigation on the

Transfer Behavior and Environmental

Influences of Low-Noise Integrated

Electronic Piezoelectric Acceleration

Sensors. Metrology 2024, 4, 46–65.

https://doi.org/10.3390/

metrology4010004

Academic Editor: Pedro Silva Girão

Received: 18 December 2023

Revised: 11 January 2024

Accepted: 22 January 2024

Published: 1 February 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Experimental Investigation on the Transfer Behavior and
Environmental Influences of Low-Noise Integrated Electronic
Piezoelectric Acceleration Sensors
Jan-Hauke Bartels 1,* , Ronghua Xu 1, Chongjie Kang 1, Ralf Herrmann 2 and Steffen Marx 1

1 Institute of Concrete Structures, TUD Dresden University of Technology, 01062 Dresden, Germany;
ronghua.xu@tu-dresden.de (R.X.); chongjie.kang@tu-dresden.de (C.K.); steffen.marx1@tu-dresden.de (S.M.)

2 Division 7.2 Buildings and Structures, Federal Institute of Materials Research and Testing (BAM),
12205 Berlin, Germany; ralf.herrmann@bam.de

* Correspondence: jan-hauke.bartels@tu-dresden.de

Abstract: Acceleration sensors are vital for assessing engineering structures by measuring properties
like natural frequencies. In practice, engineering structures often have low natural frequencies and
face harsh environmental conditions. Understanding sensor behavior on such structures is crucial for
reliable measurements. The research focus is on understanding the behavior of acceleration sensors
in harsh environmental conditions within the low-frequency acceleration range. The main question
is how to distinguish sensor behavior from structural influences to minimize errors in assessing
engineering structure conditions. To investigate this, the sensors are tested using a long-stroke
calibration unit under varying temperature and humidity conditions. Additionally, a mini-monitoring
system configured with four IEPE sensors is applied to a small-scale support structure within a climate
chamber. For the evaluation, a signal-energy approach is employed to distinguish sensor behavior
from structural behavior. The findings show that IEPE sensors display temperature-dependent
nonlinear transmission behavior within the low-frequency acceleration range, with humidity having
negligible impact. To ensure accurate engineering structure assessment, it is crucial to separate sensor
behavior from structural influences using signal energy in the time domain. This study underscores
the need to compensate for systematic effects, preventing the underestimation of vibration energy at
low temperatures and overestimation at higher temperatures when using IEPE sensors for engineering
structure monitoring.

Keywords: acceleration sensors; calibration tests; environmental influence; IEPE; low-frequency
shaker; natural frequencies; Structural Health Monitoring; temperature dependency; time-discrete
energy; transfer behavior

1. Introduction

Structural Health Monitoring (SHM) and Non-Destructive Evaluation (NDE) have
become increasingly used in practice to enhance periodic inspections of engineering struc-
tures with continuous measurement data [1–5]. Accelerometers can be used to determine
the dynamic properties of these structures (e.g., eigenfrequencies, modal eigenmodes, and
operating mode shapes) to detect structural damage [6–10]. Hence, these sensors are often
used for the monitoring of engineering structures such as bridges or wind turbine towers.
These structures typically have low eigenfrequencies due to their geometry, in particular
their high modal mass combined with low modal stiffness. Commonly, the first modal
eigenfrequency of road bridges ranges from 2 Hz to 5 Hz and that of wind turbine towers is
between 0.2 Hz and 1.0 Hz [11–13]. Such low eigenfrequencies cannot be reliably measured
easily. This is often a problem in practice because these boundary conditions do not align
with the standard use case for accelerometers [7,14–16]. DC-coupled MEMS (Micro-Electro-
Mechanical System) sensors have often been used in the low-frequency range due to their
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linear response in this range and their capability to measure constant accelerations, such as
gravity [17]. For example, in [18], Zanelli et al. developed a monitoring system for bridge
mode identification using wireless MEMS sensors as an alternative to wired MEMS sensors.
To evaluate the sensor performance, some prototypes were installed on a railway bridge
for a field test and data were collected showing the low-frequency system behavior of the
bridge. Bedon et al. developed an MEMS sensor prototype in [19], which was calibrated
employing laboratory tests. The experimental validation of the MEMS accelerometers was
carried out using the example of the cable-stayed bridge in Pietratagliata (Italy), which has
natural frequencies of approx. 2 Hz.

However, these MEMS sensors have a low signal-to-noise ratio (SNR). Alternatively,
lower-noise Integrated Electronic Piezoelectric (IEPE) accelerometers are also employed,
even though they are larger in size and generally come with a higher unit cost. IEPE sensors
have a frequency-dependent response and operate on an AC-coupled signal conditioner.
To achieve precise measurements at the limits of the IEPE sensor, exact knowledge of its
behavior is essential. Consequently, frequency-dependent calibration of the IEPE sensors
is imperative. There are various methods for calibrating accelerometers following ISO
16063 [20] in conjunction with DIN EN ISO/IEC 17025 [21], including gravity-based cali-
bration, shock calibration by comparison with a reference transducer, and the calibration
of vibration calibrators for use on site. The calibration method used in this paper is de-
scribed in DIN ISO 16063-21 [20,22]. This method utilizes a long-stroke shaker to generate
a substantial displacement, ensuring a sufficiently large measurement signal amplitude.
Within the low-frequency vibration range, the sensitivity and phase shift of the sensor to
be calibrated are determined with the aid of a reference transducer. In addition to long
stroke distances, there are alternative calibration methods. For example, Olivares et al.
in [23] and Jonscher et al. in [24] utilized an inclined centrifuge to calibrate acceleration
sensors, relying on the earth’s gravitational field and the centrifuge’s inclination rather
than stroke distance.

To use IEPE sensors in practice reliably, it is important to know the sensors’ behavior
at different frequencies in various environmental conditions. There is a risk that the sensors
can incorrectly determine structural damage. To reduce this risk, data normalization is
essential. Data normalization is a process of separating measurement signal changes caused
by varying and harmless environmental conditions from those caused by actual damage
to the structure [25,26]. As a result, the signal is regressed to a comparable normal. An
example of the dependency of the system, consisting of the measuring system and the
engineering structure, is shown in Figure 1.
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The engineering structure on the left, idealized as a clamped beam, is monitored using
IEPE sensors. The system and structure are subject to external influences, e.g., temperature.
This example is described in more detail in Section 5 and is intended to highlight the
problem and the need for data normalization. The temperature changes also generate a
change in the measurement signal, although no damage has occurred to the engineering
structure or measurement system. This harmless change must be compensated for from
the raw data signal to be able to reliably detect real damage. Thus, data normalization is a
key step in ensuring robust monitoring and remains a central focus of current research in
the field of SHM. Another example that highlights the importance of data normalization is
the study of the Z24 Bridge in Switzerland. It was found that the stiffness variation of the
superstructure was caused by changes in temperature [27]. Without data normalization, the
analysis results of the measurement would falsely indicate the presence of damage that does
not exist. Moreover, this false-positive case could lead to unnecessarily high costs associated
with special inspections [28]. Viefhues et al. present in [29] a data normalization approach
in which a stochastic, subspace-based algorithm is employed to mitigate the effects of
temperature variations in the measurement signal. Additionally, approaches based on
laboratory investigations to describe temperature-dependent sensor behavior can be found
in [30]. Hence, the demand for robust data normalization algorithms in SHM remains
high. Generally, SHM aims to find damage-sensitive features while being non-sensitive
to environmental influences. However, these features are frequently interconnected and
mutually dependent. In other words, the features that are sensitive to damage are also
sensitive to environmental influences [31,32]. This makes it even more difficult to solve
the issue.

To minimize influences on the reliability of SHM during the design phase, it is essential
to investigate the cause of the sensors’ dependency on environmental factors. While data
normalization procedures are well known in practice, they are still not able to distinguish
whether environmental influences have a greater impact on the measurement system itself
or on the load-bearing structure.

To handle this abovementioned issue, this study employs IEPE acceleration sensors
to construct a mini-monitoring system as an application case. The objectives of the study
are to investigate (i) the transfer behavior of the IEPE sensor under varying environmental
influences in the low-frequency range and (ii) to separate the environmental dependency
of the sensor from the complex overall system, which comprises both the sensor and the
structure itself.

This paper is structured as follows: Section 2 elaborates on the measurement principle
of the IEPE transducer under investigation and its context within the entire measurement
chain. Section 3 provides details on the experimental setup utilized for calibrating the
IEPE transducer and describes the systematically simulated environmental influences. The
environment-dependent studies of the transfer behavior are reported and analyzed in
Section 4. Furthermore, Section 5 discusses the integration of the small-scale structure and
SHM system to validate the findings. Finally, in Section 6, the paper concludes with a
discussion, draws practical implications from the investigation, and gives a future outlook.

2. Piezoelectric Accelerometer
2.1. Measuring Principle

The IEPEs employed are based on the physics of piezo-electricity [33,34]. To elaborate,
a piezoelectric ceramic made of lead zirconate titanate within the sensor deforms when
subjected to a mechanical force F. This deformation results in an electrical voltage U.
Figure 2 schematically illustrates the design of a piezoelectric accelerometer.
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The left part of Figure 2 shows the principle of the piezoelectric effect with a piezoce-
ramic made of lead zirconate titanate as an example. In an unstressed state, the centers of
positive and negative charges coincide. In a stressed state, there is a shift u of the charge
centers, leading to an electrical polarization, which can be measured as an electrical voltage
U. Furthermore, the applied acceleration can be directly inferred using Newton’s second
law F = m·a, [35]. It is important to note that the piezoelectric effect can only occur in non-
conductive materials without a center of symmetry [36]. The right part of Figure 2 shows
the principal structure of the IEPE sensor being investigated, which is designed as a so-
called ‘shear system’. The sensor consists of two components, the piezoelectric ceramic and
a seismic mass. The combined components form a spring-mass system with one degree of
freedom [37,38]. Compared to other IEPE sensor designs, such as ‘compression’ or ‘bending
systems’, the IEPE shear sensor represents a compromise between sensitivity, robustness,
and susceptibility to interference for acceleration measurements. It is the most commonly
used design of IEPE sensors for measuring engineering structures [39]. This study focuses
on the analysis of the transmission behavior of this sensor type in the low-frequency range.
However, it is important to note that other IEPE design types (compression or bending
systems) may show different behavior under the influence of environmental factors. This
shall be taken into account when designing IEPE-based measurement systems.

2.2. Signal Conditioning

The IEPE measurement chain used in this paper is schematically shown in Figure 3.
It is assumed that the entire measurement chain is a linear, time-invariant system. In this
context, ‘linearity’ means that the output signal is proportional to the input signal. In this
case, a sinusoidal input signal of a given frequency also generates a sinusoidal output signal
of the same frequency. Nevertheless, the amplitude and phase may differ as a function of
the frequency. ‘Time invariance’ means that the output signal will respond consistently to
the input signal at any given time, regardless of the specific point in time [40]. However, the
‘time invariance’ assumption is questioned because environmental influences can affect the
measurement system over time due to aging. This time-variant behavior of measurement
systems can be observed, for instance, in [30].

The measurement chain consists of an IEPE transducer, a coaxial cable, a signal
conditioner, and a measuring system. The IEPE transducer is a two-wire system (input and
output) and has an integrated amplifier, which is an impedance converter implemented as a
MOSFET (Metal Oxide Semiconductor Field-Effect Transistor) circuit. The MOSFET enables
high-impedance voltage signals to be amplified to low-impedance voltage signals. This
leads to significantly better noise performance and less loss of signal quality [24]. Due to
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this low-loss signal transmission, inexpensive coaxial cables, which may be several hundred
meters long, can be used without concerns about losing the quality of the measurement
signal, such as increased noise or susceptibility to environmental factors [41]. In current
research, there are also approaches using wireless acceleration sensors. For instance,
Xie et al. developed a passive accelerometer employing an unstressed patch antenna for
data acquisition [42]. Hidalgo et al. presented a wireless and low-power system for
structural damage assessment [43]. However, wireless measurement systems are not
studied here because they are not the standard use case in engineering fields. The signal
conditioner, as the next measuring chain component, is composed of a DC voltage source
and a current-regulating diode, which are responsible for a constant current supply to
the IEPE transducer via the coaxial cable [41]. The constant current supply to the IEPE
transducer generates a positive bias voltage, which is UBias = 13 V for the IEPE sensor used.
This bias voltage is separated from the actual raw data signal by the coupling capacitor
Cc. The combination of the coupling capacitor Cc and load resistor Rc forms a first-order
high-pass filter whose lower cutoff frequency is given by Equation (1):

fu =
1

2 · π · Rc · Cc
(1)

Hence, the measurable lower frequency limit of the accelerations depends on the
signal conditioner and the sensor. According to the datasheets, the used sensor and signal
conditioner have a lower cut-off frequency of 0.1 Hz, which is sufficient for the planned
study in this paper and practical applications, e.g., wind turbines [44].
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Figure 3. Electrical circuit diagram of the studied IEPE measurement chain.

As the last component of the measurement chain, the measuring system contains an
analog-to-digital converter (ADC) that converts the analog voltage signal into a digital
signal with a sufficiently high sampling frequency. Additionally, the capacitor Ca and
resistor Ra form a low-pass anti-aliasing filter so that interfering noise signal components
are filtered out of the raw data signal, and a digital, time-discrete measurement signal is
generated for further processing.

The measurement module used was manufactured by GANTNER INSTRUMENTS; it
includes both the signal conditioner and the measuring system. The used Q.bloxx XL A111
measuring module is specially designed for measuring IEPE sensors, and the transmission
behavior is shown in Table 1.

Table 1. Frequency-dependent transmission behavior of the Q.bloxx XL A111 measuring module.

Frequency Sensitivity of Q.bloxx XL A111

0.1 Hz 70.7% (−3 dB)
0.2 Hz 90.0% (−1 dB)
0.3 Hz 100.0% (0 dB)
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The cut-off frequency of the measuring module, i.e., the frequency at which the
amplitude of the output signal reaches only 70.7% (−3 dB) of the input amplitude [45], is
0.1 Hz. At 0.3 Hz, the ratio is 100% (no amplitude reduction). In the measuring module, the
delta-sigma modulation with a sampling depth of 24 bits is employed for analog-to-digital
conversion. The specifications of the components used show that the measuring chain is
suitable for frequency ranges between 0.2 and 1.0 Hz, which is of interest in this study.

3. Sensor Calibration: Experimental Setup and Execution

This section presents the experimental setup to test the IEPE sensors. With this setup, a
noise analysis was conducted. Furthermore, a reference measurement was conducted using
a standardized calibration station at the Bundesanstalt für Materialforschung und-prüfung
(BAM, in English: Federal Institute for Materials Research and Testing). Furthermore, the
comparative measurement was carried out at the TU Dresden (TUD), Dresden, Germany.
The main differences between the two test series are listed in Table 2.

Table 2. Characteristic features of experiments carried out at TUD and BAM.

TUD BAM

External conditions Varying environmental conditions Constant environmental conditions

Calibration station Linear unit Vibration-isolated calibration table with
horizontal low-frequency shaker

Input signal Linear velocity and constant acceleration profile Harmonic oscillation
Reference transducer MEMS 1 MEMS 2

3.1. Experimental Setup of the Standardized BAM Calibration Station

The low-frequency calibration system at BAM facilitated the precise calibration of
acceleration sensors according to DIN ISO 16063-21 [20]. This system is located on a
calibration table which is decoupled from the foundation, effectively suppressing any
external vibrations. The system comprises a horizontally oriented low-frequency shaker,
upon which an air-cushion-supported sled is electromagnetically excited. The experimental
setup is illustrated in Figure 4.
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The metrology of this overall system is traceable to the calibration norm of the
Physikalisch-Technische Bundesanstalt (in English: National Metrology Institute) in Braun-
schweig, Germany. The horizontal low-frequency shaker is capable of calibrating a test
object of up to 23 kg in frequency ranges from 0.2 Hz to 200 Hz with a maximum possible
stroke of 140 mm. The IEPE sensors to be examined must be able to reliably detect the
first natural frequencies of wind turbines. Consequently, the low-frequency accelerations
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in the frequency range from 0.2 Hz to 1.0 Hz are of interest for this calibration. The peak
accelerations achieved using the calibration system are presented in Table 3.

Table 3. Peak acceleration of the input signal a as a function of frequency f for the calibration station
(BAM) and linear unit (TUD).

f in Hz 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

BAM a in m/s2 0.103 0.232 0.412 0.643 0.926 1.260 1.646 2.083 2.571
TUD a in m/s2 0.102 0.230 0.410 0.640 0.922 1.254 1.638 2.074 2.560

3.2. Experimental Setup of the Linear Unit

Since the BAM calibration system is stationary and unable to accommodate variations
in environmental conditions inside a climate chamber, an alternative calibration station
was set up inside a climate chamber at the Institute of Concrete Structures, TU Dresden,
Dresden, Germany. The climate chamber has a test volume of 2.00 m × 2.00 m × 2.00 m.
The chamber has a frequency-controlled refrigeration unit that can extract heat from the
chamber using the frequency converter. An air cooler guarantees uniform air distribution
and thus ensures a constant room temperature of up to −25 ◦C in every corner of the
chamber. The chamber is supplemented by a tube heater that can heat the temperature to
+100 ◦C. In addition to the temperature-regulating components, an ultrasonic humidifier
and an adsorption dryer enable the relative humidity (RH) to be regulated from 25% RH
to 85% RH. The climate chamber can be electronically controlled to program temperature
and humidity cycles, making it easier to carry out regular analyses. Figure 5 shows the
experimental setup installed in the climate chamber, which primarily consists of a linear
unit that is commonly used in automation technology.
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In this setup, the rotational motion of a servo motor is converted into translational
motion through a spindle drive and drives a linear slide. By periodically changing the
direction of rotation of the motor, an oscillating motion of the linear slide is generated.
In this way, a stroke of up to 160 mm can be achieved. However, due to the limited
controllability provided by the basic configuration of the linear unit, it is not capable of
producing harmonic vibrations. The control software only supports linear velocity or
constant acceleration profiles, as depicted in Figure 6.
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Figure 6. The achievable motion profiles with the linear unit (qualitatively). (a) Velocity profile;
(b) acceleration profile.

The sensors and the measurement module were mounted on the linear slide to mitigate
the noise levels in measurements that may result from the fraction of coaxial cables. By
securing the components of the measurement chain, relative movements were avoided,
effectively suppressing the undesired noise impact. Similarly, in the low-frequency calibra-
tion system at BAM, noise effects were mitigated by orienting the coaxial cable horizontally
away from the system. This prevented vibrations caused by potential frictional interactions
between the cables and the calibration table. The resulting accelerations using the linear
unit at TUD corresponding to the respective excitation frequencies, with an amplitude of
160 mm, are listed in Table 3.

Calibrating the accelerometers with the linear unit by applying the acceleration profile,
as shown in Figure 6 (on the right side), can be controversial. On the one hand, it does
not correspond to the recommended sine, multisine, or noise excitation in accordance
with DIN ISO 16063-21, 4.4 [20]. On the other hand, it is not possible to measure constant
accelerations with the IEPE sensors due to the sensor specificity of the RC circuit principle
(in contrast to the MEMS sensors). Nevertheless, this acceleration profile was used for the
identification of systematic measurement errors shown in Section 4. Although it does not
adhere to the standard boundary conditions for the aforementioned calibration, it offers
signal reproducibility, allowing for a qualitative evaluation of systematic influences from
environmental factors.

To investigate the influence of temperature and relative humidity on the measurement
signal, the experimental setup was assembled inside a climate chamber. However, before
analyzing the impact of different environmental conditions on the measurement signal, it
was necessary to carry out a noise analysis.

3.3. Noise Analysis

The noise behavior of the IEPE sensors was analyzed and compared with that of the
MEMS sensors. Within the climate chamber at TUD, the MEMS sensor labeled as “MEMS 1”
was employed for comparative purpose alongside the IEPE sensor. Additionally, the sensor
“MEMS 2” at BAM, which was affixed to the calibration station, served as a reference sensor.
Detailed specifications and characteristics of the utilized sensors can be found in Table 4.

Table 4. Properties of the accelerometers used in this paper.

Manufacturer and Model Frequency Range Sensitivity Noise Density

MEMS 1 PCB PIEZOTRONICS
Model 3713B112G 0.00–250 Hz 1000 mV/g ± 5% 22.9 µg/

√
Hz

MEMS 2 SILICON DESIGN INC.
Model 2240-005 0.00–400 Hz 800 mV/g ± 5% 15.0 µg/

√
Hz

IEPE WILCOXON
Model 786LF-500 0.10–13,000 Hz 500 mV/g ± 3 dB 2.0 µg/

√
Hz
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A total of 20 measurements were recorded. Each measurement had a duration of 30 s
and was sampled at a rate of 500 Hz. A comparison of the time-domain signals is illustrated
in Figure 7.

Metrology 2024, 4, FOR PEER REVIEW    9 
 

 

Table 4. Properties of the accelerometers used in this paper. 

  Manufacturer and Model  Frequency Range  Sensitivity  Noise Density 

MEMS 1 
PCB PIEZOTRONICS   

Model 3713B112G 
0.00–250 Hz  1000 mV/g ± 5%  22.9 µg/√Hz 

MEMS 2 
SILICON DESIGN INC.   

Model 2240-005 
0.00–400 Hz  800 mV/g ± 5%  15.0 µg/√Hz 

IEPE 
WILCOXON   

Model 786LF-500 
0.10–13,000 Hz  500 mV/g ± 3 dB  2.0 µg/√Hz 

A total of 20 measurements were recorded. Each measurement had a duration of 30 

s and was sampled at a rate of 500 Hz. A comparison of the time-domain signals is illus-

trated in Figure 7. 

 

Figure 7. Comparison of noise behavior. (a) In the climate chamber; (b) in the 3rd basement floor of 

BAM. 

The output signal of the IEPE 1 sensor (represented in blue color) tested in the climate 

chamber at TUD exhibited a significantly higher variation compared to the identical IEPE 

1 sensor tested at BAM. This can be attributed to the less-noisy environment in the BAM 

facility, which  is  located on a vibration-isolated, heavyweight  individual foundation. It 

can effectively dampen external influences, such as the vibrations from the Berlin subway 

system.  In contrast,  the experimental setup  in  the climate chamber at TUD  is mounted 

directly on the floor without any additional isolation procedures, making it susceptible to 

external sources of vibration interference. Instances of potential disturbances include the 

operational vibrations stemming from the climate chamber’s refrigeration unit, as well as 

unidentified factors. Additionally, as observed in Figure 7, MEMS sensors (represented in 

orange color) exhibited higher noise compared to the IEPE 1 sensor. In the frequency spec-

tra depicted in Figure 8, other differences can be observed. 
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of BAM.

The output signal of the IEPE 1 sensor (represented in blue color) tested in the climate
chamber at TUD exhibited a significantly higher variation compared to the identical IEPE
1 sensor tested at BAM. This can be attributed to the less-noisy environment in the BAM
facility, which is located on a vibration-isolated, heavyweight individual foundation. It
can effectively dampen external influences, such as the vibrations from the Berlin subway
system. In contrast, the experimental setup in the climate chamber at TUD is mounted
directly on the floor without any additional isolation procedures, making it susceptible to
external sources of vibration interference. Instances of potential disturbances include the
operational vibrations stemming from the climate chamber’s refrigeration unit, as well as
unidentified factors. Additionally, as observed in Figure 7, MEMS sensors (represented
in orange color) exhibited higher noise compared to the IEPE 1 sensor. In the frequency
spectra depicted in Figure 8, other differences can be observed.
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In the spectrum of the noise signal generated in the climate chamber, clear peaks,
such as those at 100 Hz, 105 Hz, and 218 Hz, could be observed, suggesting the presence
of various external systematic influences. In contrast, the spectrum of the noise signal at
BAM exhibited only the current noise at 50 Hz (typical mains hum in Germany due to the
alternating current frequency of 50 Hz) and a separate peak of MEMS 2 at 0 Hz. The latter
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observation indicates that MEMS 2 was not precisely oriented horizontally concerning the
direction of motion and, therefore, measured a part of the gravitational acceleration in this
direction. For the sensor calibration at BAM, which is discussed in the following section,
MEMS 2 was thus adjusted to the exact horizontal orientation.

In practice, it is usually recommended to use a sensor with higher sensitivity and lower
noise density to reliably measure low-frequency accelerations in engineering structures.
Table 4 shows the differences between the MEMS and IEPE sensors. On the one hand, the
sensitivity of the MEMS sensors was higher than that of the IEPE sensors. On the other
hand, the noise density of the MEMS sensors was significantly higher than that of the
IEPE sensors. The comparison between MEMS 1 and IEPE shows that the sensitivity-to-
noise density ratio was 250, while this ratio was 44 for MEMS 1. An acceleration sensor
with a high sensitivity-to-noise density ratio should therefore be selected to reliably detect
low-frequency vibrations on engineering structures. To investigate other influences in
the low-frequency acceleration range, such as the frequency itself, the temperature, and
humidity dependence, the sensors were subjected to motion using the calibration station
and the linear unit.

3.4. Reference Measurement with Standardized Calibration Station

The experimental setup described in Section 3.1 was employed to perform the calibra-
tion of acceleration sensors according to DIN ISO 16063-21 [20], using a comparison with a
reference transducer. The raw data signal of MEMS 2 and IEPE 1 at a frequency of 1 Hz,
20 ◦C temperature, and 50% RH is shown in Figure 9.
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It can be seen that the amplitude U of the MEMS 2 sensor (approx. 200 mV) was
greater than that of the IEPE 1 sensor (approx. 130 mV). This can be attributed to the
higher sensitivity of the MEMS 2 sensor. Based on the amplitude of the IEPE 1 sensor, the
frequency response can be determined, whereby the reference frequency is defined as 1
Hz. Additionally, a vibration acceleration of 2.571 m/s2 (see Table 3) is generated using
the horizontal low-frequency shaker. Subsequently, the sensitivity S is calculated using
Equation (2):

S =
U
a

. (2)

S is determined for different frequencies so that the frequency-dependent transmission
behavior of the IEPE sensors can be evaluated via Equation (3) using the transmission
factor TF (f ):

TF( f ) =
S( f )

S( f = 1 Hz)
. (3)
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Figure 10 shows the result of four calibrated IEPE sensors in comparison to the
reference transducer MEMS 2.
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Figure 10. Calibration of the examined IEPE sensors at 20 ◦C and 50% RH. (a) Frequency response;
(b) phase shift.

For each IEPE sensor, the number of oscillation periods per frequency was increased
until at least six consecutively measured amplitudes per frequency had a standard deviation
of less than 0.3% (accuracy of the BAM calibration station). This led to a calibration time of
at least 30 min for a single sensor.

The left diagram in Figure 10 shows the non-linear transmission behavior of all four
IEPE sensors compared to the linear transmission behavior of the MEMS 2 sensor. Addition-
ally, the sensitivity of the sensor decreased as the frequency decreased. At the low-frequency
oscillation of 0.2 Hz, the signal amplitude dropped by 5.5% to 8.5% compared to the signal
at 1 Hz. At 0.3 Hz, there was only a 2.5% to 3.5% drop in the signal amplitude, whereas at
0.7 Hz, the signal no longer showed a significant drop. Furthermore, as the frequencies
increased from 0.7 Hz to 1.0 Hz, the signal was attenuated by a maximum of 0.1% compared
to the 1 Hz sensitivity. The right diagram in Figure 10 shows that the phase shift increased
as the frequency decreased. At 0.2 Hz, a phase shift of up to 20◦ can be seen. This shift
tended to approach a 0◦ phase shift with an increase in frequency up to 1 Hz. The phase
shift, as the temporal displacement between the reference transducer MEMS 2 and the
IEPE transducer, is especially considered in modal analyses of structures where multiple
accelerometers are used for system identification (eigenfrequencies and eigenmodes), as
discussed in [39]. The calibration was performed from 0.2 Hz to 10 Hz. However, since the
amplitude response did not change significantly from 0.7 Hz (i.e., there was no obvious
drop or gain in the signal amplitude), Figure 10 only shows the frequency response from
0.2 Hz up to 1.0 Hz.

This result is advantageous for bridges with typical natural frequencies from 2 Hz to
5 Hz. In comparison, it is essential to consider the sensitivity drop and the phase shift in
the data normalization using the transfer function for wind turbines, which typically have
eigenfrequencies ranging from 0.2 Hz to 1.0 Hz.

3.5. Comparison with a Simplified Calibration Unit

Following the procedure described in Section 3.4, the frequency response of the IEPE
sensors was determined using the linear unit described in Section 3.2. The reason for
employing this experimental setup is its capability to be installed in a climate chamber,
enabling exposure to different temperatures and humidity levels for further investigation.
Figure 11 illustrates the time-domain signal at a frequency of 1 Hz.

A Bessel low-pass filtering technique was employed in this case to illustrate the signal
quality. Unlike the BAM calibration station, the linear unit did not generate harmonic
vibrations. The qualitative acceleration profile as an input signal, shown in the right
diagram of Figure 6, can be transferred in the time domain as an output signal from the
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MEMS 1 sensor in Figure 11. The time-domain signal from the IEPE 1 sensor exhibited a
voltage decay over time, even when the acceleration remained constant according to the
reference transducer. This behavior is due to the functionality of the IEPE sensor. Unlike
MEMS sensors, IEPE sensors cannot measure constant accelerations. They possess an
internal time constant, which approximately corresponds to a first-order RC high-pass
filter. As a result, when subjected to a step input, the sensor responds with an exponentially
decaying amplitude. Regarding the reproducibility of the results, it is important to select
an amplitude for the IEPE signal that occurs at the time of the constant acceleration range.
In Figure 11, the peak amplitude per oscillation is therefore used, i.e., the IEPE signal
at the start of the decay process. This procedure is important because otherwise the
influences on the IEPE measurement system cannot be systematically compared regarding
the environmental influences and frequency behavior. To quantify systematic temperature
and humidity influences, a specific frequency (see Table 3), a specific temperature (−10 ◦C,
20 ◦C, or 50 ◦C), and a specific relative humidity (30% RH, 50% RH, or 80% RH) were kept
constant for each IEPE sensor so that a total of 45 measurements were carried out for each
sensor (1 Hz, 20 ◦C, and 50% RH was the reference measurement). Each measurement
had a duration of twelve minutes and was sampled at 100 Hz. At least six consecutively
measured amplitudes per frequency were selected for the data analysis. It is important to
note that the initial two-minute transient process at the beginning of each measurement
was excluded from the analysis, as otherwise, the transient behavior of the IEPE sensor
would lead to a distorted analysis. The transmission behavior of the IEPE sensors was then
calculated using Equations (2) and (3). Since the input signal per frequency was identical for
each variation of the ambient condition, a valid analysis of the measuring system behavior
for systematic temperature and humidity influences is possible.
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4. Systematic Environmental Influences on the IEPE Frequency Response

In the next step, the influence of temperature and relative humidity on systematic
errors in the frequency response was investigated. The reference sensitivity for the IEPE
sensor was determined with the conditions of a 1 Hz frequency, 20 ◦C temperature, and
50% relative humidity.

4.1. Temperature Influence on IEPE Frequency Response

To determine the temperature dependence of the frequency response, the temperature
was varied within the climate chamber during the calibration process. To exclude possible
systematic temperature influences on the linear unit, the stepper motor was equipped
with a servo controller that included an oscilloscope function for measuring the dynamic
excitation. In addition, redundant control measurements were performed using laser
distance sensors, which ensured temperature-independent measurement of the dynamic
excitation. For the distance measurement, the laser distance sensor was attached to a fixed
point at the end of the linear unit, which was decoupled from the linear unit. The linear
slide shown in Figure 5 moved during calibration and the laser distance sensor attached
to the fixed point measured the change in distance over time. In both cases, a systematic
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temperature influence on the linear unit could be excluded. An analysis of the temperature
influence on the phase shift could not be performed in this investigation, since the control
measurements using oscilloscope and laser measurements were not digitized. Therefore,
the evaluation was limited to the frequency response. The results for two IEPE sensors are
shown in Figure 12.
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Figure 12. Temperature dependence of the frequency response at 50% RH.

A temperature change of 30 ◦C (from −10 ◦C to 20 ◦C, or from 20 ◦C to 50 ◦C) led to
a change in the frequency response of both IEPE sensors; the sensitivity of IEPE sensors
increases as the temperature increases. The temperature dependence can be explained
by the material properties of the piezoelectric lead zirconate titanate ceramic used, which
are defined by piezoelectric material constants. The coefficients can be derived from
the mechanical–thermodynamic material behavior of the ceramic. The coefficients can
be determined according to DIN EN 50324-2:2002-12 [46] and described via the linear
equations of state of an elastic dielectric with piezoelectric properties [37,46,47].

Based on this result, it can be concluded that temperature changes impact the sen-
sitivity of the measurement system. This knowledge is already stated generally in the
sensor manufacturers’ data sheets. For the IEPE sensors used, there was a 10% reduction
in sensitivity at −25 ◦C and a 15% increase in sensitivity at +120 ◦C [44]. However, these
calibration certificates are valid for a frequency range of 5 Hz to 10 kHz, which means that
IEPE calibration certificates are no longer suitable for use in the construction industry. The
analysis carried out in this paper shows that a systematic temperature dependence must
also be taken into account for typical boundary and ambient conditions in the construction
industry; otherwise, damage to the structure cannot be distinguished reliably from the
varying system behavior of the sensors.

4.2. Air Humidity Influence on IEPE Frequency Response

In addition to the first series of experiments described in Section 4.1, a second series
of experiments was conducted to investigate the influence of relative humidity on the
frequency response of IEPE sensors. The results for two IEPE sensors exposed to varying
relative humidity levels of 30%, 50%, and 80% are depicted in Figure 13.

Compared to the observed temperature dependency of the frequency response, a vari-
ation in relative humidity did not produce a significant change in the frequency response.
Only at a frequency of 0.2 Hz was a significant change at different humidity levels visible.
Under humid (80% RH) and dry (30% RH) conditions, the sensitivity at 0.2 Hz was up
to 4% lower than that under moderate humidity conditions (50% RH). This observation
should be critically assessed because no systematics were visible at other frequencies. The
result can be attributed to a degree of uncertainty in the test procedure. Nevertheless, the
independence of the sensitivity from humidity at frequencies of 0.3 Hz to 1.0 Hz can be
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attributed to the hermetic sealing of the sensor electronics within the sensor case, which
protects against dust and moisture ingress.
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5. Case Study

To validate the calibration results from Sections 3 and 4 as well as to separate the
sensor behavior from the structural behavior, the IEPE sensors were mounted on a small-
scale support structure. The experimental setup including data analysis is described and
discussed in the following.

5.1. Experimental Setup and Data Acquisition

Figure 14 shows the experimental setup, which is a clamped vertical cantilever beam
similar to the tower structure of a wind turbine. The experimental setup was set up inside
the climate chamber and was exposed to different temperatures to separate the behavior of
the IEPE sensor from the behavior of the engineering structure. The raw data signals of the
four IEPE sensors for one swing-out test are also depicted in Figure 14.
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The beam was 1.10 m long and made of a rectangular aluminum profile (AlMgSiO); the
cross-sectional dimensions were 45 × 45 mm. The beam was connected to a three-leg base
construction using bolts, and the three legs were fixed with concrete weights to establish a
situation of rigid clamping. Starting from the free end of the cantilever beam, four IEPE
sensors with a distance of 20 cm and coordinates of x = [0 cm; 20 cm; 40 cm; 60 cm] in the
x-axis direction were installed using bolted connections. The sensor properties are listed in
Table 4. During the tests, the measurement signal was captured at a frequency of 200 Hz.

To examine the dynamic response of the structure and the sensors, a swing-out of
the system was induced by displacing the cantilever’s head by 2.80 mm ± 0.10 mm. Ad-
ditionally, to quantify the dynamic response of the IEPE sensors, a parallel comparative
measurement was executed using a laser triangulation sensor, which measured the deflec-
tion of the cantilever throughout the complete experimental duration. Previous studies
show that temperature does not affect the frequency response of laser triangulation mea-
surements, so an accurate reference for evaluating IEPE behavior can be ensured [30].
For the distance measurement, the laser distance sensor was attached to a fixed point at
the free end of the cantilever beam, which was decoupled from the structure. With this
configuration, the sensor measured the change in distance over time and the signal could be
compared to the IEPE signal. In addition, a damage simulation was conducted through the
implementation of a mass alteration. This was achieved by attaching individual masses to
the structure at specific positions, x = [10 cm; 30 cm], each weighing 0.22 kg. Consequently,
a mass change of 3% or 6% was simulated, considering that the weight of the structure was
7.30 kg. A change in mass in this percentage order of magnitude is not realistic for real
engineering structures, even if there are permanent traffic loads (e.g., due to traffic jams) or
other external influences such as wind acting on the structure. However, in this case study,
the intention was to compare the variation in the measurement signal caused by damage
with the variation in the measurement signal caused by temperature changes.

To investigate the behavior of the structure and the sensor at different temperatures,
the test setup was subjected to the same deflection and thus the same oscillation process
four times each at temperatures of T = [−10 ◦C; 20 ◦C; 50 ◦C], with the relative humidity
held constant at 50%.

5.2. Data Analysis and Evaluation with Signal Energy Method

Fast Fourier Transformation (FFT) was used to compare the measurement signals
with different features. Figure 15 displays the frequency space representation of the
IEPE 1 signal.
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Based on this, the initial modal eigenfrequencies f 0,1 of the structure at −10 ◦C, 20
◦C, 50 ◦C, and 20 ◦C with a 6% increase in mass can be confidently determined. The
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temperature showed an obvious impact on the eigenfrequencies of the system. For instance,
a temperature reduction of 30 ◦C, from 20 ◦C to −10 ◦C, resulted in an 11% increase in f 0,1
from 8.79 Hz to 9.74 Hz, whereas an increase in temperature of 30 ◦C, from 20 ◦C to 50 ◦C,
resulted in a 5% decrease in f 0,1 to 8.39 Hz. These results indicate a significant influence of
temperature on the dynamic behavior of the structure. The reason for this behavior is that
the temperature can influence the stiffness of the aluminum beam. Studies [48–50] show
that a structure’s stiffness increases as the temperature decreases, resulting in an increase
in the eigenfrequency.

Additionally, it can also be seen that the f 0,1 was 7.20 Hz at 20 ◦C with a 6% mass
change, leading to an 18% shift in the eigenfrequency. A 6% change in mass resulted in a
much more significant change in natural frequency compared to the changes generated by
temperature variations. However, smaller system changes and damages are likely to be
expected in practice, while the temperature gradients are realistic. This shows it is evident
to consider environmental conditions in the data analysis procedure.

To differentiate the behavior of the sensor from the supporting structure, a comparison
of the accelerometer and laser triangulation sensor measurements was conducted. Table 5
provides the essential data for this case study, featuring columns that highlight IEPE 1 and
IEPE 4—two previously examined sensors. The first modal eigenfrequency f 0,1 and the
relative signal energy Erel (see Equation (5)) for the sensors under varying temperatures
and mass changes were determined.

Table 5. Comparison of natural frequency and signal amplitude under variations in temperature and
mass (damage simulation).

IEPE 1 IEPE 4

T in ◦C 20 −10 50 20 20 20 −10 50 20 20
∆m in % 0 0 0 +3 +6 0 0 0 +3 +6
f 0,1 in Hz 8.79 9.74 8.39 8.63 7.20 8.79 9.74 8.39 8.63 7.20
∆f 0,1 in % - +11 −5 −2 −18 - +11 −5 −2 −18

Erel in mV2/mm2 8113 3975 10,609 7802 7528 2838 1305 4603 2703 2544
∆Erel in % - −51 +31 −4 −7 - −54 +62 −5 −10

To distinguish the sensor’s behavior from the global structural behavior, a new evalua-
tion parameter was established. An analysis of the swing-out process in the time domain
was conducted to evaluate the sensor performance under various temperatures. This
involved calculating the signal energy of the time signal. Since the laser triangulation
sensor displayed consistent frequency behavior under different temperatures, T, it served
as the reference point against which the signal energy obtained from the IEPE sensor was
compared. The recorded signals from both the laser triangulation sensor and the IEPE
sensors were stored as time-discrete sequences. The signal energy of a time-discrete signal
x [n] was defined as the summation of the squared magnitudes of all its samples in the time
domain [49,51] and can be calculated as

E =
N

∑
n=1

|x[n]|2, (4)

where |x[n]| denotes the magnitude of the n-th sample point and N represents the num-
ber of samples. The signal energy describes the strength of the signal within a defined
period [50], and can thus reflect the measured signal quality of the sensors. To evaluate
the influence of the temperature on the IEPE sensors separately, the structure response,
which is measured by the laser triangulation sensor, shall be excluded. This is achieved by
utilizing the measurement obtained from the laser triangulation sensor as a reference value.
Subsequently, the relative energy Erel is calculated using Equation (5)
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Erel =
EIEPE

ELaser
. (5)

It is important to note that the laser triangulation sensor and IEPE sensors measured
different physical properties, namely displacement and acceleration. Hence, their signal
energies are associated with different units: the signal energy of the laser triangulation
sensor is expressed in mm2, while the signal energy of IEPE sensors is quantified in mV2.

By using the parameter Erel, the observation made during the calibration procedure
(Section 4) can be confirmed qualitatively. The temperature affected not only the support
structure but also the sensor behavior. When the temperature was higher than 20 ◦C,
the signal energy ratio between the IEPE sensor and the laser triangulation sensor also
increased for every tested sensor and vice versa, as depicted in Table 5 for both IEPE 1
and IEPE 4. This was further confirmed by the experiments where the mass was changed
rather than the temperature, as there was a much smaller change in the signal energy ratio.
Hence, it can be confidently stated that temperature changes significantly influence the
sensitivity of the IEPE sensor within the complex overall system, which includes both the
sensor and the structure, and this systematic error should be compensated for in the overall
data analysis of engineering structures with low-frequency accelerations.

6. Discussion and Outlook

This paper investigated the transmission behavior of acceleration sensors within the
low-frequency range under varying conditions. The focus was on IEPE sensors, which
are suitable for measuring low-frequency vibrations in SHM applications for engineering
structures. The results can be summarized as follows:

• IEPE sensors have a non-linear transmission behavior, which ideally must be deter-
mined by sensor-specific calibration using a horizontal low-frequency shaker. MEMS
sensors have the advantage of linear transmission behavior; however, a significant
disadvantage of MEMS sensors is the high noise level. Thus, IEPE sensors are recom-
mended for low-frequency acceleration measurement in engineering fields.

• Due to the temperature dependency of the piezoelectric constants, the transmission
behavior of IEPE sensors in the low-frequency range is temperature-dependent. The
sensor sensitivity increases with rising ambient temperatures. Within the tempera-
ture range of −10 ◦C to +50 ◦C, there was a deviation in sensitivity of up to 10%,
independent of the tested frequency range of 0.2 Hz to 1.0 Hz.

• Based on the test results—although there was some uncertainty in the test procedure—
the transmission behavior of IEPE sensors in the low-frequency range can be inter-
preted as almost independent of the air humidity.

• In the case study, it was demonstrated that, for a precise measurement-based eval-
uation of structural behavior, both the sensor response and the structural response
should be assessed separately. For this, parameters like signal energy can be suitable
for evaluation features.

The compensation of systematic influences on the structure and on the sensor system,
such as temperature, is essential for a robust SHM. In practice, there is a risk that the
measurement signal may be obscured by measurement noise at low temperatures due
to low sensitivity and high noise density. To mitigate this, it is advisable to select an
accelerometer with high sensitivity (e.g., 500 mV/g) and low noise density (e.g., 2 µg/

√
Hz).

Furthermore, IEPE sensors may underestimate the response of the supporting structure at
low temperatures and overestimate it at higher temperatures. In many practical cases, only
the frequency within the spectrum is of interest; however, there are also instances where, for
example, the dynamic magnification factor is calculated based on vibration energy, resulting
in a static equivalent force. In such cases, actual measurements at lower temperatures
could lead to an underestimation of the vibration energy Erel and, consequently, to an
underestimation of the static equivalent force (e.g., earthquake engineering). Therefore, it is
essential in practical applications to account for these influences to reduce potential sources
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of sensor error. The selection of IEPE sensors with minimal temperature dependence and
precise data normalization of the raw data is still crucial to improve the reliability of SHM.
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