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Abstract: This paper presents a method for preparing a pressure sensor that is insensitive to ac-
celeration along with experimental evidence of its efficacy in aerodynamic analysis. A literature
review and preliminary studies revealed the undesirable effect of acceleration on sensors that are
located on moving elements, as evidenced by deviations from actual pressure values for piezoresistive
pressure sensors that are made using MEMS technology. To address this, the authors developed a
double-membrane sensor geometry that eliminated this imperfection; a method of implementing
two solo pressure sensors as a new geometry-designed sensor was also proposed. Experimental
tests of this suggested solution were conducted; these measurements are presented here. The results
indicated that this new sensor concept could be used to measure the dynamic pressures of rotating
and moving objects in order to obtain measurement results that are more reliable and closer to the
true values that are derived from aerodynamic analyses. The published results confirm the reliability
of the proposed device.

Keywords: energy; piezoresistive pressure sensor; aerodynamic; compensation of acceleration effect;
air flow measurements; aircraft flight speed measurement; wind turbine blade measurements; fluid
flow; emission reduction; circular economy in renewable energy

1. Introduction

This publication presents the concept of designing pressure transducers that are
free from errors of sensitivity to static and dynamic accelerations. The paper is a logical
consequence of the research on this issue that is presented in [1,2]. The origin of the
issue and the problem of the sensitivity of pressure sensors to accelerations (which is a
continuation of the topic of sensitivity that was published in [1,2]) is presented at the first
part of the study. Acceleration sensitivity means that a sensor output generates a signal
that is proportional to the value of the acceleration to which the sensor is subjected; this
mainly applies to sensors for low pressures (up to 100 kPa). The smaller the range, the
more noticeable this effect is (and, it has a greater contribution to a measured pressure
signal). This means that pressure measurements could be carried out with noticeable
errors for measurements of moving and rotating objects, flying planes, moving cars, or
rotating wind turbine rotor blades [3]. Measurements of the elementary flight parameters
of airplanes are based on pressure measurements. If an object is in motion, accelerations
usually cause some measurement errors; consequently, measurement inaccuracies could
cause the inappropriate control of a flying unit, and the reaction of the unit’s autopilot
might be incorrect. A similar difficulty occurs in wind energy tests that are carried out in a
wind tunnel, the purpose of which is to determine the pressure loads on the blades during
operation. The only method is a multi-point measurement with a transducer scanner of the
pressure distribution on the airfoil. Then, transducers rotate and are exposed to significant
centrifugal acceleration; this, in turn, results in a large share of the measured pressure in
the signal from the acceleration. For example, the centrifugal accelerations are at a level
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of 350 g for a V-type wind turbine with a diameter of D = 1 m at a rotational speed of
800 r 1/min, where g is the acceleration due to gravity. In a classic measurement that uses
MPX2010D silicon piezoresistive pressure sensors (which provide very accurate and linear
output voltage that is directly proportional to the applied pressure), the acceleration signal
in this method would be 4500 Pa. Therefore, measured pressure values would be of this
order of magnitude; so, the uncertainty of the measurements could be as high as 100%.
Furthermore, it follows that the transducer that is used should be in accordance with the
concept that is proposed in the presented study. This very important observation is not
widely known in the literature, especially since the manufacturers of sensors do not include
information on this subject on their data sheets. Extensive studies on this topic could not
be found in any available modern publications or books.

Partial results of the conducted research were published in [1,2]. The important thing
is that the effect of acceleration is quite diverse in sensors that are manufactured by different
companies and cannot be applied directly (in addition to measuring acceleration in the
form of a fixed correction). The result of the conducted research on the influence of acceler-
ation on pressure measurements was the development of the construction geometry, which
is independent from the sensitivity of pressure sensors to accelerations. The proposed
solution is dedicated to a modern construction that is based on MEMS technology, which
enables the construction of a structure that features millimeter sizes. Both membranes
are pressure-active in a double-membrane construction. Tests that were carried out in the
Department of Aeronautical and Space Engineering at Rzeszów University of Technology
(PL) and the Department of Energy Systems and Environmental Protection Devices at AGH
University of Science and Technology (PL) on the designed and manufactured sensor that
is based on single structures showed significant changes towards reduction of the influence
of acceleration on pressure measurement results. The prepared differential-pressure trans-
ducer has been patented [4]. An extensive literature exploration on the issue of the impact
of acceleration on the accuracy of pressure measurements was conducted; it was noted that
no such analysis exists. In many publications that concern silicon transducers [5–25], tech-
nological issues are most often discussed; however, the issue of the influence of acceleration
is not analyzed at all. Only refs. [18,26] concerned the complex structures of transducers for
measuring some factors: temperature, pressure, acceleration, and radiation in one silicon
multi-sensor. Apart from the presence of accelerometers in multi-sensors, the contents of
the publication were not related to the influence of acceleration on pressure measurement.

The issue of the effect of acceleration on pressure measurement is not well known
and has not been widely discussed in the literature. The construction of an integrated
transducer was presented in [10], where the authors proposed two structures for measuring
high pressures up to 450 kPa and accelerations up to 125 g and assembling them as one
transducer. Any acceleration information that is obtained from such measurements from
an accelerometer allow us to take the influence of acceleration on a pressure sensor with
known characteristics into account. Many publications have described semiconductor
pressure sensors that operate on the principle of determining the deflection of a silicon
membrane that is exposed to normal stress based on strain gauges. It was noted that, since
the membrane can bend under acceleration, sensor solutions should be used to compensate
for these undesirable effects. A reliable solution is the double-membrane construction that
is proposed in the current paper.

The issue of sensitivity to the acceleration of measurement structures concerns many
research situations. Being aware of this, the issues that are presented in this paper mainly
concern those areas that are related to aviation and wind energy. Sensitivity to excitations
of different natures is related to those installation situations in which structure vibrations
may be generated both from the vortices that are created in an installation itself and those
that are caused by compressor devices or drives of various types. The introduced vibrations
can be in the form of acceleration variabilities of an impact or polyharmonic nature or in
the case of tests that are carried out in a two-phase environment. Examples may be the very
interesting studies of two-phase flows in installations using the pressure method that are
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presented in [27,28]. The vibrations that were analyzed in these papers may increase the
uncertainty, which may depend on the installation method of the transmitters. Similarly,
the vortex methods that were used in these studies (i.e., von Karman vortices) to address
the problem of increasing the measurement uncertainty are very important, as the flow
is estimated based on the measurements of local pressure variations in the vortex area.
In such cases of measurement studies, flow-measuring devices are particularly sensitive
to vibrations. When analyzing publications on media flow, the research issue that was
presented in [29] was related to the topic of vortex flowmeters. The publication presented
research on the flexible structures of generation transducers that use the piezoelectric effect.
The piezoelectric phenomenon can be dedicated to applications in vortex flowmeters for
measuring small changes in the local pressure in a vortex’s path behind the exciter. The
solution of the double-membrane sensor that is proposed in the current publication should
also likely compensate for this problem in such cases.

Pressure sensors (transducers) convert the physical values of the pressure of a medium
(gas, liquid) into voltage or electrical current signals. Pressure-to-voltage converters are
critical in all process and production systems. The presented acceleration-insensitive
pressure sensor represents a design concept of a pressure transducer that is free from errors
of sensitivity to any static and dynamic accelerations that are obtained at a sensor’s output.
This allows us to obtain a signal that is proportional to the pressure to which the sensor
is subjected regardless of any external accelerations. This makes it possible to carry out
a wide range of research both in aviation technology and in the wind energy sector. The
benefits that result from the correct design of a wind turbine blade are not limited to profits
that are related to the saving of material for the structure; they can be interpreted in a
broader context. This invention enables the more detailed design of wind turbine elements
and, thus, the more precise determination of the environmental benefits of wind energy.
These benefits include the possible reduction of greenhouse gas emissions and favorable
energy balances in the life cycles of products. Other benefits include a shorter time for
paying off our carbon debt (producing such an amount of clean energy that will allow us
to avoid CO2 emissions that are equivalent to those emissions that are related to the life
cycle of a power plant) of up to fewer than 8 months. Another profit source comes from a
shorter time for paying off the energy debt (the energy that is used for the production of a
single windmill) of up to fewer than 6 months. Hence, the potential environmental benefits
of wind energy development also include the possibility of producing more than 80 times
more energy than the wind farm will consume during its entire 25–35-year life cycle. A
life cycle is counted as the period that starts at the production stage of a device through
the costs of installation and operation to the stage of its decommissioning, recovery, and
secondary processing of raw materials [30–33]. Each of these benefits can be considered
to be the result of correct airfoil design that is the result of proper aerodynamic testing.
All of these environmental benefits of using wind turbines can be intensified through the
more detailed results of aerodynamic analyses of wind turbine blades and rotors that can
be implemented by using an innovative and newly patented design.

Origin of Research on Influence of Acceleration on Pressure Processing

In the experiments on aerodynamic research with the use of wind tunnels that were
conducted by the authors for some years, the authors’ team dealt with pressure measure-
ments in a broad sense; however, they did so in a way that was markedly different from the
research that has been presented by other teams [6–24]. During the research, discrepancies
between the measurements and the theoretical analyses could be noticed. Errors were
observed during the tests in situations where sensors changed their positions; for example,
changing the angle of attack of an unmanned aircraft caused errors in measuring the speed
using the pressure method during its ascent and descent. This situation was even more
noteworthy and resulted in greater pressure measurement errors in rotating assembly
studies. These noticeable measurement errors prompted the authors to seek out a solution
to the problem of the inaccuracy of measurement results. The indicated that the influence
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of acceleration on the accuracy of pressure measurements resulted in research interest in
this issue in order to develop a minimization of this influence. Preliminary research results
were published in [1,2] with explanations of the presence of this effect.

A developed measurement methodology that allowed for the elimination of this influ-
ence has also been presented [1,5]. Continuing research in this area led to the development
of a geometry of the construction of a dedicated sensor that was free from the influence of
acceleration, which is the distinguishing feature of this device. The concept of an intelli-
gent pressure sensor solution included the use of microelectromechanical system (MEMS)
technology and piezoresistive silicon structures. An analysis of the proposed concept of a
double-membrane construction showed double the sensitivity as related to the solution
that was proposed as a measurement method with the use of two transducers in [2] and the
experimental tests that were performed on the models. A full compensation of the accelera-
tion effect was also observed. As a result, the measurement uncertainty was significantly
lower. In all pressure measurement methods, the basic principle is to measure the deforma-
tion of a membrane that is caused by the pressure difference between one side and the other
in membrane-based sensors. Depending on the deformation measurement method that is
used, the sensor is classified. The measurement can be carried out inductively, capacitively,
or by using the piezoresistive phenomenon (i.e., strain gauges in a silicon structure). The
pressure measurement is performed by interpreting the deformation of the membrane wall
that separates the two spaces.

Figure 1 shows a schematic diagram of miniaturized silicon strain gauge elements—a
pressure sensor with MEMS technology that uses a silicon structure. Using the diffusion
method, a bridge was created on the measuring membrane (which was made up of local
semiconductor strain gauges).
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Figure 1. Functional diagram of classic pressure transducer: S—elastic membrane; Fp—pneumatic
force; Fa—dynamic acceleration force; β—angle between the membrane and dynamic acceleration
force; Fg—membrane weight; α—angle between the membrane and membrane weight; p1—pressure
applied to the pressure side; p2—pressure applied to the vacuum side.

Under normal conditions, the areas above and below the membrane should be under
the same pressure (the bridge is balanced); however, when pressure is applied to one side,
the pressure difference between the sides causes the diaphragm to deform. The deformation
introduces a change in the resistance of a silicon structure, resulting in the appearance of
a voltage at the output of the bridge. The magnitude of this voltage is proportional to
the pressure difference. The described process is the basic function of a pressure sensor.
Pressure transducers also react to changes in the output voltage because of the acceleration
to which they will be subjected; therefore, the output signal from the sensor will be the
sum of the pressure and acceleration values. Figure 2 shows a standard MEMS-technology
pressure transducer cross-section.
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Figure 2. MEMS technology pressure sensor cross-section: a—protective gel cover; b—silicon
membrane; c—metal part of the cover; d—main cover; e—measuring the structural place of the
attachment; f—signal output; g—pins [2].

The piezoresistive principle of pressure measurement is important; it has also been
developed in MEMS technology. In piezoresistive sensors, resistors are placed on a silicon
membrane, and the change in resistance is converted into the output voltage. The develop-
ment of the measurement technology is related to the development of silicon microcircuits
and is the result of research on the piezoelectric effect, which is the change in resistivity
under the influence of an applied stress. The acceleration tests were carried out using a
classic MEMS transducer and the newly patented design solution.

2. Study of the Influence of Acceleration in Classic MEMS Transducers
2.1. Methodology

The acceleration tests were carried out using classic MEMS transducers; they were
carried out using the measurement system that is presented in Figure 3a,b.
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Figure 3. Compiled measuring system: (a) completed DaqBook 2001 measurement comput-
ing system equipped with expansion cards; (b) transducer test block diagram for harmonic ex-
citations (K—FLUKE718 1G pressure calibrator; W—adjustable vibrating table; A—ADXL ac-
celerometer; C—tested transducer; S—DaqBook 2001 measurement system + DBK41 expansion
module + DBK16 strain gage expansion card + DBK80 differential voltage input card with excitation;
PC—computer with DasyLab 2020 software).

Because of the mV version of the transducer that was used, a measurement system
with a measurement card for strain gauge bridge measurements was used, allowing for
high amplification in the input path.

A modular measurement system was used, which consisted of a DaqBook 2001 (Ethernet-
based 200 kHz data-acquisition system) with DBK41 (10-slot analog expansion module),
DBK16 (two-channel strain gauge expansion card), and DBK80 (16-channel differential voltage
input card with excitation) expansion cards. A 16-bit system was used, along with a sampling
frequency of up to 200 kHz and the input amplifier gain of the DBK16 up to 1200. The
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prepared system for handling the process of recording the measurement data was completed
in the DasyLab 2020 environment (as shown in Figure 4).
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Figure 4. Diagram of program that controlled the Daqbook 2001 system.

The measurement system made it possible to simplify complex measurements and
obtain measurement results quickly and easily according to the guidelines. In the first stage
of the analysis, the sensitivity of the transducer to static acceleration was verified.

2.2. Initial Verification of Transducer Sensitivity to Static Acceleration

In order to check the influence of the static acceleration, a method that was used to
calibrate piezoresistive accelerometers was used. The orientation of the transducer was
changed by 90 degrees (as shown in Figure 5).

This is equivalent to an acceleration increase per a silicon structure of 1 g. The popular
MPX2010D bidirectional piezoresistive differential converter with mV output was used in
the research.

Regardless of the processing method that was related to the technology of the trans-
ducer, the way it worked remained the same. The pressure difference between p1 and p2
resulted in the fact that the pressure force Fp on the elastic element caused its deformation
according to the following formula:

→
F p = S·∆→p , (1)

where:

Fp—pressure force, N;
S—surface of the membrane, m2;
∆p—pressure difference, Pa.



Energies 2023, 16, 3040 7 of 20Energies 2023, 16, x FOR PEER REVIEW 7 of 23 
 

 

(a) (b) 

Figure 5. Sensor positioning scheme for testing the effect of static acceleration on the output signal 
from the transducer: (a) position indicating zero effect of static acceleration on the membrane 
structure; (b) position representing a 90 degree change in the position of the transducer (indicating 
a maximum effect of static acceleration on the diaphragm structure). 

Regardless of the processing method that was related to the technology of the 
transducer, the way it worked remained the same. The pressure difference between p1 
and p2 resulted in the fact that the pressure force Fp on the elastic element caused its 
deformation according to the following formula: �⃗� = 𝑆 ∙ ∆�⃗�, (1) 

where: 
Fp—pressure force, N; 
S—surface of the membrane, m2; 
Δp—pressure difference, Pa. 

Therefore, it was enough to measure the deformation that was caused by the pressure 
difference Δp using one of the known methods and represent it in the form of pressure. 
The measuring membrane was a silicon structure with a specific mass (mm) in the form of 
a gel mass that added mass to the structure; additionally, there was a separator (mz). 
Therefore, forces acted on the membrane in accordance with the laws of physics, causing 
its deformation depending on the angle to the acceleration vector according to the 
following formulas: �⃗� = 𝑚 + 𝑚 �⃗�, (2) 𝑈 = 𝑈 ∗ 𝐾 ∗ 𝐹 ∗ 𝑠𝑖𝑛 𝛼, (3) 

where: 
Fg—gravitational force, N; 
mm—mass of the membrane, kg; 
mz—mass of the gel separator, kg; 
g—gravitational acceleration; 9.81 ms−2; 
α—angle between the plane of the membrane and the vertical direction in which 
gravitational force acts, °; 
Uout—output signal from the transducer, V; 
Uz—supply voltage of the transducer’s bridge; V; 
K—amplification of transducer. 

The output signal Uout from the bridge of the membrane depended on the size of the 
membrane mass together with the separating gel and on the angle of the transducer plane 
to the vertical direction. The transducer reacted to static acceleration. This was not the 

Figure 5. Sensor positioning scheme for testing the effect of static acceleration on the output signal
from the transducer: (a) position indicating zero effect of static acceleration on the membrane
structure; (b) position representing a 90 degree change in the position of the transducer (indicating a
maximum effect of static acceleration on the diaphragm structure).

Therefore, it was enough to measure the deformation that was caused by the pressure
difference ∆p using one of the known methods and represent it in the form of pressure.
The measuring membrane was a silicon structure with a specific mass (mm) in the form
of a gel mass that added mass to the structure; additionally, there was a separator (mz).
Therefore, forces acted on the membrane in accordance with the laws of physics, caus-
ing its deformation depending on the angle to the acceleration vector according to the
following formulas:

→
F g = (mm + mz)

→
g , (2)

Uout = Uz ∗ K ∗ Fg ∗ sinα, (3)

where:

Fg—gravitational force, N;
mm—mass of the membrane, kg;
mz—mass of the gel separator, kg;
g—gravitational acceleration; 9.81 ms−2;
α—angle between the plane of the membrane and the vertical direction in which gravita-
tional force acts, ◦;
Uout—output signal from the transducer, V;
Uz—supply voltage of the transducer’s bridge; V;
K—amplification of transducer.

The output signal Uout from the bridge of the membrane depended on the size of the
membrane mass together with the separating gel and on the angle of the transducer plane
to the vertical direction. The transducer reacted to static acceleration. This was not the only
force that acted on the membrane because, when an object with a transducer is moving,
there is dynamic acceleration due to the motion. This force that acted on the membrane can
be defined according to the following formulas:

→
F a = (mm + mz)

→
dv
dt

, (4)

Uout = Uz ∗ K ∗ Fa ∗ sinβ, (5)

where:
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Fa—acceleration force, N;
mm—mass of the membrane, kg;
mz—mass of the gel separator, kg;
dv/dt—acceleration of the moving sensor or object with a sensor; ms−2;
β—angle between the plane of the membrane and the direction of movement of the object, ◦;
Uout—output signal from the transducer, V;
Uz—supply voltage of the transducer’s bridge; V;
K—amplification of the transducer.

If the sensor responds to the static acceleration, it must also respond to the dynamic
acceleration (which is related to the movement of the sensor relative to the Earth). This
relationship is presented by Equation (4). Thus, the sum of the forces acts on the measuring
structure; in addition to the force that is responsible for the pressure, there are also forces
that are related to acceleration. These forces are expressed by the relationship in Formula (6).
Formula (7) shows the balance of the output signal from the transducer. The last two terms
represent the acceleration and direction parameters according to the following formulas:

∑→
F = S ∗ ∆

→
p + (mm + mz)

→
g + (mm + mz)

→
dv
dt

, (6)

Uout = Uz ∗ K ∗
(
S ∗ ∆p + Fg ∗ sin α + Fa ∗ sin β

)
, (7)

where:

ΣF—sum of forces, N;
S—surface of the membrane, m2;
∆p—pressure difference, Pa;
mm—mass of the membrane, kg;
mz—mass of the gel separator, kg;
(mm + mz)—mass of the membrane and gel separator, kg;
g—gravitational acceleration; 9.81 ms−2;
dv/dt—acceleration of the moving sensor or the object with a sensor, ms−2;
Uout—output signal from the transducer, V;
Uz—supply voltage of the transducer’s bridge; V;
K—amplification of the transducer;
Fg—gravitational force, N;
Fa—acceleration force, N;
α—angle between the plane of the membrane and the vertical direction in which gravita-
tional force acts, ◦;
β—angle between the plane of the membrane and direction of movement of the object, ◦.

The presented analysis that was based on physics proved that there was a sensitivity
of the pressure transducers to acceleration. A number of experimental studies have been
carried out to confirm this fact. A transducer without an amplifier was used for the tests;
this was a version of the converter in which there was only a silicon structure with a bridge
inside. This structure ensured that the transducer had the ability to convert bidirectionally
(+/−). The disadvantage was the need to use a system with an amplifier at the input due
to the very low signal level at the output. The research showed that the impact factor for
the MPX2010D was 13 Pa/1 g; for 10 g, this would be 130 Pa. The increase in the output
signal from the converter for the MPX2010D structure under testing is represented by the
analytical relationship that is shown in Equation (3) (as shown in Figure 6).

During the second stage of the analysis, the sensitivity of the transducer to dynamic
acceleration was verified.
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2.3. Verification of Transducer Sensitivity to Dynamic Acceleration

The tests were carried out on an electrodynamic vibrating table (as shown in Figure 7).
The amplitude of the harmonic acceleration and the frequency were changed.
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The waveforms from the experiment are shown in Figure 8, where a is the dynamic
acceleration (which was forced by vibrations with an amplitude of 1 g and a frequency
of f = 10 Hz), Uout is the output signal from the converter (which is scaled in Pa), and
the pressure of p = 0 Pa. These were the pressure conditions in the experiment. In this
system configuration, the output signal should be zero because of the lack of pressure at the
transmitter inputs. However, there was a harmonic response that was consistent with the
excitation with an amplitude of 13.2 Pa that resulted in an RMS value of Uo(Rms) = 9.3 Pa.
The transducer in this form acted as an accelerometer.

The next waveforms from the experiment are shown in Figure 9, where the dynamic
acceleration was forced by vibrations with an amplitude of 1 g and a frequency of f = 30 Hz,
Uout was the output signal from the converter (which was scaled in Pa), and the pressure
was p = 5 Pa. In this system configuration, the output signal should have been 5 Pa
because of the applied reference pressure at the transmitter inputs. The values on the
Uout curve varied from Uout max = 18 Pa to Uout min = −8 Pa, resulting in an RMS value of
Uo(Rms) = 10 Pa.

The subsequent waveforms from the experiment are shown in Figure 10, where the
dynamic acceleration was forced by vibrations with an amplitude of 5 g and a frequency of
f = 10 Hz, Uout was the output signal from the converter (which was scaled in Pascal), and
the pressure was p = 5 Pa.

In this system configuration, the output signal should have been 5 Pa because of the
applied reference pressure at the transmitter inputs. The values on the Uout curve varied
from Uout max = 76 Pa to Uout min = −66 Pa, resulting in an RMS value of Uo(Rms) = 50.45 Pa.
The output signal was a highly modulated harmonic signal that was ten times the measured
actual pressure.
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The series of experiments for the various excitations of the accelerations and frequen-
cies confirmed that the sensors reacted to accelerations to which they were subjected on the
moving objects, therefore making measurements of particularly low pressures impossible.
A relatively small level of acceleration was analyzed, and such an acceleration (1 g) may
occur for a vibrating structure on which a pressure measurement is performed or for the
variability of the flight parameters of an aircraft (including popular unmanned aerial vehi-
cles). Under such conditions and with the use of the analyzed measuring devices, pressure
measurements can be questionable.

3. Acceleration-Insensitive Transducer Concept

Research on the errors that are caused by acceleration resulted in the proposal of a
measurement methodology that utilized a hybrid system that consisted of two transducers,
where one performed the task of acceleration compensation (described in [2]). The next
stage was to develop the geometry of the transducer that was based on a double-membrane
structure and was dedicated to be made piezoresistive with MEMS technology (as shown
in Figure 11).
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The basis of this construction was the labyrinth of channels (spaces p2 and p1) and
two active identical measurement membranes (m1 and m2) as shown in Figure 12.
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Figure 12. Deformation of membranes for the occurrence of pressure difference p1 > p2 and for the
occurrence of forces from acceleration.

The output signal U1 from bridge m1 depended on pressure p1 (more precisely, on the
pressure difference between the stub pipes of transducer p1 − p2) and the influence of the
acceleration forces (as shown):

U1 = k ∗ f (∆p, m ∗ g, m ∗ a), (8)

where:

U1—output signal, V;
k—amplification factor;
∆p—pressure difference, Pa;
m = mm + mz—mass of the membrane and gel separator, kg;
mm—mass of the membrane, kg;
mz—mass of the gel separator, kg;
g—gravitational acceleration; 9.81 ms−2;
a—acceleration of the moving sensor or the object with a sensor; ms−2.

The output signal U2 from bridge m2 depends on the pressure difference p1 − p2 (but
with the opposite sign) and the influence of the acceleration forces (as shown):

U2 = k ∗ f (−∆p, m ∗ g, m ∗ a), (9)

where:

U2—output signal, V;
k—amplification factor;
−∆p—pressure difference, Pa;
m = mm + mz—mass of the membrane and gel separator, kg;
mm—mass of the membrane, kg;
mz—mass of the gel separator, kg;
g—gravitational acceleration; 9.81 ms−2;
a—acceleration of the moving sensor or the object with a sensor; ms−2.

Finally, a comparison of Equations (8) and (9) was obtained (as shown):

U = U1 −U2 = k ∗ f [(2∆p; (m ∗ g)− (m ∗ g); (m ∗ a)− (m ∗ a)] = k ∗ 2∆p. (10)

The output signal represented by the differential Equation (10) depends only on the
pressure difference and the constant k as the bridge gain. A very important assumption is
that the mass of the gel separator should be applied in the same amount in each chamber.
Then, the influence of acceleration will be eliminated in this configuration.
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Results of Experiment with a Double-Membrane Sensor

In order to verify the practical correctness of the solution, a transducer that was
composed of two single structures that were connected in such a way as to enable us to
obtain the geometry of the proposed solution was prepared (as shown in Figure 13).
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Figure 13. Completed double-membrane sensor.

The system that is shown in Figure 4 and the electrodynamic exciter that is shown in
Figure 7 were used for the tests (as in the previous series of experiments). The obtained
results for several cases of exciting the acceleration and the excitation frequency values
confirmed the correct operation of the transducer. An important issue was the proper
connection of the pneumatic part, which was related to the parallel connection of the
two structures. The “plus” pressure was connected from the m1 structure to the “minus” of
the m2 structure, and the “minus” of the m1 structure was attached to the “plus” of the m2
structure. This connection method responded to the nature of the structure that is shown in
Figures 11 and 12. The waveforms of the excitation signals and output voltages U1; U2; and
Uout (in the form of harmonic vibrations of acceleration) for the conducted experiments
with the double-membrane transducer are shown in Figures 14–16.
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Figure 14 shows the results of the interaction of the signals from both structures for the
excitation that originated in the vibrations from an acceleration of a = 1 g. The measured
pressure took on the following value:

p1 − p2 = 0 Pa.

The obtained response signals at the output were as follows:

U1 = 13.2 Pa;

U2 = 13.2 Pa;

Uout = 0 Pa.

A differential signal was obtained from both structures (Uout = 0 Pa) both in terms of
instantaneous values U(t) and RMS, as the reference (measured) pressure was equal to zero.
It can be seen that the impact of the vibrations was smoothed over by the proposed solution.

Figure 15 shows the waveforms of the output signals from individual membranes
U1 and U2 and total output signal Uout for a harmonic input of a = 1 g and the mea-
sured constant pressure of p = 5 Pa. The output signal from the transducer represented a
double value of the pressure that was measured in accordance with Analytical Derivation
Formula (10). Because of such a construction of the sensor, the influence of the accelerations
was imperceptible (as it was in the classical system). This allowed us to draw conclusions
regarding the actual elimination of those errors that were related to the generation of the
output signal regardless of the acceleration value to which the sensor was subjected.

Figure 16 shows the waveforms of the output signals from individual membranes U1
and U2 and total output signal Uout for the harmonic with a = 5 g excitation. It can be seen
that the pressure values from the individual membranes were modulated by the vibration
signal changing its value within a range of −70 to 70 Pa, while the output signal from the
transducer showed a constant value of 10 Pa. This was double the reference pressure of
5 Pa (as shown in Formula (10)).

Figure 16 shows no acceleration effect. As a result, the pressure value was doubled;
so, the amplification factor k needed to ultimately be reduced to half so that the indicated
pressure value was equal to the reference one.

Sensitivity analyses of the changes in the excitation frequencies were carried out
within a frequency range of 0 to 120 Hz for the harmonic signal; within this range, no
significant dependence of the frequency effect on the output signal for harmonic excitation
was observed. This was fulfilled for the condition of ensuring a constant acceleration during
the changes in the excitation frequency for a = const. The double-membrane structure
compensated for this phenomenon.

Figure 17 presents the results of the transducer tests for the set pressure value from the
pressure calibrator with a value of P = 5 Pa (blue line) for the amplitude and frequency of
the set vibrations with values of a = 5 g (green line) and f = 30 Hz (purple line), respectively,
in the form of graphs. The response of the transducer was Uout = 10 Pa (pink line). It can
be seen from the graph that the vibrations to which the transducer was subjected did not
affect the constant output signal. The output signal was equal to double the value of the
measured pressure according to Equation (10).

Figure 18 presents the results of the transducer tests for the set pressure value from the
pressure calibrator with a value of P = 25 Pa (blue line) for the amplitude and frequency of
the set vibrations with values of a = 5 g (green line) and f = 30 Hz (purple line), respectively,
in the form of graphs. The response of the transducer was Uout = 50 Pa (pink line). It can
be seen from the graph that the vibrations to which the transducer was subjected did not
affect the constant output signal. The output signal was equal to double the value of the
measured pressure according to Equation (10).



Energies 2023, 16, 3040 16 of 20Energies 2023, 16, x FOR PEER REVIEW 17 of 23 
 

 

 
Figure 17. Waveforms of the experimental values of acceleration (a), pressure (p), and output signal 
(Uout) for dynamic acceleration with vibrations and with an amplitude of 5 g, frequency of f = 30 Hz, 
and pressure excitation of p = 5 Pa for the double-membrane transducer. 

Figure 18 presents the results of the transducer tests for the set pressure value from 
the pressure calibrator with a value of P = 25 Pa (blue line) for the amplitude and frequency 
of the set vibrations with values of a = 5 g (green line) and f = 30 Hz (purple line), 
respectively, in the form of graphs. The response of the transducer was Uout = 50 Pa (pink 
line). It can be seen from the graph that the vibrations to which the transducer was 
subjected did not affect the constant output signal. The output signal was equal to double 
the value of the measured pressure according to Equation (10). 

Figure 17. Waveforms of the experimental values of acceleration (a), pressure (p), and output signal
(Uout) for dynamic acceleration with vibrations and with an amplitude of 5 g, frequency of f = 30 Hz,
and pressure excitation of p = 5 Pa for the double-membrane transducer.

Energies 2023, 16, x FOR PEER REVIEW 18 of 23 
 

 

 
Figure 18. Waveforms of the experimental values of acceleration (a), pressure (p), and output signal 
(Uout) for dynamic acceleration with vibrations and with an amplitude of 5 g, frequency of f = 30 Hz, 
and pressure excitation of p = 25 Pa for the double-membrane transducer. 

Figure 19 presents the results of the transducer tests for the set pressure value from 
the pressure calibrator with a value of P = 50 Pa (blue line) for the amplitude and frequency 
of the set vibrations with values of a = 5 g (green line) and f = 30 Hz (purple line), 
respectively, in the form of graphs. The response of the transducer was Uout = 100 Pa (pink 
line). It can be seen from the graph that the vibrations to which the transducer was 
subjected did not affect the constant output signal. The output signal was equal to double 
the value of the measured pressure according to Equation (10). 

Figure 18. Waveforms of the experimental values of acceleration (a), pressure (p), and output signal
(Uout) for dynamic acceleration with vibrations and with an amplitude of 5 g, frequency of f = 30 Hz,
and pressure excitation of p = 25 Pa for the double-membrane transducer.



Energies 2023, 16, 3040 17 of 20

Figure 19 presents the results of the transducer tests for the set pressure value from the
pressure calibrator with a value of P = 50 Pa (blue line) for the amplitude and frequency of
the set vibrations with values of a = 5 g (green line) and f = 30 Hz (purple line), respectively,
in the form of graphs. The response of the transducer was Uout = 100 Pa (pink line). It can
be seen from the graph that the vibrations to which the transducer was subjected did not
affect the constant output signal. The output signal was equal to double the value of the
measured pressure according to Equation (10).
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(Uout) for dynamic acceleration with vibrations and with an amplitude of 5 g, frequency of f = 30 Hz,
and pressure excitation of p = 50 Pa for the double-membrane transducer.

Figure 20 presents the results of the transducer tests for the set pressure value from the
pressure calibrator with a value of P = 50 Pa (blue line) for the amplitude and frequency of
the set vibrations with values of a = 2 g (green line) and f = 10 Hz (purple line), respectively,
in the form of graphs. The response of the transducer was Uout = 100 Pa (pink line). It can
be seen from the graph that the vibrations to which the transducer was subjected did not
affect the constant output signal. The output signal was equal to double the value of the
measured pressure according to Equation (10).

Figure 21 presents the results of the transducer tests for the set pressure value from the
pressure calibrator with a value of P = 50 Pa (blue line) for the amplitude and frequency of
the set vibrations with values of a = 5 g (green line) and f = 50 Hz (purple line), respectively,
in the form of graphs. The response of the transducer was Uout = 100 Pa (pink line). It can
be seen from the graph that the vibrations to which the transducer was subjected did not
affect the constant output signal. The output signal was equal to double the value of the
measured pressure according to Equation (10).

From the conducted analyses, it can be concluded that the influence of the presence
of the accelerations to which the transducer was subjected was eliminated in each of
the presented cases of testing the analyzed concept of a double-membrane solution. In
addition, the sensitivity of the solution was twice as high as the classic solution (which is
an advantage for the device). This will allow for the use of the smaller amplification of the
measurement path and, thus, reduce system noise.
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4. Conclusions

The issue of the possibility of incorrectly processing measured pressure that is affected
by the reactions to accelerations of a classical transducer for measurements of relatively
small pressures is very important. The literature review that was carried out in the publica-
tion proved the lack of any current information on this subject.

This publication showed that the measured values that are derived from accelerations
could be dimensionally greater than the measured pressure levels in the tests. Knowledge
in this area is very important for researchers.

The proposed concept of a double-membrane system solution is addressed to the
manufacturers of this technology and seems to be most appropriate (as was shown by
the conducted research). In the research that was presented in this publication, modified
transducers were used with success according to the presented concept.
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