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This work is a continuation of the author’s previous research on modeling a piezoelectric sensor–actuator
hybrid. It presents the results of vibration and structural sound reduction for a plate with attached piezoelec-
tric elements. The models consist of a steel plate with two piezoelectric actuators attached on one side and
a hemispherical air volume on the other side. One of the actuators is used to excite the plate’s vibration
and has the same shape and size in all models. The second actuator is used for vibration and structural sound
reduction and varies between a standard square-based full actuator and a sensor–actuator hybrid with different
sizes and shapes of the sensor component (either square- or disc-based). Harmonic analyses were performed for
the first four mode shapes (skipping the third mode since it is a square plate). Optimization was performed
using internal ANSYS functions, with the objective of minimizing the sum of displacement vectors at a number
of nodes corresponding to either the full plate or the sensor placed on the said plate.
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1. Introduction

During the late 19th century Pierre and Jacques
Curie conducted research on various crystals and their
properties. They presented their findings in (Curie,
Curie, 1880), which was the first research paper deal-
ing with the material property now known as piezo-
electricity. Today, piezoelectric materials are widely
used due to their advantageous properties, such as low
power consumption, fast response time and high sensi-
tivity, light weight, flexible sizing, and a wide frequency
response range. These materials can be found in mi-
crophones, speakers, watches, printers, engines and,
of course, in active vibration and sound systems, and
more recently, even in energy harvesting applications
(Mazur et al., 2023;Wrona et al., 2022; Isaac et al.,
2022; Choi et al., 2019). Typically, piezoelectric el-
ements are embedded in or bonded to the surface
of a structure to actively control the system’s vibra-
tion and/or the resulting structural sound (Wiciak,

2008; Trojanowski, Wiciak, 2012). Depending on
the piezoelectric effect used, these elements work as
actuators or sensors. Piezoelectric materials used for
vibration control may consist of single-layer piezoelec-
tric ceramics, multilayer piezoelectric ceramics or com-
posite materials. The foundational work of Fuller
et al. (1996) and Hansen and Snyder (1996) pro-
vided much of the necessary theoretical basis for re-
ducing the structural vibrations of simple structures,
such as beams and plates using lead zirconate titanate
(PZT) elements. Reviews of the modeling of actively
controlled piezoelectric smart structures are presented
by Gupta et al. (2011) and Li et al. (2023).
An important issue regarding the analytical ap-

proach to the optimal placement of symmetrical and
asymmetrical PZT structures is discussed by Barboni
et al. (2000), Brański and Lipiński (2011), Brański
(2013), and Brański and Kuras (2022). The best re-
sults were obtained when the actuator was placed at
the point of maximum beam bending moment under
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the given boundary conditions. There are also stud-
ies that numerically investigated the optimal location
of PZT actuators (Augustyn et al., 2014; Fawade,
Fawade, 2016; Kozień, Ścisło, 2015). In works by
Dimitriadis et al. (1991), Sekouri et al. (2004),
Sullivan et al. (1996), and Wiciak, Trojanowski
(2014b) authors demonstrated the advantages of us-
ing distributed actuators of various shapes for active
control. Some of the author’s previous work focused
on materials with step-changing properties (Wiciak,
Trojanowski, 2014a). These studies primarily ana-
lyzed the efficiency of piezoelectric actuators with dif-
ferent shapes (circular, rectangular, triangular), as well
as the effect of step changes in the actuators’ material
parameters. These analyses showed that even small re-
ductions in vibration levels at particular resonant fre-
quencies could lead to significant changes in the max-
imum levels of sound pressure radiated by the plate.
These reductions in vibration levels were achieved by
adjusting the material properties of a particular ac-
tuator regions and appropriately increasing the volt-
age applied to them (Wiciak, Trojanowski, 2015;
Trojanowski, Wiciak, 2022). From this research,
a new concept emerged: replacing part of the piezo-
electric actuator area could create a sensor–actuator
hybrid capable of comparable vibration reduction. Nu-
merical models presented in (Trojanowski,Wiciak,
2022) show that such a hybrid is able to achieve sim-
ilar vibration reduction levels to those of standard
(full) actuator, although a higher voltage input is re-
quired.
This article is a continuation of the work presented

in (Trojanowski, Wiciak, 2022; Trojanowski,
2024), and it presents numerical analyses of a piezo-
electric sensor–actuator hybrid composed of a square-
based outer section and disc-based inner section. The
study includes results of both vibration reduction and
sound pressure level reduction.

2. Materials and methods

The object of interest are the vibrations of plates
and the resulting sound pressure radiated into the sur-
roundings. For this purpose, a model of a steel plate
clamped on all sides, with piezoelectric elements at-
tached to one surface and a hemispherical air do-
main on the other is considered. Since we continue the
previous works (Trojanowski, Wiciak, 2022; Tro-
janowski, 2024), the dimensions of the modeled ob-
jects as well as the material parameters used in models
remain the same. Building upon the second iteration of
the piezoelectric sensor–actuator hybrid (Figs. 1a, 1b)
introduced in (Trojanowski, Wiciak, 2022), this
study introduces a modification to the shape of the
sensor component (Figs. 1c, 1d).
Changing the shape of the inner part of the sensor–

actuator should allow for easier production of physical

a) b)

c) d)

Fig. 1. Concept of a sensor–actuator: a) and b) – square-
based sensor–actuators; c) and d) – disc-based sensor–
actuators; red – sensor part, violet – actuator part, blue

– modeled plate.

prototypes, as eliminating sharp edges makes it easier
to cut out parts of piezoelectric elements.
The base of the model is a square steel plate with

a side length of 400mm and a thickness of 2mm
(Fig. 2a). A hemispherical air domain with a radius
of 1m is attached to the plate to simulate the acoustic
field near the plate (Fig. 2b). The outer boundary of

a)

b) c)

Fig. 2. a) Modeled plate; b) and c) modeled plate
with surrounding air.
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the air domain is treated as an open space, meaning
no reflections occur at the boundary. The vibrations of
the plate are excited by a standard square-based piezo-
electric actuator placed near the center of the plate.
A second piezoelectric element is placed along the di-
agonal of the plate, approximately 1/4 of its length, and
is used for vibration reduction. Depending on the case,
this second element may be a standard square-based
piezo actuator or a square-based sensor–actuator hy-
brid with varying shapes and sizes of the sensor region.
The total base area of the modeled piezoelectric ele-

ments is 1600mm2, which corresponds to a side length
of 20mm for the square actuator. All piezoelectric ele-
ments have a uniform thickness of 1mm. In the hybrid
configuration, this base area includes the gap between
the sensor and actuator parts. The inner sensor part
of the hybrid can be either square or disc-shaped and
is defined in two sizes:

– for the hybrid with a larger sensor region, the sen-
sor part area ranged from 0 to 0.45 of the side
length of the entire element, while the actuator
area was from 0.55 to the full side length of the
whole element (for a disc-based sensor, this corre-
sponds to 0 to 0.45 of the radius of a disc element
with the same base area);
– for the hybrid with a smaller sensor part, the sen-
sor part area ranged from 0 to 0.25 of the radius
of the entire element, while the actuator area ex-
tended from 0.35 to the full radius of the whole
element (for a disc-based sensor, this corresponds
to 0 to 0.25 of the radius of a disc element with
the same base area).

Table 1 shows the elements and properties used in the
model.

Table 1. Parameters used in the model; E – Young’s mod-
ulus [Pa]; ν – Poisson’s ratio; ρ – density [kg/m3]; c – speed

of sound in air [m/s].

Structural
element

Element
in ANSYS library

Properties

Plate SOLSH190
E = 1.93 ⋅ 1011

ν = 0.29
ρ = 7800

Piezo elements SOLID226 Properties of PZ28

Air FLUID30 ρ = 1.2
c = 343

Harmonic analyses were performed for the 1st, 2nd,
4th, and 5th modes (Fig. 3). It can be seen that the
actuator placed near the center of the plate performs
very effectively for the 1st and 5th modes. Although
the placement is not optimal for the 2nd and espe-
cially the 4th mode, it still allows to evaluate the
sensor–actuator hybrid under different conditions. The
placement of the second actuator/sensor–actuator hy-
brid was chosen to achieve fairly optimal results across
all analyzed modes.

a) b)

c) d)

Fig. 3. Analyzed mode shapes: a) 1st (108.6Hz); b) 2nd
(222.1Hz); c) 4th (330.0Hz); d) 5th (401.9Hz).

Figure 4 shows the distribution of sound pressure
levels corresponding to the plate’s 1st and 4th mode
shapes. The distributions of sound pressure levels are
visualized by cutting the hemispherical air domain in
half through its center, perpendicular to the plate
(in this case, it is cut so we can see the ZY -plane)
and then rotating it by 30○. This approach allows vi-
sualization of the sound pressure levels above and to
the side of the plate.

a) b)

Fig. 4. Examples of sound pressure level distribution before
vibration reduction: a) 1st mode; b) 4th mode; reference

acoustic pressure is 20µPa.

The voltage applied to the actuators used to ex-
cite plates vibrations was 100V with a phase angle 0○

in each case. To find the voltages for vibration reduc-
tion, an optimization procedure using ANSYS internal
functions was performed. The number of steps for a sin-
gle run of the optimization procedure was capped at
30 steps. For each run, a voltage range that could be
applied to the disc-based element was specified, start-
ing with 0V–600V for the first run. Upon completing
the first run of the procedure, another run was ini-
tiated using the previous run’s value as the starting
point within a narrower voltage range. This process
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was repeated until the voltage amplitude range was
±2.5V around the staring value.
The phase angle of the voltage applied to the ac-

tuator was not treated as a variable for the analyses,
as it was shown in previous studies that it should be
either 0○ or 180○, depending on the mode.
If any of the obtained vibration reduction values

differed significantly from the other results, a manual
check and tuning were performed.
The goal function used in the optimization proce-

dure is given by

J1 =min
n

∑
i=1

∣xsum(i)∣ , (1)

where min is the minimum value of the sum, xsum(i) is
the displacement vector sum at the i-th node, n is the
total number of nodes considered in the calculation.
Three cases for sensor placement were analyzed,

with the possible values of n defined as follows:

1) n corresponds to all nodes on the back of the plate
(here the back of the plate is the side to which
the piezoelectric elements are not attached). The
actual number depends on the shape of the hy-
brid element as well as the ratio between its inner
and outer parts (as these parameters influence the
finite elements mesh). Typically, this number ex-
ceeds 7500 nodes. This is considered the best-case
scenario;

2) n is equal to 25 nodes forming a ‘virtual’ sensor
that covers a quarter of the size of the square-
based actuator placed along the same diagonal
as the piezoelectric actuators, but on the upper
side of the plate (approximately 1/4 of the plate’s
length);

3) n is equal to at least 65 nodes forming a ‘virtual’
sensor corresponding in size to the sensor part
of the sensor–actuator placed directly beneath it
(the exact number changes depending on the sen-
sor part’s size).

3. Results

This section presents the results of the numerical
analyses performed. Equation (2) defines how the vi-
bration reduction levels were calculated:

Lred = 20log10

n

∑
i=1
∣x1sum(i)∣

n

∑
i=1
∣x2sum(i)∣

, (2)

where x1sum(i) is the displacement vector sum at the
i-th node before the reduction, x2sum(i) is the displace-
ment vector sum at the i-th node after reduction, n is
the number of nodes used (corresponding to the three
cases mentioned earlier).

Equation (3) shows how the sound pressure level
reduction was calculated. For calculations, a slice of
the hemispherical air domain with a radius range from
0.4m to 0.6m was selected:

SPLred = 20log10

m

∑
j=1
∣p1(j)∣

m

∑
j=1
∣p2(j)∣

, (3)

where p1(j) is the sound pressure at the j-th node be-
fore reduction, p2(j) is the sound pressure at the j-th
node after reduction, m is the number of nodes en-
closed within the slice of the hemispherical air domain
chosen (depending on the sensor part’s shape and size,
at least 992 nodes).
Equation (4) defines how the maximum sound pres-

sure level reduction was calculated:

SPLmred = SPLmax1 − SPLmax2, (4)

where SPLmax1 is the maximum sound pressure level
at any node in the hemispherical air domain before re-
duction, SPLmax2 is the maximum sound pressure level
in any node of the hemispherical air domain after re-
duction.
Equation 5 introduces the parameter called voltage

efficiency calculated as:

UL = U

Lred
, (5)

where U is the amplitude of voltage applied to the
actuator; Lred is the level of vibration reduction.
This parameter was introduced as a simplified

method to compare the efficiency of different actua-
tor shapes. Since all elements have the same area and
are modeled using the same material parameters, this
should help to compare the efficiency of piezoelectric
elements used in terms of the voltage applied relative
to the vibration reduction levels achieved.
Results presented in Tables 2, 3, and 4 showing

vibration reduction (columns Lred and Lref) as well as
voltage efficiency (column UL) for the full actuator,
sensor–actuator with larger square sensor and sensor–
actuator with smaller square were previously reported
in (Trojanowski,Wiciak, 2022). They are presented
for comparison reasons and are highlighted with a grey
background for clarity.
Table 2 presents the results for vibrations and

sound pressure reduction levels achieved when using
square-based actuators and sensor–actuators as well
as using the entire back area of the plate as a sensor.
The obtained vibration reduction levels for the

square-based sensor–actuator with a disc-shaped sen-
sor part range from 26 dB to more than 43 dB. It can be
seen that for the 1st mode, all sensor–actuator results
are about 0.2 dB–0.3 dB lower than those of the full ac-
tuator. Similarly to the findings for the square-based



R. Trojanowski – Comparison of Plate Vibration and Structural Sound Reduction. . . 5

Table 2. Results obtained for square-based actuators using the entire back area of the plate as a sensor; Ua – amplitude
of voltage applied to the actuator; ϕa – phase of the voltage applied to the actuator; Lred – vibration reduction; UL –
voltage efficiency; SPLmred – maximum sound pressure levels reduction; SPLred – overall sound pressure level reduction.

Mode number Type Ua [V] ϕa [○] Lred [dB] UL [V/dB] SPLmred [dB] SPLred [dB]
1

Actuator (full)

365.29 180.00 41.3 8.8 41.3 58.1
2 57.77 360.00 43.1 1.3 42.5 40.7
4 12.05 180.00 25.8 0.5 21.5 9.9
5 159.95 360.00 35.0 4.6 33.8 46.1
1

Sensor–actuator
(larger square)

558.69 180.00 41.0 13.6 41.4 58.3
2 88.40 360.00 43.1 2.1 42.6 40.4
4 18.38 180.00 26.1 0.7 21.4 9.5
5 247.37 360.00 35.4 7.0 34.2 39.4
1

Sensor–actuator
(smaller square)

424.45 180.00 41.0 10.4 41.4 58.7
2 67.14 360.00 43.1 1.6 42.5 40.2
4 14.04 180.00 26.2 0.5 21.4 9.6
5 186.95 360.00 35.4 5.3 34.0 44.4
1

Sensor–actuator
(larger disc)

555.11 180.00 41.0 13.6 41.4 58.6
2 87.63 360.00 43.2 2.0 42.6 40.3
4 18.20 180.00 26.0 0.7 21.4 9.9
5 245.09 360.00 35.4 6.9 34.1 44.5
1

Sensor–actuator
(smaller disc)

424.81 180.00 41.1 10.3 41.3 58.7
2 66.98 360.00 43.1 1.6 42.6 40.3
4 13.98 180.00 26.0 0.5 21.5 9.9
5 186.29 360.00 35.4 5.3 34.1 44.6

Table 3. Results obtained for square-based actuators when using a ‘virtual’ sensor on the diagonal in the upper side
of the plate; Lredf – vibration reduction calculated for all nodes on the back side of the plate.

Mode number Type Ua [V] ϕa [○] Lred [dB] Lredf [dB] UL [V/dB] SPLmred [dB] SPLred [dB]
1

Actuator
(full)

365.42 180.00 44.6 41.3 8.2 41.3 57.8
2 57.80 360.00 53.6 43.0 1.1 42.6 40.7
4 12.20 180.00 23.9 25.9 0.5 21.5 9.9
5 158.66 360.00 31.6 33.7 5.0 33.9 42.8
1

Sensor–actuator
(larger square)

558.81 180.00 44.6 41.0 12.5 41.4 58.2
2 88.40 360.00 53.8 43.1 1.6 42.6 40.4
4 18.50 180.00 23.8 25.9 0.8 21.3 9.5
5 247.29 360.00 31.4 35.4 7.9 34.2 44.5
1

Sensor–actuator
(smaller square)

424.48 180.00 44.6 41.0 9.5 41.4 58.7
2 67.14 360.00 53.9 43.1 1.2 42.5 40.2
4 14.04 180.00 23.8 26.2 0.6 21.4 9.6
5 186.81 360.00 31.5 35.4 5.9 34.1 44.4
1

Sensor–actuator
(larger disc)

555.05 180.00 44.6 41.0 12.5 41.4 58.6
2 87.62 360.00 54.0 43.2 1.6 42.6 40.3
4 18.24 180.00 23.8 26.0 0.8 21.4 10.0
5 245.03 360.00 31.4 35.4 7.8 34.1 44.5
1

Sensor–actuator
(smaller disc)

424.82 180.00 44.6 41.1 9.5 41.3 58.7
2 66.98 360.00 54.0 43.1 1.2 42.6 40.3
4 14.04 180.00 23.8 26.0 0.6 21.5 9.9
5 186.46 360.00 31.5 35.4 5.9 33.9 44.5

sensor part (Trojanowski, Wiciak, 2022), there
seems to be virtually no difference for the 2nd mode.
For the 4th mode, all the sensor–actuators achieve vi-
bration reduction levels around 0.2 dB–0.3 dB higher
than the standard actuators, and this difference rises
to about 0.4 dB for the last analyzed mode. None of
these differences can be called significant, and there is
almost no variation in vibration reduction level results
when comparing hybrids with different sensor shapes
and sizes.

As for the voltages applied to the sensor–actuator,
since changes in the sensor part shape do not sig-
nificantly change the required voltages, the findings
presented in (Trojanowski, Wiciak, 2022) are still
valid. The full actuator requires less voltage to achieve
the results shown, but reducing the sensor part size
can somewhat mitigate this difference.
Table 3 presents the results of vibration and acous-

tic pressure levels reduction for square-based actuators
and sensor–actuators in the scenario where the sensor



6 Archives of Acoustics – Online First August 20, 2025

Table 4. Results obtained for square-based actuators using a ‘virtual’ sensor placed beneath the center
of the square-based actuator.

Mode number Type Ua [V] ϕa [○] Lred [dB] Lredf [dB] UL [V/dB] SPLmred [dB] SPLred [dB]
1

Actuator (full)

363.40 180.00 25.4 39.2 14.3 40.7 45.1
2 57.76 360.00 41.9 43.1 1.4 42.5 40.7
4 12.27 180.00 31.4 25.7 0.4 21.4 10.0
5 161.03 360.00 33.4 34.4 4.8 32.1 40.3
1

Sensor–actuator
(larger square)

557.24 180.00 26.0 40.2 21.4 41.2 50.5
2 88.45 360.00 42.8 43.1 2.1 42.6 40.4
4 18.36 180.00 32.2 26.1 0.6 21.4 9.5
5 247.48 360.00 35.1 35.4 7.1 34.2 44.5
1

Sensor–actuator
(smaller square)

423.19 180.00 25.5 40.0 16.6 41.1 49.6
2 67.14 360.00 42.2 43.1 1.6 42.5 40.2
4 14.05 180.00 32.0 26.1 0.4 21.4 9.6
5 186.85 360.00 34.0 35.4 5.5 34.1 44.4
1

Sensor–actuator
(larger disc)

553.37 180.00 26.0 40.0 21.3 41.1 49.5
2 87.64 360.00 42.8 43.2 2.0 42.6 40.3
4 18.21 180.00 32.3 26.0 0.6 21.4 9.9
5 245.01 360.00 35.0 35.4 7.0 34.1 44.5
1

Sensor–actuator
(smaller disc)

423.48 180.00 25.5 40.1 16.6 41.0 49.0
2 66.98 360.00 42.1 43.1 1.6 42.6 40.3
4 13.98 180.00 32.0 26.0 0.4 21.5 9.9
5 186.08 360.00 33.9 35.4 5.5 34.2 44.5

is placed on the same diagonal as the actuator used
for reduction, but located in the upper right quarter
of the plate.
In this scenario, vibration reduction levels obtained

range from nearly 24 dB (23.8 dB) for the 4th mode to
54 dB for the 2nd mode, regardless of the shape of the
sensor part of the sensor–actuator hybrid. The largest
difference between the full actuator and a sensor–
actuator hybrid with a disc-shaped sensor part oc-
curs in the 2nd mode and is about 0.4 dB, regardless
the size of the sensor part of the hybrid. Again, there
is almost no difference in performance among sensor–
actuators, regardless of the size or shape of the sensor
part.
As for the voltage efficiency, the same trend ob-

served in (Trojanowski, Wiciak, 2022) and in Ta-
ble 2 is clearly apparent here. Using sensor–actuator
hybrid results in higher values of UL. While chang-
ing the shape of the sensor part in the sensor–actuator
hybrid does change the voltages that have to be ap-
plied to achieve vibration reduction, these changes are
minor. Full actuators require less voltage to achieve
similar vibration reduction levels due to their larger
active area.
Table 4 presents the results for vibration and acous-

tic pressure levels reduction when using square-based
actuators in a scenario where the sensor is placed be-
neath the center of the actuator (or sensor–actuator)
and matches the size of the sensor part of the sensor–
actuator.
In this scenario, vibration reduction levels for the

disc-based hybrids range from around 25.5 dB for
the 1st mode to almost 43 dB for the 2nd mode. For

this sensor placement, the sensor–actuator hybrids
achieve slightly higher vibration reduction levels in
every case (up to 1.6 dB). Again, changing the shape
of the sensor part does not significantly influence the
results.
As for the UL values, we can observe a similar trend

to that observed in data in Tables 2 and 3. While
the values differ depending on the vibration reduction
levels achieved, the ratios between different actuator
types are similar to those observed in previous cases.
Similarly as in (Trojanowski, Wiciak, 2022;

Trojanowski, 2024), the next step in presenting the
results is recalculating the vibration reduction levels
for the best-case scenario – using the back of the plate
as the sensor (Lredf column in Tables 3 and 4, and Lred

column in Table 2). These results are shown in Fig. 5.
The first five bars for each mode represent the re-

sults from the first case (Table 2, discussed ealier).
The middle five bars for each mode show the re-

sults for the sensor placed on the diagonal, about one-
quarter of the plate’s length from the upper right side,
recalculated to match the results for the full plate sen-
sor scenario. It can be seen that these results are very
similar to those of the first case. For the 1st mode,
vibration reduction levels achieved using the sensor–
actuator hybrids are about 0.2 dB–0.3 dB lower than
those of the full actuator. There are almost no differ-
ences observed in the results for the 2nd mode. For the
4th mode, standard actuators achieve slightly lower re-
duction levels (up to 0.4 dB less). The biggest differ-
ences can be observed in the vibration reduction levels
for the 5th mode. In this mode, sensor–actuator hy-
brids achieved results higher than those of the stan-
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Fig. 5. Comparison of vibration reduction levels obtained for square-based actuators, recalculated for the full plate; FP –
scenario using the whole back of the plate as a sensor; OP – sensor placed on the diagonal in the upper right quadrant of
the plate; UP – sensor placed beneath the actuator (or sensor–actuator); FA – full actuator; SA S L – sensor–actuator with
larger square-based sensor part; SA S S – sensor–actuator with smaller square-based sensor part, SA D L – sensor–actuator

with larger disc-based sensor part; SA D S – sensor–actuator with smaller disc-based sensor part.

dard actuator by 1.7 dB. Differences between the re-
calculated results for the piezoelectric hybrid elements
do not exceed 0.3 dB.
The last five bars represent the recalculated re-

sults for the scenario where the sensor corresponding
in size and placement to the sensor part of the sensor–
actuator. For the 1st mode, it can be seen that vibra-
tion reduction levels for this case are lower than in
the other two scenarios – about 2.1 dB lower for the
full actuator and 0.8 dB–1.0 dB lower for the sensor–
actuator hybrids. This translates to the full actuator
showing approximately 0.8 dB to 1.0 dB lower vibra-
tion reduction than the sensor–actuator hybrids in this
scenario. For the 2nd and 4th modes, the obtained re-
sults are similar to those of the other two cases. For
the 5th mode, it can be seen that results obtained
for the sensor–actuator hybrids are higher by about
1.0 dB than the results for the full actuator. The dif-
ferences in vibration reduction levels between the full
actuators and sensor–actuator hybrids for the 1st and
5th modes in this scenario can be attributed to the
presence of the ‘working’ part of the actuator occu-
pying the same place as the sensor in the full actu-
ator case. However, since this situation does not oc-
cur for the 2nd and 4th mode, and if we take into
account the mode shapes shown in Figs. 2a and 3, it
can be assumed that the actuator placement relative
to the mode shapes impacts these differences.
The differences between different shapes and sizes

of the sensor part of the sensor–actuator hybrids do
not exceed 0.2 dB.

In (Trojanowski, Wiciak, 2022), it was pro-
posed that reducing the size of the sensor part in
a sensor–actuator hybrid does not influence the vibra-
tion reduction levels obtained when using said hybrids.
This observation seems to hold true even after chang-
ing the shape of the sensor part. Based on the results
presented in this paper, we can add another assump-
tion that changing the sensor part of a square-based
sensor–actuator hybrid from square to disc-shaped also
does not have a significant impact on the results of vi-
bration reduction levels obtained. This is a positive
finding, as it should be easier to produce physical pro-
totypes of hybrids with a disc-shaped sensor part than
with a square-shaped one.
The final step in presenting the results focuses on

the acoustic pressure level reductions accompanying vi-
bration reduction of the plates. These results are pre-
sented in Tables 2, 3, and 4 as well as in Fig. 6.
The leftmost five bars for each mode represent the

sound pressure reduction when using the whole back
area of the plate as a sensor. The obtained sound pres-
sure reductions range from about 9.5 dB for the 4th
mode up to almost 59 dB for the 1st mode. It can be
seen that for the 1st mode, higher values of sound pres-
sure reduction are obtained for the sensor–actuator hy-
brids than for the full actuator, despite the full actua-
tor achieving about 0.3 dB greater vibration reduction.
Although these differences are not significant (at most,
around 0.6 dB), they occur across all hybrid configu-
rations. For the 2nd and 4th modes, the differences
in sound pressure level reduction among the modeled
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Fig. 6. Comparison of acoustic pressure levels reductions obtained for square-based actuators.

actuators are no greater than 0.5 dB. However, for
the 5th mode, there are two interesting observations.
First, the full actuator achieves the highest sound pres-
sure level reduction, around 1.6 dB greater than most
of the sensor–actuator hybrids. Second, the hybrid
with the larger square-based sensor part achieves sig-
nificantly lower sound pressure level reduction (around
5 dB) than the other hybrids, and around 6.7 dB less
than the full actuator. This occurs at the same time
when the vibration reduction levels corresponding to
that sound pressure level reduction are the highest
among all modeled actuators/sensor–actuator hybrids.
This, coupled with the vibration reduction level data
(Fig. 5), sound pressure level reduction results for other
sensor placements and sizes (Fig. 6), the maximum
sound pressure level reduction and the small differ-
ences in voltages applied to actuators to achieve these
results (Tables 2–4), may indicate that this anomaly is
the results of a specific vibration distribution pattern
of the plate.
The middle five bars for each mode represent the

sound pressure reduction accompanying the plate’s vi-
bration reduction when using a sensor placed on the
diagonal opposite the actuator placement. It can be
seen that for the 1st, 2nd, and 4th modes, these re-
sults are very similar to the results obtained from the
previous scenario. The biggest difference can be seen
in the 5th mode. In this scenario, all sensor–actuator
hybrids achieve very similar values of sound pressure
level reduction (with no anomaly as observed in the
previous case) and these reductions are about 1.7 dB
higher than those achieved using a full actuator.
The five bars on the right, for each mode, repre-

sent the sound pressure reduction accompanying the
plate’s vibration reduction when using a sensor corre-

sponding in size and placement to the sensor part of the
sensor–actuator. Here, the sound pressure level reduc-
tion ranged from 9.5 dB for the 4th mode to 50.5 dB for
the 1st mode. For the 1st mode, the small decrease in
overall vibration level reduction obtained compared to
previous scenarios (about 2.1 dB for the full actuator
and 0.8 dB–1.0 dB for the sensor–actuators) results in
a significant reduction in corresponding sound pressure
level reduction (around 13 dB for the full actuator and
around 8 dB–10 dB for the sensor actuator hybrids).
For the 2nd and 4th modes, again, there are no signif-
icant changes in results. In the 5th mode, the sound
pressure level reduction achieved using the full actua-
tor was more than 4 dB lower than the one obtained
using sensor–actuator hybrids.
It can be seen that changing the shape or size of

the sensor part of the sensor–actuator hybrid does not
have a significant impact on the sound pressure level
reduction results.
Figure 7 shows examples of sound pressure level

distributions before (left column) and after (right col-
umn) the plate’s vibration reduction. The presented
figure is for the first scenario (using full back area of
the plate as a sensor) and compares the full actuator
with a square-based sensor–actuator and a larger disc-
based sensor part. It can be observed that the change in
SPLred values are not solely due to a decrease in sound
pressure levels radiating from the plate, but also due to
a change in the type of sound source that the plate rep-
resents. For example, in the 1st mode, before vibration
reduction, the plate acts like a monopole sound source,
while after reduction it behaves like a dipole. Similar
changes can be seen in the 4th and 5th modes, where
the sound pressure distribution also shift following the
plate’s vibration reduction. In a way, the pattern flips –



R. Trojanowski – Comparison of Plate Vibration and Structural Sound Reduction. . . 9

a)

b)

c)

d)

Fig. 7. Examples of sound pressure level distributions before (left column) and after (right column) plate vibration reduction
for different modes: a) 1st mode; b) 2nd mode; c) 4th mode; d) 5th mode; reference acoustic pressure: 20µPa.
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for the 4th mode, the plate’s vibration pattern initially
resembles a quadrupole and transitions to a ‘ring-like’
pattern (with a sound pressure distribution similar to
that of a monopole) after reduction. Conversely, in the
5th mode, this situation is reversed – it begins with
a ’ring-like’ pattern and transitions to a quadrupole.
This change is partially responsible for the difference
observed between SPLmred (reduction of the maximum
sound pressure levels) and SPLred (reduction of sound
pressure levels in a portion of the hemispherical vol-
ume) values, as shown in Tables 2–4. For example, in
the 4th mode, SPLmred exceeds 21 dB for every type
of actuator, while SPLred remains below 10 dB.

4. Conclusions

For the analyzed modes, changing the shape of the
sensor part in a square-based sensor–actuator hybrid
does not seem to significantly change its performance.
The proposed square-based hybrid with a disc-shaped
sensor part appears to be capable of achieving vibra-
tion reduction levels comparable to those of a standard
actuator. In some cases, the results obtained for the
hybrid were slightly higher than those for the full ac-
tuator, although the differences were not really signif-
icant. The sensor part appears to function effectively,
and the results are fairly comparable in every scenario.
Similarly, square-based sensor–actuator hybrids dem-

onstrate sound pressure level reductions comparable
to those achieved by full actuators when taking into
account sound vibration in the plate reduction. The
downside of using sensor–actuators is the higher volt-
age required to achieve vibration reduction levels com-
parable to those of standard actuators. This is ex-
pected, as the actuator part of the sensor–actuator is
smaller than a full actuator. Also, this can be partially
mitigated by using a smaller sensor part.
The next step of this research will involve creating

a physical prototype of the sensor–actuator based on
the second iteration models, followed by physical ex-
periment to confirm the numerical results. As for nu-
merical modeling, next we will determine the optimal
ratios between the sensor and actuator parts.
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