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Abstract: In this present study, we propose a method for exposing biological cells to mechanical
vibration. The motive for our research was to design a bioreactor prototype in which in-depth
in vitro studies about the influence of vibration on cells and their metabolism can be performed.
The therapy of cancer or antibacterial measures are applications of interest. In addition, questions
about the reaction of neurons to vibration are still largely unanswered. In our methodology, we used a
piezoelectric patch (PZTp) for inducing mechanical vibration to the structure. To control the vibration
amplitude, the structure could be excited at different frequency ranges, including resonance and
non-resonance conditions. Experimental results show the vibration amplitudes expected for every
frequency range tested, as well as the vibration pattern of those excitations. These are essential
parameters to quantify the effect of vibration on cell behavior. Furthermore, a numerical model
was validated with the experimental results presenting accurate results for the prediction of those
parameters. With the calibrated numerical model, we will study in greater depth the effects of
different vibration patterns for the abovementioned cell types.

Keywords: bioreactor; vibration; cell biology; PZTp; laser Doppler vibrometer (LDV); ultrasound;
finite element method

1. Introduction

In our present study, we work on the design of a bioreactor in which we want to expose cell lines to
mechanical vibration [1]. This research is of great importance as it contributes to the understanding of
phenomena in cell biology that might be usable in the future for novel medical therapies. High-intensity
focused ultrasound is already today used in tests for the treatment of cancer [2–5]. The vibration
behavior of bacteria can be used in devices for their detection, which is of great importance with
regards to sterile hospital conditions [6–8]. More importantly, antibacterial measures by ultrasound are
also possible where the resonance of cells decreases proliferation rates [9,10]. A very simple but highly
interesting experiment was published in Reference [11]. It shows the change of resonance behavior
in Escherichia coli bacteria after genetic modifications. The processes on a cellular level involved in
the forming of responses are still largely unknown. It is known that also DNA absorbs vibration and
can be altered by this [12]. In the clinical context, the application of vibration to osteosarcoma cells
is one of the leading fields. They were tested in the past for their reaction to ultrasound exposure,
particularly in the megahertz range [13–16]. Research results were published on aspects about patient
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benefits such as limb salvaging and noninvasive therapy [17–20]. The beneficial effects of cyclical
loadings at low frequencies on the growth of bone tissue [21–24] and on endothelial cells [25,26] are
well documented. These effects are known to be achieved in the hertz range. Vibration in the range of
kilohertz influences neurons and can trigger distinct responses from them [27,28]. With our design for
a vibration apparatus, in-depth in vitro analyses will be possible. The future results are intended to
further the understanding about vibration’s influence on a cellular level.

Piezoelectric patches (PZTp) were widely used in the past [29] in order to excite structures,
and also used as energy harvesters [30,31]. Due to the piezoelectric effect [32], PZTps are deformed
when a voltage is applied to them. By applying a controlled voltage and attaching the PZTp to a
structure, this structure can be excited as desired. If the dynamic response of the structure is known
(i.e., its natural frequencies, damping, and mode-shapes [33]), the amplitude and the shape of the
vibration when exciting the structure are totally controlled. When a structure is exited in one of its
natural frequencies, the amplitude of the vibration is amplified substantially. This phenomenon is
known as resonance [33,34]. Many failures in structures were documented along the years due to a
resonance phenomenon [35,36].

In this study, a new method of inducing vibration to biological cells is presented. This method
is based on the resonance phenomenon of structures. A PZTp attached to a structure is used to
determine its dynamic response and, therefore, to know its natural frequencies, damping ratios,
and mode-shapes. PZTps are able to induce the resonance phenomenon. Out-of-resonance excitations
are equally achievable by PZTps at frequencies far away from natural frequencies. In that way,
the amplitude of vibration of the structure is controllable with minimum energy consumption of
the PZTp. The structure selected for this study was a bronze disc due to its well-known dynamic
response [33,37–40], its cost, and its possibilities with regards to vibration reactor prototyping.

The dynamic response of discs was studied for many years [41–43]. The natural frequencies of
discs depend on the material properties and the geometrical characteristics. Each natural frequency
has its own damping ratio and is associated to a mode-shape. The mode-shapes are formed by
nodal diameters (ND) and nodal circles (NC) [41] which are points that remain stationary during the
vibration cycle. Both increase in number with greater frequency. The vibration amplitude for each
natural frequency depends on the damping ratio associated with it. The damping ratio of each natural
frequency has to be determined experimentally. Numerical models neglect it or only consider it as an
unknown input value [33]. Therefore, experiments are always necessary when estimating the vibration
amplitude of a structure under resonance conditions and they are essential to calibrate and validate
numerical models.

In our present paper, we perform an experimental test for the accurate determination of the
dynamic response of a disc in different ranges of frequency. We select three different ranges of
frequencies for our investigations, thereby determining, to a great extent, the behavior of cells under
vibration: 0–22 kHz, 22–50 kHz, and 50–100 kHz. These ranges were selected in order to quantify the
effect of low-, medium-, and high-frequency vibrations on cell behavior. We calibrated a numerical
model for the experimental damping and used it for predictions about the dynamic response of the
disc. This study is the proof of concept for the design of a vibration bioreactor to study the behavior of
different cell lines under vibration such as osteosarcoma cells (OS), bacteria, or neurons.

2. Methodology

The sketch of the planned vibrating bioreactor is shown in Figure 1. As can be seen in this figure,
the bioreactor is based on a disc with a petri dish over the disk surface. The culture medium with the
cells is inside the petri dish, which is installed by means of a magnet film. This allows the petri dish to
be removed easily from the disc for examining the cells after each vibration cycle.
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disc could be obtained, as well as the vibration amplitudes in different frequency ranges. After that, 
a numerical model was built. The numerical model simulated the same conditions as in the 
experimental test. The numerical model can be calibrated and validated according to the experiment 
for predicting the vibration amplitudes and vibration shapes of the disc. The bioreactor will also be 
tested in wet conditions with the petri dish containing the culture medium. Results obtained at this 
stage will be used to achieve the final design of the vibration bioreactor. 

 
Figure 1. Schematic of the planned bioreactor. (a) Cross-section view; (b) Assembly of the petri dish. 

 

Figure 2. Schematic diagram of the prototyping methodology. 

2.1. Experimental Investigation 

2.1.1. Experiment Set-Up 

The experiment consisted of exciting a disc with one PZTp and measuring its response with an 
LDV and an ultrasound sensor. In this case, the petri dish was not included. The disc was made of 
bronze. Its external and internal diameters were 145 mm and 20 mm, respectively. The thickness of 
the disc was 6 mm (see Figure 3). The disc was supported on its internal radius, so that it could be 
rotated without any mechanical constraint. Pictures of the experimental set-up are shown in Figure 4. 

2.1.2. Instrumentation 

The disc was excited by means of the PZTp. This PZTp was a P-876 DuraAct glued to the disc 
surface with an epoxy component LOCTITE454. The piezoelectric material of the PZTp was PIC255 
and it was composed of multiple laminated ceramic layers. It was confirmed that the PZTp’s weight 
was negligible with regard to the set-up’s vibration response. The PZTp worked in a range of 100–
250 V.  

Figure 1. Schematic of the planned bioreactor. (a) Cross-section view; (b) Assembly of the petri dish.

The methodology to develop the proof of concept of the vibration bioreactor is shown in Figure 2.
An initial design of the bioreactor in dry conditions was experimentally tested. The experimental set-up
was based on a disc instrumented with a PZTp. The disc was excited with this PZTp and its vibrational
response was measured with a laser Doppler vibrometer (LDV), as well as with an ultrasound sensor.
With this experiment, the natural frequencies, mode-shapes, and damping of the disc could be obtained,
as well as the vibration amplitudes in different frequency ranges. After that, a numerical model was
built. The numerical model simulated the same conditions as in the experimental test. The numerical
model can be calibrated and validated according to the experiment for predicting the vibration
amplitudes and vibration shapes of the disc. The bioreactor will also be tested in wet conditions with
the petri dish containing the culture medium. Results obtained at this stage will be used to achieve the
final design of the vibration bioreactor.
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2.1. Experimental Investigation

2.1.1. Experiment Set-Up

The experiment consisted of exciting a disc with one PZTp and measuring its response with an
LDV and an ultrasound sensor. In this case, the petri dish was not included. The disc was made of
bronze. Its external and internal diameters were 145 mm and 20 mm, respectively. The thickness of the
disc was 6 mm (see Figure 3). The disc was supported on its internal radius, so that it could be rotated
without any mechanical constraint. Pictures of the experimental set-up are shown in Figure 4.



Sensors 2019, 19, 436 4 of 15Sensors 2019, 19, 436 4 of 20 

 

 
Figure 3. Disc sketch. (a) Main dimensions of the disc; (b) isometric view of the disc. 

 

Figure 4. (a) Picture of the experimental set-up; (b) detail of the piezoelectric patch (PZTp); (c) detail 
of the disc. 

For the signal generation, an NI-9263 module was used. This module can generate four 
independent analog outputs with an amplitude of −10 to 10 V. With an amplifier OEM-835, the analog 
signal was amplified by a factor of 25. A signal for monitoring the excitation was sent to the data 
acquisition system. 

To measure the response of the disc, an LDV PDV-100 with adjustable sensitivity (sensitivity 
range of 200–8 V/(m/s)) was used. The laser was mounted on a tripod without contact to the disc 
support. The LDV measuring frequency range was 0–22 kHz. Therefore, an ultrasound sensor (PCB 
378C01) was used above 22 kHz. This ultrasound sensor can measure up to 100 kHz with a sensitivity 
of 2 mV/Pa. Both the LDV and the ultrasound sensor were always maintained in the same position. 

The three signals (PZTp, LDV, and ultrasound) were acquired simultaneously by an acquisition 
system Bruel&Kjaer Type 3038, which has multiple channels of an acquisition frequency 65.536 kHz, 
and one channel of 262.144 kHz. The ultrasound sensor was always connected to the channel with 
greater acquisition frequency. 

2.1.3. Experimental Procedure 

A chirp signal was sent to the PZTp to excite the disc [33]. The signal had a duration of 10 s. 
Three different ranges of excitation were applied: 0 to 22 kHz, 22 to 50 kHz, and 50 to 100 kHz. In 
that way, the influence of the frequency on cell behavior could be studied in detail. 
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2.1.2. Instrumentation

The disc was excited by means of the PZTp. This PZTp was a P-876 DuraAct glued to the disc
surface with an epoxy component LOCTITE454. The piezoelectric material of the PZTp was PIC255 and
it was composed of multiple laminated ceramic layers. It was confirmed that the PZTp’s weight was
negligible with regard to the set-up’s vibration response. The PZTp worked in a range of 100–250 V.

For the signal generation, an NI-9263 module was used. This module can generate four
independent analog outputs with an amplitude of −10 to 10 V. With an amplifier OEM-835, the analog
signal was amplified by a factor of 25. A signal for monitoring the excitation was sent to the data
acquisition system.

To measure the response of the disc, an LDV PDV-100 with adjustable sensitivity (sensitivity range
of 200–8 V/(m/s)) was used. The laser was mounted on a tripod without contact to the disc support.
The LDV measuring frequency range was 0–22 kHz. Therefore, an ultrasound sensor (PCB 378C01)
was used above 22 kHz. This ultrasound sensor can measure up to 100 kHz with a sensitivity of
2 mV/Pa. Both the LDV and the ultrasound sensor were always maintained in the same position.

The three signals (PZTp, LDV, and ultrasound) were acquired simultaneously by an acquisition
system Bruel&Kjaer Type 3038, which has multiple channels of an acquisition frequency 65.536 kHz,
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and one channel of 262.144 kHz. The ultrasound sensor was always connected to the channel with
greater acquisition frequency.

2.1.3. Experimental Procedure

A chirp signal was sent to the PZTp to excite the disc [33]. The signal had a duration of 10 s.
Three different ranges of excitation were applied: 0 to 22 kHz, 22 to 50 kHz, and 50 to 100 kHz. In that
way, the influence of the frequency on cell behavior could be studied in detail.

For the first frequency range in which the LDV could measure the disc response, an experimental
modal analysis (EMA) [44] was performed. For this purpose, the disc was marked with different
spots (see Figure 4) where the LDV was pointed at. A chirp was sent to the PZTp and the vibrational
response of the disc was measured with the LDV at all points (32 points in four different radii of the
disc, total of 128 points). To carry out this procedure, the LDV was maintained in the same position for
all four radii of points and the disc was manually turned 11.25 degrees every time.

A frequency response function (FRF) [33] between the LDV signal and the excitation voltage signal
of the PZTp was computed for each of the 128 points. The chosen frequency resolution was 0.0625 Hz
(period of 16 s) with a maximum frequency analysis of 25.6 kHz. In that way, the mode-shapes of the
disk could be accurately determined, which is mandatory for the evaluation of the vibration response.
This result is also essential for understanding how cells will vibrate in the bioreactor.

The remaining frequency ranges were beyond the LDV range. Therefore, only the ultrasound
sensor measured the vibration response of the disc due to the transmission of the vibration through
air. For these cases, the FRF was computed between the ultrasound sensor and the PZTp; however,
it was limited to only one position on the disc. The frequency resolution chosen was the same as before
(0.0625 Hz). The maximum analysis frequency was 102.4 kHz.

Figure 5 shows an example of the experimental procedure. The chirp excitation with the PZTp
is shown in volts, and the responses of the disc measured by means of the LDV and the ultrasound
sensor are also shown for each frequency range tested.
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2.2. Numerical Simulation

2.2.1. Finite Element Method (FEM) Model

The numerical model was based on the finite element method (FEM) code of the commercial
software package Abaqus® [45]. The disc was meshed with standard and linear hexahedral elements
and fixed in its perpendicular direction by constraints to the nodes located on the inside diameter.
The density of the disc was simulated according to measurements carried out experimentally with the
real disc (ρdisc = 7666 kg/m3) and for a Young’s modulus according to bronze’s standard characteristics
(E = 1011 Pa). The next section describes the simulations performed with this model.

2.2.2. Numerical Procedure

Firstly, a sensitivity analysis of the mesh was carried out. The sensitivity analysis ensured that
the results obtained were independent of the element size. For this purpose, the size of the elements
was decreased until numerical results obtained in Abaqus were independent of the mesh’s coarseness.
Natural frequencies were compared between the set of FEM meshes (for frequencies less than 100 kHz).
The mesh selected had 1.3 × 105 elements with an element size of 0.8 mm. The mesh sensitivity
analysis and the optimal mesh are shown in Figure 6.
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Based on the selected mesh, a harmonic analysis in the desired frequency range was performed.
A force of 100 N was applied to the structure in the position where the PZTp was installed
for experimental measurements. This value was applied according to the PZTp manufacturer’s
characteristics. The vibrational response of the disc was obtained. The damping ratio for each
mode-shape obtained by means of the experiment was introduced in the simulation in order to
accurately obtain the vibration amplitude.

3. Results and Discussion

3.1. Experimental Results

3.1.1. Experimental Modal Analysis

The FRF between the LDV and the PZTp was computed for the 128 points measured
(see Section 2.1.3 for further details). Each FRF was assigned to a point in a virtual geometry for
applying an operational deflection shape (ODS) using the software PULSE Reflex® [46]. Figure 7
shows the virtual geometry used and one mode-shape obtained by means of the ODS.
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In the analyzed range from 0 to 22 kHz, there were multiple natural frequencies of the disc.
Figure 8 shows the fast Fourier transform (FFT) of four different points in different radii of the disc.
Multiple peaks can be observed within this range. It can clearly be seen that the difference in amplitude
between in-resonance conditions (a natural frequency peak) and out-of-resonance conditions was
substantial. Making good use of this variation was key to the bioreactor prototype design. The ODS
representation permitted the experimental association of each natural frequency with one mode-shape.
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Figure 8. Autospectra of four points located in different radii of the disc during the experimental modal
analysis (EMA).

The mode-shapes of the disk were classified according to the numbers of NDs and NCs [38,41].
In that way, each mode-shape could be named as a combination (ND, NC). The values of the natural
frequencies and damping ratios associated with each mode-shape found in the range of 0–22 kHz are
shown in Table 1. It should be noted that, for modes where a doublet was detected (same mode-shape
but with phase difference of 90 degrees and nearby frequency value), only one of the two mode-shapes
is contained in the table. The “3db method” [47] was used to calculate the damping ratio from each
peak. Results obtained were in agreement with results presented in previous studies about modal
analysis in circular diskc [33,34,38].
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Table 1. Natural frequencies and damping ratios associated to each experimentally obtained
mode-shape. ND—nodal diameter; NC—nodal circle.

Natural Frequency (Hz) Damping Ratio (%)
Mode-Shape

ND NC

1060 0.1520 2 0
2416 0.0660 3 0
4197 0.2240 4 0
6419 0.1610 5 0
8982 0.1050 6 0

11826 0.0540 7 0
14929 0.0440 8 0
18111 0.0530 9 0
21586 0.0470 10 0

6850 0.1370 2 1
10236 0.0710 3 1
13685 0.0490 4 1
17594 0.0230 5 1

As shown in Table 1, the first 10 nodal diameters without nodal circles were found within the
frequency range of 0–22 kHz. Only five nodal diameters with one nodal circle were found within this
range. This means that the maximum deformation of the disc was located close to the edge of the
disc. This finding was of great importance for the bioreactor prototype design. To check that this was
true, the energy of vibration at each point could be calculated as the root-mean-square (RMS) value
within the studied frequency range. Figure 9 shows the RMS vibration velocity in the range 0–22 kHz
of all points measured on the disc and classified by their angular position. It can clearly be seen that
the energy was concentrated in the exterior radius of the disc (R1 in Figure 9). Therefore, the optimal
position for the cell’s location to obtain maximum vibration energy will be at the external edge and
near the PZTp location.
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3.1.2. Dynamic Behavior at Higher Frequency Ranges

The LDV was not able to measure the disc vibration above 22 kHz since it was out of its measuring
range. This is why an ultrasound sensor was also used in this experiment. Zhu et al. [48] demonstrated
that there is a direct relationship of the vibration of the structure and the acoustic pressure measured by
a microphone, or, in this case, an ultrasound sensor. Measuring the high frequency ranges of excitation
with the ultrasound sensor gave an idea of the vibration of the disc at those frequencies.

Figure 10 shows the autospectra of the ultrasound sensor for the three different ranges of excitation
tested. It can be seen that the natural frequencies of the disc were clearly identified in the first range
(0–22 kHz) and that they were identical to those found with the LDV. In the second range (20–50 kHz),
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the natural frequencies of the disc were also clearly identified and with similar amplitude as in the first
range, which means that the vibration energy in both ranges was similar. However, the third range of
frequency analyzed (50–100 kHz) presented lower amplitudes and the peaks were more difficult to
identify. As Watson et al. [49] showed in their work, the vibrational response of structures decreases
greatly for high frequencies, in particular from 50 to 300 kHz. This behavior is similar to the results of
the studied disc.
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With greater natural frequency values, the number of NDs and NCs in the disc mode-shapes
increased. As the frequency increased, the deformation in the disc was rather located in single points
than on the disc surface. By variation of the excited natural frequency, the influence of the natural
frequencies could also be studied. In comparison to previous work where non-contact methods were
used to excite the cells, here, the energy exposure of the cells was greater and could be quantified by
measuring the vibro-acoustic response of the disc. With the non-contact methods, the actual force
applied to the structure is rather small, of about 1 N or less for the high-intensity focused ultrasound
therapeutic applications [17–20]. By means of the proposed method, the PZTp could provide about
100 N according to the manufacturer’s specifications. In addition, exciting the structure in resonance
conditions would amplify the vibration amplitude considerably.

3.2. Numerical Results

3.2.1. Modal Analysis

The results for the numerical modal analysis are found in Table 2. In this table, both natural
frequency values and the mode-shapes are compared with the experimental results. A good agreement
was found with an error below 5% between the experiment and the numerical simulation. Only the
mode-shapes within the frequency range of 0–22 kHz are shown in this table; however, the analysis
was performed up to 100 kHz. Local characteristics of the vibration increased for greater frequency.
For the high-frequency mode-shapes, the disc vibrated with maximum amplitude in small areas, which
means that the cells should be located in these points of maximum displacement.
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Table 2. Comparison of experimental modal analysis (EMA) and numerical modal analysis. Di f f (%) =

100 fn,sim− fn,exp
fn,exp

.

Exp (Hz) Sim (Hz) Diff %
Mode-Shape

ND NC Experiment Simulation

1060 1025 −3.30 2 0
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Table 2. Cont.

Exp (Hz) Sim (Hz) Diff %
Mode-Shape

ND NC Experiment Simulation

18111 17859 −1.39 9 0
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 3.2.2. Harmonic Analysis

The numerical harmonic analysis was performed around the natural frequencies found by means
of the modal analysis. The damping ratio obtained with the experiments (see Table 1) was introduced
in the numerical model for each mode-shape. Figure 11 shows an example of the results obtained for
four different natural frequencies. In the plots (a), (b), and (c), the numerical results are compared with
the experimental results obtained with the LDV. In plot (d), the numerical results are compared with
the ultrasound sensor since the LDV could not measure at this frequency. The FRF was normalized
with the maximum of each peak and the frequency of the simulation was corrected with the error
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factor shown in Table 2. A good agreement for the amplitude was found between the numerical and
the experimental results at the natural frequency, which is the point where the disc will be excited to
expose cells to vibration. Therefore, the numerical model was validated and will be useful for further
design steps, as well as for the prediction of the vibration amplitude at the natural frequencies on the
whole disc surface.
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4. Conclusions

A vibrating bioreactor apparatus was designed under the concept of resonance vibration. For this,
we built a vibrating apparatus based on a bronze circular disc. The disc was instrumented with a
PZTp, which was able to excite the structure at different frequencies and amplitudes. Upon exciting
the disc in its natural frequencies, the vibration amplitude was amplified substantially which can be
used to expose different kinds of cell lines to vibration. In comparison with the current non-contact
methods used to expose cells to vibration, the proposed method imposes frequencies from low to high
frequency ranges, as well as amplitudes at far greater controllability and reproducibility.

The natural frequencies of the disc were studied in detail by means of experimental and numerical
modal analysis. For the experiment, the disc was instrumented with a PZTp, and its vibration response
was measured with an LDV and an ultrasound sensor. For the numerical investigation, an FE model of
the disk was constructed introducing the experimental values of the damping ratio to calibrate the
vibration amplitude. Both numerical and experimental results for natural frequencies and mode-shapes
presented good agreement. It was seen that the maximum deformation was located near the tip of the
disc. Additionally, with greater natural frequencies, the excitation became more localized. These results
are very useful for understanding how the disc vibrates at the different frequencies and, therefore,
how the attached cells will vibrate.

For the disc studied, the vibration amplitude decreased considerably from 50 kHz onward.
For these high frequencies, it was demonstrated that the structural response was low; however, it still
existed. With the validated numerical model, the disc dimensions can be adapted for the desired
frequency ranges to study.
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Previous studies with cells exposed to vibration considered high frequency due to ultrasound
excitations [13–16]. In those studies, the force applied to the structure was very low in comparison
with that applied with the technique presented in this paper. Furthermore, with the current technique
the way how the cells vibrate is highly controllable, whereas, with non-contact methods such as
ultrasound, it is rather random. This method also permits studying the low frequency range, which,
for some cells such as neurons, will be important.

Author Contributions: D.V. performed the experiments. D.V. and W.A.B. wrote the paper. C.R. carried out the
numerical simulations. A.P., E.E., C.H., and W.A.B. planned the research concept and reviewed the manuscript.

Funding: This research was funded by the Justus-Liebig fellowship of the Justus-Liebig University (Giessen,
Germany). The Deutsche Forschungsgemeinschaft (DFG) provided support for the attendance of a conference [1].

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Valentin, D.; Charline, R.; Presas, A.; Heiss, C.; Wolfram, B. Biomechanical damage behaviour in cells under
vibration. In Proceedings of the 2018 International Conference on Trauma Surgery Technology, Giessen,
Germany, 16–18 November 2018.

2. Ter Haar, G.; Coussios, C. High intensity focused ultrasound: Past, present and future. Int. J. Hyperth.
2007, 23, 85–87. [CrossRef]

3. Kennedy, J.E. High-intensity focused ultrasound in the treatment of solid tumours. Nat. Rev. Cancer 2005, 5,
321–327. [CrossRef] [PubMed]

4. Wijlemans, J.W.; Bartels, L.W.; Deckers, R.; Ries, M.; Mali, W.P.T.M.; Moonen, C.T.W.; Van Den Bosch, M.A.A.J.
Magnetic resonance-guided high-intensity focused ultrasound (MR-HIFU) ablation of liver tumours.
Cancer Imaging 2012, 12, 387–394. [CrossRef] [PubMed]

5. Kim, I.S.; Song, Y.M.; Lee, B.; Hwang, S.J. Human mesenchymal stromal cells are mechanosensitive to
vibration stimuli. J. Dent. Res. 2012, 91, 1135–1140. [CrossRef] [PubMed]

6. Fu, L.; Zhang, K.; Li, S.; Wang, Y.; Huang, T.S.; Zhang, A.; Cheng, Z.Y. In situ real-time detection of E. coli in
water using antibody-coated magnetostrictive microcantilever. Sens. Actuators B Chem. 2010, 150, 220–225.
[CrossRef]

7. Ramos, D.; Tamayo, J.; Mertens, J.; Calleja, M.; Villanueva, L.G.; Zaballos, A. Detection of bacteria based
on the thermomechanical noise of a nanomechanical resonator: Origin of the response and detection limits.
Nanotechnology 2008, 19, 035503. [CrossRef] [PubMed]

8. Ilic, B.; Czaplewski, D.; Zalalutdinov, M.; Craighead, H.G.; Neuzil, P.; Campagnolo, C.; Batt, C. Single cell
detection with micromechanical oscillators. J. Vac. Sci. Technol. B Microelectron. Nanom. Struct. 2001, 19, 2825.
[CrossRef]

9. Carmen, J.C.; Roeder, B.L.; Nelson, J.L.; Robison Ogilvie, R.L.; Robison, R.A.; Schaalje, G.B.; Pitt, W.G.
Treatment of biofilm infections on implants with low-frequency ultrasound and antibiotics. Am. J.
Infect. Control 2005, 33, 78–82. [CrossRef] [PubMed]

10. Qian, Z.; Sagers, R.D.; Pitt, W.G. The effect of ultrasonic frequency upon enhanced killing of P. aeruginosa
biofilms. Ann. Biomed. Eng. 1997, 25, 69–76. [CrossRef]

11. Belyaev, I.Y.; Alipov, Y.D.; Polunin, V.A.; Shcheglov, V.S. Evidence for dependence of resonant frequency of
millimeter wave interaction with escherichia coli k12 cells on haploid genome length. Electromagn. Biol. Med.
1993, 12, 39–49.

12. Duka, M.; Balbekin, N.; Smolyanskaya, O.; Sobakinskaya, E.; Panin, A.; Vaks, V. Characterization of DNA
absorption lines in the terahertz range. In Proceedings of the 2015 IEEE North West Russia Section Young
Researchers in Electrical and Electronic Engineering Conference, ElConRusNW 2015, St. Petersburg, Russia,
2–4 February 2015; pp. 327–328.

13. Fassina, L.; Saino, E.; Sbarra, M.S.; Visai, L.; De Angelis, M.G.C.; Mazzini, G.; Benazzo, F.; Magenes, G.
Ultrasonic and Electromagnetic Enhancement of a Culture of Human SAOS-2 Osteoblasts Seeded onto a
Titanium Plasma-Spray Surface. Tissue Eng. Part C 2009, 15, 233–242. [CrossRef] [PubMed]

14. Hauser, J.; Hauser, M.; Muhr, G.; Esenwein, S. Ultrasound-induced modifications of cytoskeletal components
in osteoblast-like SAOS-2 cells. J. Orthop. Res. 2009, 27, 286–294. [CrossRef] [PubMed]

http://dx.doi.org/10.1080/02656730601185924
http://dx.doi.org/10.1038/nrc1591
http://www.ncbi.nlm.nih.gov/pubmed/15776004
http://dx.doi.org/10.1102/1470-7330.2012.9038
http://www.ncbi.nlm.nih.gov/pubmed/23022541
http://dx.doi.org/10.1177/0022034512465291
http://www.ncbi.nlm.nih.gov/pubmed/23086742
http://dx.doi.org/10.1016/j.snb.2010.07.011
http://dx.doi.org/10.1088/0957-4484/19/03/035503
http://www.ncbi.nlm.nih.gov/pubmed/21817571
http://dx.doi.org/10.1116/1.1421572
http://dx.doi.org/10.1016/j.ajic.2004.08.002
http://www.ncbi.nlm.nih.gov/pubmed/15761406
http://dx.doi.org/10.1007/BF02738539
http://dx.doi.org/10.1089/ten.tec.2008.0398
http://www.ncbi.nlm.nih.gov/pubmed/19119923
http://dx.doi.org/10.1002/jor.20741
http://www.ncbi.nlm.nih.gov/pubmed/18752276


Sensors 2019, 19, 436 14 of 15

15. Fassina, L.; Saino, E.; Visai, L.; Magenes, G. Physically enhanced coating of titanium plasma-spray with
human osteoblasts and bone matrix. In Proceedings of the 29th Annual International Conference of the IEEE
Engineering in Medicine and Biology Society, Lyon, France, 22–26 August 2007.

16. Mccormick, S.M.; Saini, V.; Yazicioglu, Y.; Demou, Z.N.; Royston, T.J. Interdependence of pulsed ultrasound
and shear stress effects on cell morphology and gene expression. Ann. Biomed. Eng. 2006, 34, 436–445.
[CrossRef] [PubMed]

17. Wu, F.; Wang, Z.B.; Chen, W.Z.; Zou, J.Z.; Bai, J.; Zhu, H.; Li, K.Q.; Xie, F.L.; Jin, C.B.; Su, H.B.; et al.
Extracorporeal focused ultrasound surgery for treatment of human solid carcinomas: Early Chinese clinical
experience. Ultrasound Med. Biol. 2004, 30, 245–260. [CrossRef] [PubMed]

18. Li, C.; Zhang, W.; Fan, W.; Huang, J.; Zhang, F.; Wu, P. Noninvasive treatment of malignant bone tumors
using high-intensity focused ultrasound. Cancer 2010, 116, 3934–3942. [CrossRef]

19. Li, C.; Wu, P.; Zhang, L.; Fan, W.; Huang, J.; Zhang, F. Osteosarcoma: Limb salvaging treatment by
ultrasonographically guided high-intensity focused ultrasound. Cancer Biol. Ther. 2009, 8, 1102–1108.
[CrossRef]

20. Yu, W.; Tang, L.; Lin, F.; Yao, Y.; Shen, Z.; Zhou, X. High-intensity focused ultrasound: Noninvasive treatment
for local unresectable recurrence of osteosarcoma. Surg. Oncol. 2015, 24, 9–15. [CrossRef]

21. Ozcivici, E.; Kim Luu, Y.; Adler, B.; Qin, Y.-X.; Rubin, J.; Judex, S.; Rubin, C.T. Mechanical signals as anabolic
agents in bone. Nat. Rev. Rheumatol. 2010, 6, 50–59. [CrossRef]

22. Rubin, C.T.; Lanyon, L.E. Regulation of bone mass by mechanical strain magnitude. Calcif. Tissue Int. 1985, 37,
411–417. [CrossRef]

23. Bosbach, W.A. Mechanical bone growth stimulation by magnetic fibre networks obtained through a
competent finite element technique. Sci. Rep. 2017, 7, 11109. [CrossRef]

24. Bosbach, W.A. The Elastic Behaviour of Sintered Metallic Fibre Networks: A Finite Element Study by Beam
Theory. PLoS ONE 2015, 10, e0143011. [CrossRef] [PubMed]

25. Dewey, C.; Bussolari, S.; Gimbrone, M.; Davies, P. The Dynamic Response of Vascular Endothelial Cells to
Fluid Shear Stress. J. Biomech. Eng. 1981, 103, 177–185. [CrossRef] [PubMed]

26. Ishida, T.; Takahashi, M.; Corson, M.; Berk, B. Fluid shear stress-mediated signal transduction: How do
endothelial cells transduce mechanical force into biological responses? Ann. N. Y. Acad. Sci. 1997, 811, 12–24.
[CrossRef] [PubMed]

27. Curthoys, I.S.; Kim, J.; McPhedran, S.K.; Camp, A.J. Bone conducted vibration selectively activates irregular
primary otolithic vestibular neurons in the guinea pig. Exp. Brain Res. 2006, 175, 256–267. [CrossRef]
[PubMed]

28. Young, E.D.; Fernández, C.; Goldberg, J.M. Responses of squirrel monkey vestibular neurons to
audio-frequency sound and head vibration. Acta Otolaryngol. 1977, 84, 352–360. [CrossRef] [PubMed]

29. Presas, A.; Luo, Y.; Wang, Z.; Valentin, D.; Egusquiza, M.; Presas, A.; Luo, Y.; Wang, Z.; Valentin, D.;
Egusquiza, M. A Review of PZT Patches Applications in Submerged Systems. Sensors 2018, 18, 2251.
[CrossRef] [PubMed]

30. Kang, M.-G.; Jung, W.-S.; Kang, C.-Y.; Yoon, S.-J.; Kang, M.-G.; Jung, W.-S.; Kang, C.-Y.; Yoon, S.-J. Recent
Progress on PZT Based Piezoelectric Energy Harvesting Technologies. Actuators 2016, 5, 5. [CrossRef]

31. Elahi, H.; Eugeni, M.; Gaudenzi, P.; Elahi, H.; Eugeni, M.; Gaudenzi, P. A Review on Mechanisms for
Piezoelectric-Based Energy Harvesters. Energies 2018, 11, 1850. [CrossRef]

32. Curie, J. Développement par compression de l’électricité polaire dans les cristaux hémièdres à faces inclinées.
Bull. Soc. Fr. Miner. 1880, 3, 90. [CrossRef]

33. Presas, A.; Valentin, D.; Egusquiza, E.; Valero, C.; Egusquiza, M.; Bossio, M. Accurate determination of the
frequency response function of submerged and confined structures by using PZT-patches. Sensors 2017, 17,
660. [CrossRef]

34. Presas, A.; Egusquiza, E.; Valero, C.; Valentin, D.; Seidel, U. Feasibility of using PZT actuators to study the
dynamic behavior of a rotating disk due to rotor-stator interaction. Sensors 2014, 14, 11919–11942. [CrossRef]
[PubMed]

35. Billah, K.Y.; Scanlan, R.H. Resonance, Tacoma Narrows bridge failure, and undergraduate physics textbooks.
Am. J. Phys. 1991, 59, 118–124. [CrossRef]

36. Green, D.; Unruh, W.G. The failure of the Tacoma Bridge: A physical model. Am. J. Phys. 2006, 74, 706–716.
[CrossRef]

http://dx.doi.org/10.1007/s10439-005-9057-5
http://www.ncbi.nlm.nih.gov/pubmed/16538547
http://dx.doi.org/10.1016/j.ultrasmedbio.2003.10.010
http://www.ncbi.nlm.nih.gov/pubmed/14998677
http://dx.doi.org/10.1002/cncr.25192
http://dx.doi.org/10.4161/cbt.8.12.8556
http://dx.doi.org/10.1016/j.suronc.2014.10.001
http://dx.doi.org/10.1038/nrrheum.2009.239
http://dx.doi.org/10.1007/BF02553711
http://dx.doi.org/10.1038/s41598-017-07731-6
http://dx.doi.org/10.1371/journal.pone.0143011
http://www.ncbi.nlm.nih.gov/pubmed/26569603
http://dx.doi.org/10.1115/1.3138276
http://www.ncbi.nlm.nih.gov/pubmed/7278196
http://dx.doi.org/10.1111/j.1749-6632.1997.tb51984.x
http://www.ncbi.nlm.nih.gov/pubmed/9186580
http://dx.doi.org/10.1007/s00221-006-0544-1
http://www.ncbi.nlm.nih.gov/pubmed/16761136
http://dx.doi.org/10.3109/00016487709123977
http://www.ncbi.nlm.nih.gov/pubmed/303426
http://dx.doi.org/10.3390/s18072251
http://www.ncbi.nlm.nih.gov/pubmed/30002350
http://dx.doi.org/10.3390/act5010005
http://dx.doi.org/10.3390/en11071850
http://dx.doi.org/10.3406/bulmi.1880.1564
http://dx.doi.org/10.3390/s17030660
http://dx.doi.org/10.3390/s140711919
http://www.ncbi.nlm.nih.gov/pubmed/25004151
http://dx.doi.org/10.1119/1.16590
http://dx.doi.org/10.1119/1.2201854


Sensors 2019, 19, 436 15 of 15

37. Valentín, D.; Presas, A.; Egusquiza, E.; Valero, C.; Egusquiza, M. Experimental Study of a Vibrating Disk
Submerged in a Fluid-Filled Tank and Confined with a Nonrigid Cover. J. Vib. Acoust. 2017, 139, 21005.
[CrossRef]

38. Valentín, D.; Presas, A.; Egusquiza, E.; Valero, C. Experimental study on the added mass and damping of a
disk submerged in a partially fluid-filled tank with small radial confinement. J. Fluids Struct. 2014, 50, 1–17.
[CrossRef]

39. Presas, A.; Valentin, D.; Egusquiza, E.; Valero, C.; Seidel, U. Dynamic response of a rotating disk submerged
and confined. Influence of the axial gap. J. Fluids Struct. 2016, 62, 332–349. [CrossRef]

40. Presas, A.; Valentin, D.; Egusquiza, E.; Valero, C.; Seidel, U. On the detection of natural frequencies and
mode shapes of submerged rotating disk-like structures from the casing. Mech. Syst. Signal Process. 2015, 60,
547–570. [CrossRef]

41. Blevins, R.D. Formulas for Natural Frequency and Mode Shape; Krieger Publishing Company: Malabar, FL, USA,
2001.

42. Amabili, M.; Kwak, M.K. Free vibrations of circular plates coupled with liquids: Revising the lamb problem.
J. Fluids Struct. 1996, 10, 743–761. [CrossRef]

43. Amabili, M.; Dalpiaz, G. Vibration of base plates in annular cylindrical tanks: Theory and experiments.
J. Sound Vib. 1998, 210, 329–350. [CrossRef]

44. Valentín, D.; Presas, A.; Bossio, M.; Egusquiza, M.; Egusquiza, E.; Valero, C. Feasibility of Detecting Natural
Frequencies of Hydraulic Turbines While in Operation, Using Strain Gauges. Sensors 2018, 18, 174. [CrossRef]

45. Dassault Systèmes Abaqus 6.13 Online Documentation. Available online: http://dsk.ippt.pan.pl/docs/
abaqus/v6.13/index.html (accessed on 15 January 2019).
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