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Abstract: Sonodynamic therapy, which combines low-
intensity ultrasound with sonosensitizers, shows promising
anti-cancer effects, yet its underlying mechanisms remain in-
completely understood. To support systematic in vitro studies,
we developed and characterized an ultrasound setup designed
to expose cells to well-defined and reproducible conditions.
The setup includes a water tank, a sample holder, and absorb-
ing structures to minimize stationary waves. Hydrophone mea-
surements were conducted to assess the ultrasound pressure
field, and finite element method (FEM) simulations were used
to complement these measurements. The simulations allow for
insights into power and intensity distributions that are chal-
lenging to measure directly. Results showed good agreement
between measured and simulated pressures, although discrep-
ancies of up to 20% were observed in ring patterns present
in the simulation, but absent in the measurements. The study
highlights the importance of simulations for optimizing exper-
imental design and interpreting measurement artifacts, partic-
ularly those created by the hydrophone itself.
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1 Introduction

Previous research provided evidence for remarkable anti-
cancer effects of sonodynamic therapy, which combines low-
intensity ultrasound with sonosensitizers [1, 2]. The underly-
ing biophysical processes of this modality are still not fully
resolved and may be related to thermal or sonochemical ef-
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fects, as well as micro-mechanical strain and stress affecting
cellular structures [3]. While more thorough studies are war-
ranted, many published reports lack important details about
experimental conditions – an issue that has also been criticized
in the literature [4, 5]. As a prerequisite for future systematic
in vitro experiments, an ultrasound setup was developed and
characterized with the aim to expose cells to well-defined, re-
producible conditions (temperature, wave pressure).

The characterization of the experimental setup is based
on measurements of the pressure field using a hydrophone.
To evaluate an optimal design of the sample holder, finite ele-
ment method (FEM) simulations have been carried out. The
benefits of modelling this setup are two-fold: First, a well-
calibrated simulation framework allows for examinations of
potential modifications or extensions of the physical setup be-
fore these modifications are implemented. Second, power and
intensity within the tank are two critical values as they relate
to the amount of energy deposited in the cells. Yet, measur-
ing power and intensity at high spatial resolution is extremely
challenging. An alternative route to insights is, however, to cal-
ibrate a simulation based on measured pressure data and then
extract power and intensity from the simulation.

2 Methods

The setup consists of a water tank, a sample holder, absorb-
ing structures cast from Aptflex F36 (Precision Acoustics Ltd,
Dorchester, United Kingdom) to avoid stationary waves, a
frame for precise measurements in 3D, and an ultrasonic trans-
ducer built in-house operating at 1.1 MHz (Fig. 1) and driven
with an electric power of 9820 mW. The water tank with 1 cm
thick PMMA walls measures 20 cm in width and length and
15 cm in height and is filled with degassed Millipore water
roughly to the 12 cm during characterization. A 3D-printed
sample holder is inserted into the tank to position a flat bottom
Corning Stripwell microplate (Corning Incorporated, Corning,
NY, USA) which would contain cells subject to the ultrasonic
treatment during in vitro treatments. A heater with built-in
circulation pump (ProfiCook PC-SV 1126, Clatronic Interna-
tional GmbH, Kempen, Germany) is used to maintain a water
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Fig. 1: Water tank setup with heater of cylindrical shape, sample
holder of pyramidal shape, absorbing structures located above the
holder, frame for hydrophone positioning and ultrasonic transducer
and corresponding electronics at the bottom of the tank.

temperature of 37 °C in order to ensure a suitable environment
during these treatments.

The pressure in the ultrasound field is measured with a
hydrophone (Müller-Platte Nadelsonde, Müller Instruments,
Oberursel, Germany) and compared to finite element method
(FEM) simulations.The hydrophone used in this study features
a delicate 1.2 mm diameter tip, yet of a size comparable to
the wavelength in water (𝜆 ≈ 1.35 mm). To position the hy-
drophone within the tank, it is mounted on a 3D printed holder
connected to a frame that registers with the tank (gantry). This
gantry is equipped with stepper motors and homing switches
to ensure reproducible measurements. All pressures reported
in this work (i.e. measurements and simulation) are root-mean-
square (RMS) pressures over one cycle of the acoustic wave.

The simulations are implemented in COMSOL Multi-
physics® V. 6.3 (COMSOL AB, Stockholm, Sweden) and
combine the piezoelectric and pressure acoustic modules
of the software suite. The simulation is set up in a 2D-
axisymmetric fashion; thus, the tank walls are assumed to be
cylindrical. Although this is different in the real setup, prior
simulation studies have revealed that the presence or absence
of walls does not affect the field in any relevant manner due to
the distance to the high-pressure region of the field. Material
parameters from the COMSOL material library are used, the

outer walls of the tank are implemented with hard boundaries,
and the water-air interface is modeled with a soft boundary;
perfectly matched layers are used for the absorbing structures.
The voltage applied to the simulated transducer is scaled so
that the average simulated pressure is equal to the measured
pressure averaged across all slices. To assess the influence of
the hydrophone, a simulation with omitted hydrophone is com-
pared to one where the hydrophone is present.

3 Results

Fig. 2 shows a comparison between the measured pressure
(top) and the simulated pressure (center) in a horizontal slice at
a height of 90 mm from the tank floor, along with the pressure
difference between measurement and simulation (bottom).

This comparison between measurement and simulation
reveals that the pressures are generally in agreement with a
mean difference of 1.02 ± 0.88 kPa (SD). Changes in the
pressure field on the same slices between consecutive mea-
surements are 3.7 kPa on average, and even lower in the
hotspot area, with a mean difference of 0.49 kPa. Small shad-
ows around the hotspot vary, but their influence on the center
(hotspot) is not recognizable.

The results shown in Fig. 2 are from simulations without
a hydrophone. The effect of the hydrophone is shown in Fig. 3,
where the pressure on a slice along the vertical central axis of
the tank is visible. The hydrophone is omitted in the top illus-
tration and present in the center illustration. In the latter illus-
tration, a standing wave pattern surrounding the hydrophone
tip is clearly visible (red arrow). The difference between the
two former images is shown at the bottom. In general, a focus
zone is seen at a height of approx. 70 mm above ground, suit-
able for the placement of cells if a strong, but narrow field is
desired.

4 Conclusion

The results reported in this work demonstrate general agree-
ment between the measurements and the simulations. The
measurements facilitate the choice of position of the cell sam-
ple concerning constraints such as absolute pressure values or
homogeneity of the pressure field. The shape and width of the
pressure field are as important as the pressure for a uniform
treatment of the cells.

Furthermore, simulations can be used to investigate po-
tential future modifications of the setup without the need of
implementing the modifications and provide a means to quan-
tify power and intensity within the tank – a physical quantity
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Fig. 2: Measured (top) and simulated (center) pressures on a hor-
izontal slice at a height of 90 mm above the tank floor, along with
the pressure difference between measurement and simulation.

Fig. 3: Vertical slice extracted from simulation where hydrophone
is omitted (top), in comparison to a simulation including the hy-
drophone (center) which generates a standing wave (red arrow).
The difference image is shown at the bottom.
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that cannot be measured easily directly. Yet, the simulation re-
vealed that artifacts in the local wave field caused by the hy-
drophone call for caution when interpreting measured pressure
figures. The simulations with and without the hydrophone can
be used to relate the measurements using a hydrophone with
the acoustic pressure field, which is experienced by the cells
and not modified by the hydrophone. This is important since
hydrophones, even when small, produce standing waves that
lead to inhomogeneous conditions with respect to mechani-
cal strain/stress, and temperature and therefore cannot be used
during cell treatment.

Author Statement
Research funding: The work was supported by funding from
Eureka Eurostars (Nanoprostate E!114157). Conflict of inter-
est: Authors state no conflict of interest.

References

[1] Yang M, Wang X, Peng M, Wang F, Hou S, Xing R et al.
Nanomaterials Enhanced Sonodynamic Therapy for Multi-
ple Tumor Treatment. Nano-Micro Letters, 2025;17:157.

[2] Alphandéry E. Ultrasound and nanomaterial: an efficient pair
to fight cancer. Journal of Nanobiotechnology, 2022;20:139.

[3] Wang T, Du M, Chen Z. Sonosensitizers for Sonodynamic
Therapy: Current Progress and Future Perspectives. Ultra-
sound in Medicine & Biology 2025;51:727-734.

[4] Secomski W, Bilmin K, Kujawska T, Nowicki A, Grieb P, Lewin
P.A. In vitro ultrasound experiments: Standing wave and
multiple reflections influence on the outcome. Ultrasonics
(2017);77:203-213.

[5] Snehota M, Vachutka J, Ter Haar G, Dolezal L , Kolarova
H. Therapeutic ultrasound experiments in vitro: Review of
factors influencing outcomes and reproducibility. Ultrasonics
2020;107:106167.

213


