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Abstract

The fundamental differences between high- and low-frequency ultrasound for medical
purposes were demonstrated. A model describing the effect of ultrasound on erythrocyte
aggregation was developed, and the rapid movement of erythrocytes toward the nodes of
a standing acoustic wave was demonstrated, with its velocity compared to the rate of ery-
throcyte dissociation under the influence of shear forces. The t-test was used to assess the
statistical significance of differences between two blood samples and confirmed the effect
of low-frequency ultrasound intensity on erythrocyte aggregation. The study employed a
patented low-frequency ultrasound transducer generating a traveling acoustic wave that
produces shear forces capable of disrupting erythrocyte aggregates into individual erythro-
cytes. Since the developed technique is intended for human therapy, it is assumed that the
proposed low-frequency ultrasound parameters are safe for flowing blood. Due to deeper
and more precise penetration of the acoustic signal into tissues, this ultrasound transducer
may be promising for improving microcirculation and alleviating patient condition without
medication, as well as for reducing blood pressure and heart rate. The developed technique
also enables more effective disruption of heart valve plaques and shows therapeutic po-
tential for tumor treatment and in vivo drug encapsulation. Since erythrocytes in diabetic
patients are stiffer than those in healthy individuals, their passage through capillaries is
more difficult. Therefore, the developed and patented ultrasound-based sole stimulation
technique may produce a positive physiological effect by stimulating blood flow in the
capillaries of patients with foot ulcers.

Keywords: red blood cells (erythrocytes); aggregation; dissociation; low-frequency ultrasound;
acoustic shear forces; erythrocyte biomechanics

1. Introduction
The field of ultrasound rehabilitation is rapidly developing, and therapeutic ultra-

sound (US) technologies have significantly advanced and are being applied in various
medical fields. US wave frequencies greater than 20 kHz have a significant impact on blood
hemodynamics. In this study, particular attention is given to the application of US for the
dissociation of erythrocyte aggregates.
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The separation of microparticles is important in modern biomedical technologies. Cur-
rently available techniques for erythrocyte dissociation based on centrifugal sedimentation,
magnetic, plasmapheresis, or dialysis require expensive medical equipment and have limi-
tations related to particle quantity requirements. In addition to the widely used centrifugal
sedimentation of erythrocytes, the method of magnetic separation in a microchannel has
recently gained attention [1]. In this approach, particles with higher iron oxide content,
such as erythrocytes, are transported by a ratcheting mechanism using magnetically soft
micro-pillars in combination with a directionally cycled rotating magnetic field to dynami-
cally modify the potential energy landscape. Another approach is presented in [2], where
laterally driven continuous dielectrophoresis micro-separators are used to separate red
and white blood cells suspended in a highly conductive, diluted whole blood. Continuous
micro-separators allow blood cells to be dissociated by the lateral dielectrophoretic force
generated by a planar array of interdigitated electrodes arranged at an angle to the direction
of flow.

The acoustic radiation force-based method described in [3] utilizes differences in parti-
cle compressibility to improve the efficiency of erythrocyte dissociation. In this approach,
separation efficiency is defined as the fraction of particles collected at the central outlet.
The technology presented in this paper allows solving the problem of embolization with
the possibility of separating erythrocytes from lipid particles. Since the particles are ery-
throcytes and lipid droplets in plasma, the erythrocytes gather in the pressure node (in the
center of the channel), whereas lipid particles gather in the pressure anti-node (near the
side walls).

The erythrocyte sedimentation rate is one of the oldest medical diagnostic tools.
However, there is still ongoing debate about the structure formed by the cells during
the sedimentation process. In study [4], a direct investigation of the structures formed
by erythrocytes in the blood during sedimentation was conducted. It was proven that
erythrocyte sedimentation occurs as a dynamic compression of a colloidal gel with plasma
channels. Blood cells are suspended in a yellowish substance called plasma. Plasma consists
of water and various dissolved molecules. Together, the components of blood plasma
account for its large volume in the blood (±55%). Blood separation by plasmapheresis can
be used to replace unhealthy plasma in patients with healthy donor plasma [5]. Removal
of erythrocytes from whole blood is an essential step in sample preparations intended for
biomedical analysis and clinical diagnosis. To address the limitations of current methods,
such as centrifugation and chemical lysis, a novel microfluidic device for high-efficiency
erythrocyte removal and leukocyte separation from bulk flows of highly concentrated
erythrocytes using a viscoelastic non-Newtonian fluid has been proposed in [6].

The review in [7] describes various methods for attaching nanoparticles and drugs
to the erythrocyte surface and discusses the key factors that influence the stability and
circulation properties of the erythrocyte-based delivery system in vivo. Paper [8] presents
protocols for blood collection, separation of leukocytes from whole blood by erythrocyte
lysis, isolation of mononuclear cells by density gradient separation, and various non-flow
sorting methods, such as magnetic bead separation, for the enrichment of specific cell
populations prior to flow cytometric analysis.

Attention should be paid to US techniques that allow deeper bio tissues to be affected.
Different types of US transducers are available, depending on factors such as piezoelectric
crystal arrangement, footprint, and frequency. A horn-shaped Langevin ultrasonic trans-
ducer was investigated in [9] to better understand the role of the acoustic profile in creating
a stable trap. The propagation of US waves in an elastic body was further examined in [10].
The study discusses the characteristics of US wave propagation in an isotropic elastic solid
material due to the radial mode excitation of a piezoelectric disk actuator attached to its
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surface. The authors in [11] investigate the biological effects of low-intensity US in vitro
and review the factors that may enhance or inhibit these effects. The lowest possible US
intensity required to induce cell death or produce free radicals was determined. The aim of
the study [12] was to evaluate whether low-frequency US can be used to detect air trapping
in chronic obstructive pulmonary disease. In addition, the ability of low-frequency US to
detect the effects of short-acting bronchodilators was evaluated.

After reviewing the literature sources, the conclusion is drawn that there is no evidence
regarding the excitation of higher oscillation modes of US transducers that could increase
acoustic signal penetration or acoustic pressure while enabling more precise targeting
of therapeutically affected tissues. Furthermore, there is also a lack of work related to
noninvasive activation of blood hemodynamics.

2. Methods
2.1. High-Frequency Ultrasound Action

Standing acoustic waves generated by high-frequency US blood vessels present promis-
ing opportunities for advancing medical diagnostics and treatments. Since the diameter
of an erythrocyte (RBC) does not exceed the acoustic wavelength (Rayleigh’s mode), the
acoustic wave radiation force condenses single erythrocytes into aggregates [13].

The acoustic pressure on erythrocytes was modeled using the COMSOL Multiphysics
6.1 software by evaluating:

• The power of acoustic radiation, thanks to which the movement of erythrocytes is
directed to a region of stable acoustic pressure.

• The Stokes force, which is caused by friction between the erythrocyte surface and the
surrounding plasma, regulates the rate of erythrocyte transport [14].

• The Bjerknes strength, which arises from acoustic radiation emitted by neighboring
erythrocytes, and which alters the trajectories of erythrocytes and promotes their
aggregation at standing acoustic wave nodes [15].

• The influence of gravity in the acoustic pressure node, which contributes to the settling
of erythrocytes when the motion is interrupted, or causes deviations from a straight
path when erythrocytes migrate towards the nearest pressure minimum.

• The Bernoulli strength, which arises from the reduced pressure in the extracellular
space, further affects the interaction of erythrocytes in the flow field [16].

A standing acoustic wave exerts an acoustic radiation force on erythrocytes within
the medium. This force originates from the interaction between the acoustic pressure field
and the erythrocyte structures. At the onset of exposure, elastic erythrocytes are uniformly
distributed in a steady acoustic field. As acoustic radiation and hydrodynamic drag forces
arise, the erythrocytes begin to migrate from their initial positions.

The nonlinear radiation force Frad acting on erythrocytes can be defined as the time-
averaged second-order force evaluated on a fixed surface ∂Ω surrounding the erythrocyte
in an inviscid fluid. Under inviscid conditions, the vector Frad is expressed as the sum of
the time-averaged second-order field of acoustic pressure 〈p2〉 and the momentum flux
tensor ρ0〈ν1ν1〉 [17].

Frad = −
∫

∂Ω
dr{⟨p2⟩n + ρ0⟨(n · ν1)ν1⟩}

= −
∫

∂Ω
dr

{[κ0

2
〈
p2

1
〉
− ρ0

2
〈
v2

1
〉]

n + ρ0⟨(n · ν1)ν1⟩
} (1)

where: ρ0—plasma density, v1—acoustic wave velocity, p1—linear pressure, κ0—compressibility
coefficient, n—normal vector.
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The standing acoustic wave radiation force acting on an erythrocyte is a gradient force
of the potential function Urad [18]:

Frad = −∇Urad (2)

Urad = Vp

[
Re[ f1]

1
2ρ0c2

〈
p2
〉
− Re[ f2]

3
4

ρ0

〈
ν1

2
〉]

(3)

f1 = 1 − K
Kp

, f2 =
2
(
ρp − ρ0

)
2ρp + ρ0

(4)

where ρp—erythrocyte density, c—speed of sound, f 1 is the dimensionless scattering ratio
depending on the compressibility of the erythrocyte and plasma, Re—real part.

The scattering rate f 2, which characterizes the translational response of an erythrocyte
to the acoustic field, K and Kp—are bulk modules of plasma and erythrocytes, respectively,
Vp—erythrocyte volume.

A digital model of a piezoelectric actuator cylinder with an internal radius of
R = 60 mm was created. The direct piezoelectric effect was electrically excited by the
harmonic law at a frequency of f 0 = 350 kHz. The cylinder was filled with a blood suspen-
sion that was exposed to standing acoustic waves. A 2D model of the system was analyzed.
The following physical parameters are used in the model: c = 1.48·103 m/s is the sound
velocity in blood; ρp = 4·103 kg/m3 is the particle density; Kp = 2.2 GPa is the bulk modulus
of the erythrocyte, and a0 = 7.5·106 m/s2 is the amplitude of the normal acceleration of
the transducer.

The equations of direct and inverse piezo effect in the piezoelectric transducer take
the form:

D = Eε + eS
σ = −eE + c0S

(5)

where D denotes electric induction in the piezoelectric transducer; E—the tension of the
electric field; ε dielectric constant; e piezoelectric coefficient; S transverse deformation;
σ elastic stress; c0 the velocity of acoustic deformation waves.

If the piezo transducer operates at resonant frequency, Equation (5) is transformed to

D exp(−jωt) = Eε + e ∂U0
∂x

σ = −eE + λ0ω
2π · ∂U0

∂x
(6)

where j denotes imaginary unit; ω the resonant frequency; U0—the displacement; t—time;
λ0 = 2πc0/ω.

Then the elastic stress in the piezoelectric transducer can be expressed as follows:

σ =
λω

2π
· ∂U0

∂x
− e

ε

(
D exp(−jωt)− e

∂U0

∂x

)
(7)

The oscillatory motion of the piezoelectric transducer is described by the following
system of equations:

∂2U0
∂t2 = c2

0
∂2U0
∂x2

∂2U1
∂t2 = c2

1
∂2U1
∂x2

(8)

with the following boundary conditions:

U0 = U1
λ1ω
2π · ∂U1

∂x = λ0ω
2π · ∂U0

∂x − e
ε D exp(jωt) + e2

ε · ∂U0
∂x

(9)
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where U1 denotes the displacement; c1 the velocity of acoustic deformation waves in the
piezo actuator; λ1 = 2πc1/ω.

The COMSOL Multiphysics system was used for the mathematical model using the
finite element numerical method. The acoustic fluid pressure was applied to the frequency
domain. The boundary of this domain was excited by the normal acceleration of the
piezoelectric actuator cylinder elements.

For effective separation of erythrocytes, the acoustic excitation frequency was selected
to concentrate erythrocytes into two rings and was set at 350 kHz. The pressure fields of
the standing waves in blood suspension are shown in Figure 1.

Figure 1. Acoustic pressure level (dB) in blood suspension.

Figure 1 illustrates that there are three high-pressure regions and two low-pressure
regions in the acoustic pressure field. Subsequently, the equation of erythrocyte motion in
the acoustic field was solved, allowing the determination of erythrocyte positions within
the field at a given time moment t1. At the initial time t0, the erythrocytes are uniformly
distributed in the acoustic field. When the transducer is excited, the US standing wave
induces erythrocyte motion, causing them to migrate and accumulate in those regions of
the acoustic pressure field where the sound pressure is minimal.

The evolution of the erythrocyte distribution in the temporal state is illustrated in
Figure 2. Colored columns indicate the instantaneous erythrocyte velocity at discrete points
ti obtained by numerical integration of the governing equations of motion.

Erythrocytes migrated to regions of reduced acoustic pressure within 8 s. This rapid
migration enabled stable and reproducible aggregation of erythrocytes in predefined areas
of the acoustic field, achieved through controlled adjustment of the vibration param-
eters generated by the transducer. To evaluate the effectiveness of erythrocyte aggre-
gation in the blood suspension, two separate samples were examined under a micro-
scope. The results are presented in Figure 3. Image (a) depicts a sample of the blood
suspension before the aggregation procedure, and (b) illustrates the sample after the
aggregation process.
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(a) (b) 

 
(c) (d) 

Figure 2. Erythrocytes (particles) distribution in the plasma at different times ti: (a)—2 s; (b)—4 s;
(c)—6 s; (d)—8 s.

 
(a) (b) 

Figure 3. Microscopic view of blood suspension before (a) and after (b) 350 kHz ultrasound exposure.

The authors in [19] explain the aggregation of erythrocytes under the influence of high-
frequency US. Paper [20] investigated the intensity of erythrocyte aggregation resulting
from exposure to high-frequency US in the range of 9–28 MHz. It has been suggested
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that erythrocyte aggregation may increase blood viscosity due to a reduction in the shear
coefficient of the acoustic signal, which may subsequently lead to elevated blood pressure
and pulse rate [21]. Increased erythrocyte aggregation has also been associated with
inflammatory blood markers in various pathological conditions [22], while a study [23]
suggests that erythrocyte aggregation may impair oxygen uptake in blood. On the contrary,
low-frequency US is safer because it does not overheat bio tissues by affecting them
mechanically through the effect of shear forces created by the traveling acoustic waves.
The findings of the study [24] may change our view of the frequent indiscriminate use
of diagnostic high-frequency US in clinics. When evaluating the important feature of
high-frequency US, focusing on biomedical therapy and diagnosis, one should not forget
the undesirable morphological changes in biological tissues because of thermal effects [25].

2.2. Low-Frequency Ultrasound Action

Thermal indices widely used in high-frequency diagnostic imaging are not important
for low-frequency US therapeutic applications. The effectiveness of US therapy in rehabili-
tation is not solely determined by the frequency of the US signal. The penetration depth
of the US signal is crucial for achieving therapeutic effects. While low-frequency US can
penetrate deeper into tissues, the actual penetration depth can vary based on the thickness
of the tissue and the specific US frequency used. To prove this, it was first necessary
to verify the effect of low-frequency US on blood samples. Human blood samples were
obtained using protocols approved by the Kaunas Regional Biomedical Research Ethics
Committee. All human subjects signed a consent form approved by the Kaunas Regional
Biomedical Research Ethics Committee (No. 2022-03-10 Nr. BE-2-39).

More than 300 blood samples from 42 male patients were sonicated on a blood testing
bench at varying ultrasound (US) intensities and exposure times (Table 1). Blood was
collected into tube VACUETTE® K2E K2EDTA (Greiner Bio-One GmbH, Kremsmünster,
Austria), the inner wall of which is coated with an anticoagulant that prevents the clotting
of a blood sample, unlike the blue-top sodium citrate tube, mainly used to collect blood
for coagulation tests. All patients were hospitalized, so additional blood was taken before
surgery for the experiment. The automated “Swelab Alfa” system was used for blood
sample analysis. The blood samples were divided equally into 7 parts and exposed to
low-frequency ultrasound. Two blood samples were taken: one as a control sample without
ultrasound exposure, and the other sample treated with ultrasound.

Table 1. Low-frequency US acting on blood characteristics.

Mode Exposure Time, s Intensity, mW/cm2 Power
W Frequency kHz

K Control 0 0 0 0

A High-intensity US 90 100–150 60 48

B High-intensity US 180 100–150 60 48

C Medium-intensity US 90 50–70 35 44

D Medium-intensity US 180 50–70 35 44

E Low-intensity US 90 5–12 10 44

F Low-intensity US 180 5–12 10 44

Sonication was performed using water bath sonication technology with ultrasonic
cleaner CT-400 (Wah Luen Electronic Co., Ltd., Jiangmen, Guangdong, China), at an ultra-
sound frequency of 46 +/−2 kHz and different ultrasound intensities, and the duration of
exposure to ultrasound. To confirm ultrasound frequency, measure ultrasound intensity,
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and maintain constant parameters during each stage of the experiment, tests were per-
formed with a hydrophone HCT-0320 coupled with an acoustic cavitation meter MCT-2000
(Onda Corp., Sunnyvale, CA, USA).

Sonication tests of the blood samples were performed at three different ultrasound
intensities of ~120 mW/cm2, ~60 mW/cm2, and ~10 mW/cm2 by changing sonic bath
pre-sets on input power.

On the same ultrasound intensity, sonication of the blood was applied in two different
sonication times (90 s and 180 s). Since ultrasound with electric power leads to higher
temperatures that might degrade the blood samples, the temperature was strictly monitored
and controlled in the range of 20–28 ◦C.

The change in RBC (red blood cell count of blood samples exposed to US) is presented
in Figure 4, indicating the significant influence of US on this blood parameter.

Figure 4. RBC exposed to low-frequency US counts.

Each patient’s blood sample was sonicated under six different US intensity-time
conditions (A, B, C, D, E, F), while an additional sample of blood was kept unexposed
to US (K) and served as a control. To ensure the statistical validity of the analysis, the
normality of the data was assessed using the Kolmogorov–Smirnov test. In the cases where
significant deviations from normality were identified, appropriate transformations were
applied to address this issue. Subsequently, paired t-tests were performed to compare group
means. When significant differences were observed, an analysis of variance (ANOVA) was
conducted to assess the statistical significance of the differences between the two blood
samples, providing insights into the impact of the process on the target population. The
ANOVA analysis was performed using MATLAB R2018a to analyze the F-statistics of the
assessed blood parameters. The obtained statistics correspond to an F distribution with
40 and 6 degrees of freedom in the numerator and denominator, respectively, F∼F40.6.
The results of the multiple comparison test showed that the mean values of the 14 US
conditions were significantly different from those of the control group. Higher intensity US
demonstrated the greatest effect on the test parameters (Table 2).

Table 2. Repeated measures ANOVA results.

Parameter: Ultrasound Condition p Lower Upper

RBC

High-intensity US 90 s. 7.7407 × 10−5 0.24091 0.90982

High-intensity US 180 s. 0.044232 0.0083252 1.0327

Medium-intensity US 90 s. 0.01738 0.015071 0.24005
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Hemolysis is the destruction of erythrocytes and the release of hemoglobin from the
cells into the surrounding medium. In our case, it is a non-cellular hemolysis in which
the erythrocytes are broken down outside the blood vessel. Normally, the life span of
erythrocytes is about 125 days. During hemolysis, the level of bilirubin, a metabolite
of hemoglobin, increases in the body. If hemolysis is prolonged, it becomes chronic,
characterized by slowly progressive anemia and tissue hypoxia. For these reasons, it was
decided to evaluate the effect of US on hemolysis and identify potentially dangerous effects.
The test was performed with an Infinite 200Pro device and Tecan i-control V2.0 software at
the ultrasonic parameters shown in Table 3.

Table 3. Hemolysis test measurement parameters.

Mode Absorbance

Wavelength 414 nm

Bandwidth 9 nm

Reference Wavelength 600 nm

Number of Flashes 25

Settle Time 0 ms

The results of hemolysis are shown in Table 4.

Table 4. The hemolysis test results.

Blood Samples
Ultrasound Exposure Modes

1 2 3 4 5 6 7 8

A 3.4618 3.3851 OVER OVER OVER 0.3345 0.7347
B 2.6052 OVER OVER OVER OVER 0.9959 0.7763
C 3.7265 OVER OVER OVER OVER 0.4482 0.5144
D 0.7124 0.7192 0.7573 0.7399 0.7399 0.2774 0.2485 0.0036
E 0.6673 0.6954 0.7192 0.7216 0.7216 0.2614 0.2475 0.004
F 0.5479 0.7046 0.7142 0.6945 0.6945 0.2518 0.2434 0.0047

According to the results of the hemolysis test, only low-intensity US (~10 mW/cm2)
operated within a safe mode, and no hemolysis was observed after the US exposure. The
calculated mean values were: 0.5929 for 6 (SD = 0.2887) and 0.6751 for 7 (SD = 0.1149).
Exposures to higher US intensities resulted in hemolysis in the blood samples. However,
the test was performed on static blood samples. Under real physiological conditions, where
blood is continuously flowing, the results may differ. Therefore, additional experiments are
required to evaluate the safety of US exposure in flowing blood.

For the application of in vivo results to human therapy, a low-frequency ultrasonic
acoustic wave generation device was developed. The device consists of a medical cup
(Acus Med Sp. z o. o, Kolbuszowa Dolna, Poland), a vacuum pump (Acus Med Sp. z o. o,
Poland), that enables the cup to adhere tightly to the surface of the human body without the
use of sealing gels, ring-shaped piezoelectric elements (Ferropperm A/S PZT-4, Kvistgård,
Denmark), and a custom-designed control unit (Figure 5a).
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Figure 5. Low-frequency US for rehabilitation: (a) low-frequency US transducer; (b) acoustic signal
deeply penetrating bio tissues; (c) shear effect created by a traveling acoustic wave at resonant
frequency of 38 kHz.

This low-frequency US transducer has been designed for compatibility with human
skin and therapeutic applications. It is integrated into a glass cup and operates without
the need for US gel and preheating of the cup. This transducer has been patented [26].
The model of this transducer, based on the COMSOL Multiphysics 6.1 program, allowed
us to demonstrate how the higher radial oscillation mode of the transducer creates the
low-frequency traveling acoustic wave, which penetrates deeper and more precisely into
biological tissue (Figure 5b), creating pulsating acoustic pressure (Figure 5c) in it, which
detaches (dissociates) erythrocytes from aggregates.

3. Discussion
Low-frequency US acoustic waves create acoustic radiation forces and associated fluid

shear stresses that can manipulate, deform, and separate erythrocytes from aggregates
without necessarily causing their destruction. Human erythrocytes tend to form aggregates,
called “rouleaux,” at very low shear rates of up to 10 s−1. At higher shear rates, erythrocytes
typically dissociate and flow individually within the vessel. Erythrocyte aggregation
is influenced by several factors, including hematocrit (the volume fraction of RBCs in
the blood), shear rate, vessel diameter, membrane stiffness, and the composition of the
suspension medium. The traction forces involved in the formation of the beads are relatively
weak. Therefore, the beads can be broken down into smaller fractions or even single cells
by applying sufficient shear stress (0.5–30 Pa) generated by controlled traveling acoustic
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wave devices. The US scattering study of blood was conducted under the assumption
that blood essentially behaves as a continuum. Figure 4 shows that, in vitro, exposure to
high acoustic pressure (high-intensity US) resulted in a greater formation of erythrocyte
aggregates compared to erythrocytes from a control sample that was not exposed to US, as
reported in [27]. Since the erythrocytes in the aggregate are counted by the blood analyzer
as single erythrocytes, the decrease in RBC count at high-intensity US exposure increases
the volume of blood aggregates, reducing their number per unit volume and increasing
blood viscosity. However, the change in the number of cells counted can be caused not only
by agglutination/disaggregation. For example, exposure to high-intensity US may lead
to the destruction of some erythrocytes, which would also result in a reduced cell count
reported by the analyzer. The homogeneity of erythrocyte aggregates in the blood depends
on the hematocrit and the compression of erythrocytes by the acoustic wave. Our studies
show that the changes in erythrocytes and hematocrit following US exposure are identical
and depend on the intensity of the US. The attractive forces involved in the creation process
of aggregates are relatively weak. Hence, it is possible to dissolve rouleaux into smaller
fractions or even into single cells by applying sufficient shear stress (0.5–30 Pa), generated
by controlled traveling acoustic wave devices. Excessive shear stresses (>150 Pa) can cause
erythrocyte damage, hemolysis, and blood coagulation-clotting. As blood flow in the
arteries of living organisms is pulsatile, flow velocity varies periodically according to the
cardiac cycle. Blood flow velocity in major arteries differs significantly, with typical values
ranging from 30 cm/s in smaller arteries to 500 cm/s at the aortic valve. In the microscopic
image showing erythrocyte aggregate formation (Figure 2), rapid erythrocyte movement
toward the nodal points of the acoustic field can be observed within 8 s. At a comparable
rate, erythrocytes move away from aggregates under the influence of shear stresses induced
by low-frequency US. In paper [28], the motion of interacting erythrocytes in shear flow was
modeled, demonstrating behavior similar to that observed during erythrocyte aggregation.
Bearing in mind that the acoustic signal weakens when penetrating biological tissues, as
demonstrated by the attenuation of the acoustic signal transmitted by our device through
the sheep’s body from 1000 mW/cm2 at the input to 0.24 mW/cm2 when the acoustic
wave propagates at a distance of 30 cm through the sheep’s biological tissues (skin, bones,
muscle-fat tissue and small areas of biological gas) [29]. Considering that the strength
of tumor tissue is lower than that of surrounding healthy tissue, it is possible to activate
significantly more intense acoustic signals, which, thanks to shear forces, can affect tumors
at a greater depth, since the penetration of the acoustic signal emitted by our designed
transducer is 4 times greater than that of existing transducers. Analyzing the conditions
leading to hemolysis, it can be stated that erythrocytes exposed to US initially separate
from aggregates into individual cells within a few seconds. Under prolonged exposure
to shear forces, these cells undergo cyclic deformation caused by mechanical stresses and,
following membrane rupture, eventually hemolyze. As erythrocytes are the stiffest blood
cells, they are susceptible to rupture and hemolysis due to changes in shear stress and
osmotic pressure. Therefore, erythrocytes located on the surface of aggregates may be
affected by hemolysis, and the intensity of the acoustic signal weakens as it propagates
further into the aggregate without hemolyzing it.

The transition from erythrocyte aggregation to disaggregation is influenced by the
interaction of plasma and erythrocytes. The bridging mechanism involves the formation
of bonds between erythrocytes through adsorbed macromolecules, while the depletion
mechanism results from the removal of macromolecules from the extracellular space, re-
sulting in an effective attraction force between cells. Both mechanisms can coexist under
experimental conditions, and the relative contribution of each depends on factors such
as macromolecule concentration and the synergistic interaction of various physiological
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parameters. Depletion effects are associated with the finite size of macromolecular ag-
gregation promoters, such as fibrinogen or dextran, and may be affected by changes in
ultrasound parameters. These parameters can change the shear conditions of blood plasma,
which in turn affects the aggregation and disaggregation behavior of erythrocytes.

Examining the changes in Figure 4, it can be observed that lower US intensities lead to
an increase in RBC count. The numerical results presented in [30] show that the acoustic
wave acting on the plasma causes recirculation flow, which contributes to the aggregation
and deformation of erythrocytes. The dependence of blood pressure on blood viscosity in a
group of healthy individuals without risk factors for cardiovascular disease is presented
in the article [31]. The results show that systolic blood pressure in healthy individuals is
not affected by hematocrit and blood viscosity. On the contrary, diastolic blood pressure is
related to hematocrit values. An increase in RBC count with a less intense US signal acts
on blood aggregates, dissociating them into smaller or single units of erythrocytes. As a
result, the analyzer registers an increase in their quantity, and the gaps created between
them lead to a decrease in blood viscosity, which simultaneously reduces blood pressure.
In vivo experiments with sheep [29] demonstrated a 13–15% decrease in blood pressure
within 7 min of US exposure. Since hemoglobin in single erythrocytes can interact with
oxygen across the entire cell surface due to the increased gaps between erythrocytes, oxygen
exchange in the blood increases by approximately 10–12% when blood enters the lungs.
Consequently, breathing becomes easier, as demonstrated by the in vivo results reported
in [29]. In addition, the pulse rate also decreases by approximately 10–12%. The results
of this study also show that the acoustic signal penetration of our transducer through
biological tissues is 4 times greater than that of transducers currently available on the
market. In vivo studies on sheep were conducted as part of a COVID-19-related project
for noninvasive therapy of pulmonary hypertension. The results demonstrated improve-
ments in blood physiological parameters. These findings are currently being applied in
the development of therapeutic approaches for human pulmonary hypertension. The
developed equipment enhances the potential of this technology for critical applications,
including heart valve plaque removal, drug encapsulation, tumor therapy, and diabetic
foot ulcer rehabilitation. Since the essence of this discovery is related to the activation of
hemoglobin molecules, approximately 300 million of which are present in each erythrocyte,
it is important to identify whether the hemoglobin content in erythrocytes taken for in vitro
experiments corresponds to that in in vivo conditions. According to [32], the results of
28 studies involving approximately 2000 participants suggest that the accuracy and agree-
ment between in vitro and in vivo hemoglobin measurements are acceptable.

3.1. Heart Valve Plaque Removal

The human microbiome comprises a wide spectrum of microorganisms that influence
human physiology, particularly in relation to the immune system. Upon entering the body,
bacteria tend to aggregate into colonies embedded within a biofilm-forming matrix, typi-
cally composed of polysaccharides, extracellular DNA, and proteins. This matrix confers
significant resistance to antibiotics and other therapeutic agents. Due to its noninvasive
and localized mode of action, low-frequency US represents a promising approach for the
treatment of bacterial infections. Another clinical challenge is calcific aortic stenosis, which
is currently treated by surgically replacing the aortic valve [33,34]. The technique we have
developed and patented enables precise and deep targeting of propagating acoustic waves,
characterized by the generation of pulsating shear forces. This method may be particularly
well-suited for the noninvasive removal of calcified plaques from heart valves.
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3.2. In Vivo Drug Encapsulation

Erythrocytes are recognized as highly efficient drug carriers [35–37]. Currently, the
predominant method involves an ex vivo approach, wherein erythrocytes are isolated from
the patient’s blood, loaded with therapeutic agents, and subsequently reintroduced into the
patient. Erythrocytes are particularly well-suited for clinical applications involving drug
encapsulation via hypotonic hemolysis, especially for in vivo drug delivery. Following the
dissociation of single erythrocytes by low-frequency US, the conjugation of therapeutic
agents to the surface of erythrocytes becomes especially advantageous. Notably, the ery-
throcyte membrane remains intact during this process, avoiding hemolysis and thereby
ensuring prolonged circulation within the bloodstream. Furthermore, this technique fa-
cilitates more extensive drug binding across the entire erythrocyte surface, enhancing
loading capacity. Drug encapsulation into single erythrocytes is also more straightforward
and efficient compared to encapsulation into erythrocyte aggregates, resulting in faster
and more effective pharmacological action. The effect of US therapy on hematological
dynamics and plasma fibrinogen levels during the inflammatory phase of muscle injury
was investigated in a study [38]. US reduced fibrinogen and hemoglobin levels, which
reduced the anti-inflammatory effect.

3.3. Diabetic Foot Ulcer Rehabilitation

The estimated lifetime incidence of diabetic foot ulceration among individuals with
diabetes is approximately 25%. In this population, the probability of lower-limb amputation
is significantly elevated and is frequently associated with poor clinical outcomes [39]. To
reduce the risk of amputation in patients with diabetic foot ulcers, a device based on
acoustic stimulation in the sonic and ultrasonic frequency ranges has been developed and
patented [40]. A real image of the actuator is shown in Figure 5.

The device shown in Figure 6, similar to that shown in Figure 5, produces analo-
gous hemodynamic changes. The article [41] states that diabetes is associated with many
hemorheological changes. Decreased deformability of erythrocytes, increased aggregation,
vasoconstriction, increased blood viscosity, and decreased oxygen delivery have a signifi-
cant impact on the healing of wounds, such as foot ulcers. Basically, there is endothelial
dysfunction and permeability changes; this impairs wound healing in diabetic patients.
Analysis of microcirculation and hemorheology in diabetes and consideration of treatment
methods for diabetic foot ulcers (e.g., hyperbaric oxygen therapy, laser, and vacuum) can
help treat patients’ pathologies. All these problems could be solved with the help of our
developed and patented devices. Another source [42] states that an alternative to tradi-
tional diabetic foot therapy is low-frequency US wound debridement, which accelerates
and shortens wound healing due to a larger wound area and a significant reduction in
bacterial load.

Figure 6. Image of the lower-limb stimulator.
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4. Conclusions
The identified effects of low-frequency US on blood parameters demonstrate the po-

tential for rapid, noninvasive therapeutic interventions in both clinical and home settings
using the developed technique. Numerical modeling revealed that standing wave US
promotes erythrocyte aggregation, whereas low-intensity US—through the propagation of
traveling acoustic waves—facilitates the dissociation of erythrocyte aggregates into single
cells. This process activates the full surface area of erythrocytes for gas exchange and
increases hemoglobin’s affinity for inhaled oxygen. Consequently, the reduced aggregation
of erythrocytes contributes to lower blood viscosity, which may lead to decreases in blood
pressure and pulse rate. The experimentally validated research results led to the develop-
ment of a patient-friendly low-frequency US transducer. In this study, the safety limit of US
intensity was determined based on the hemolysis threshold. Within the frequency range
of 44–48 kHz, hemolysis was not observed at acoustic intensities below 60 mW/cm2. The
results obtained from the US application support the validity of the proposed assumptions.
Furthermore, the developed equipment, which allows the US signal to penetrate deeper
into biological tissues without causing thermal effects but instead exerting mechanical
action, shows promise across several medical fields, including the removal of plaque from
heart valves, in vivo drug encapsulation, tumor therapy, and the rehabilitation of diabetic
foot ulcers.

Author Contributions: Conceptualization, V.O.; Methodology, A.P.-T.; Software, L.K. and J.V.; Valida-
tion, V.O.; Formal analysis, A.B.; Investigation, V.J.; Writing—original draft, V.O.; Writing—review
and editing, A.N. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the special program “Information technologies for the develop-
ment of science and knowledge society” grant (P-ITP-24-3) from the Research Council of Lithuania.

Institutional Review Board Statement: The study with human pulmonary arteries was conducted
according to the principles defined in the Declaration of Helsinki26. Permission to perform this study
was obtained from the local institutional review board of the Kaunas Regional Biomedical Research
Ethics Committee (No. 2022-03-10 Nr. BE-2-39).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All commands and pipelines used in data processing were executed
according to the manual and protocols of the corresponding medical software and MATLAB. No
specific code has been developed for this study.

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

References
1. Murray, C.; Pao, E.; Tseng, P.; Aftab, S.; Kulkarni, R.; Rettig, M.; Di Carlo, D. Quantitative Magnetic Separation of Particles and

Cells Using Gradient Magnetic Ratcheting. Small 2016, 12, 1891–1899. [CrossRef] [PubMed]
2. Han, K.-H.; Frazier, A.B. Lateral-Driven Continuous Dielectrophoretic Micro separators for Blood Cells Suspended in a Highly

Conductive Medium. Lab A Chip 2008, 8, 1079–1086. [CrossRef] [PubMed]
3. Peterson, F.; Nilsson, A.; Holm, C.; Jonsson, H.; Laurell, T. Continuous Separation of Lipid Particles from Erythrocytes by Means

of Laminar Flow and Acoustic Standing Wave Forces. Lab A Chip 2005, 5, 20–22. [CrossRef] [PubMed]
4. Darras, A.; Breunig, H.G.; John, T.; Zhao, R.; Koch, J.; Kummerow, C.; König, K.; Wagner, C.; Kaestner, K. Imaging Erythrocyte

Sedimentation in Whole Blood. Front. Physiol. 2022, 12, 729191. [CrossRef]
5. Castel, L. The Most Effective Blood Separation Methods. Med. Life. Sci 2023. Available online: https://www.news-

medical.net/whitepaper/20230113/Everything-about-blood-separation.aspx (accessed on 1 April 2026).
6. Nam, J.; Yoon, J.; Kim, J.; Jang, W.S.; Lim, C.S. Continuous Erythrocyte Removal and Leukocyte Separation from Whole Blood

Based on Viscoelastic Cell Focusing and the Margination Phenomenon. J. Chromatogr. A 2019, 1595, 230–239. [CrossRef]

https://doi.org/10.3390/s26082428

https://doi.org/10.1002/smll.201502120
https://www.ncbi.nlm.nih.gov/pubmed/26890496
https://doi.org/10.1039/b802321b
https://www.ncbi.nlm.nih.gov/pubmed/18584082
https://doi.org/10.1039/B405748C
https://www.ncbi.nlm.nih.gov/pubmed/15616735
https://doi.org/10.3389/fphys.2021.729191
https://www.news-medical.net/whitepaper/20230113/Everything-about-blood-separation.aspx
https://www.news-medical.net/whitepaper/20230113/Everything-about-blood-separation.aspx
https://doi.org/10.1016/j.chroma.2019.02.019
https://doi.org/10.3390/s26082428


Sensors 2026, 26, 2428 15 of 16

7. Zhang, S.Q.; Fu, Q.; Zhang, Y.J.; Pan, J.X.; Zhang, L.; Zhang, Z.R.; Liu, Z.M. Surface Loading of Nanoparticles on Engineered
or Natural Erythrocytes for Prolonged Circulation Time: Strategies and Applications. Acta Pharmacol. Sin. 2021, 42, 1040–1054.
[CrossRef]

8. Pradeep, K.; Dugur, J.; McCoy, P. Collection, Storage, and Preparation of Human Blood Cells. Curr. Protoc. Cytom. 2015, 73,
5.1.1–5.1.16. [CrossRef]

9. Hu, B.; Lerch, J.E.; Chavan, A.H.; Weber, J.K.R.; Tamalonis, A. Characterization of the Acoustic Field Generated by a Horn Shaped
Ultrasonic Transducer. Appl. Phys. Lett. 2017, 111, 103504. [CrossRef]

10. Chillara, V.K.; Greenhall, J.; Pantea, C. Ultrasonic Waves from Radial Mode Excitation of a Piezoelectric Disc on the Surface of an
Elastic Solid. Smart Mater. Struct. 2020, 29, 085002. [CrossRef]

11. Feril, L.B.; Kondo, J.T. Biological Effects of Low Intensity Ultrasound: The Mechanism Involved, and its Implications on Therapy
and on Biosafety of Ultrasound. J. Radiat. Res. 2004, 45, 479–489. [CrossRef]

12. Morenz, K.; Biller, H.; Wolfram, F.; Leonhardt, S.; Rutter, D.; Glaab, T.; Uhlig, S.; Hohlfeld, J.M. Detection of Air Trapping in
Chronic Obstructive Pulmonary Desease by Low Frequency Ultrasound. BMC Pulm. Med. 2012, 112, 8. [CrossRef]

13. Silva, G.T.; Lopes, J.H.; Leão-Neto, J.P.; Nichols, M.K.; Drinkwater, B.W. Particle Patterning by Ultrasonic Standing Waves in a
Rectangular Cavity. Phys. Rev. Appl. 2019, 11, 054044. [CrossRef]

14. Wang, S.; Allen, J.S.; Ardekani, A.M. Unsteady Particle Motion in an Acoustic Standing Wave Field. Eur. J. Comput. Mech. 2017,
26, 115–130. [CrossRef]

15. Wang, J.; Dual, J. Theoretical and Numerical Calculation of the Acoustic Radiation Force Acting on a Circular Rigid Cylinder near
a Flat Wall in a Standing Wave Excitation in an Ideal Fluid. Ultrasonics 2012, 52, 325–332. [CrossRef]

16. Qin, R.; Duan, C. The Principle and Applications of Bernoulli Equation. J. Phys. Conf. Ser. 2017, 916, 012038. [CrossRef]
17. Settnes, M.; Bruus, H. Forces Acting on a Small Particle in an Acoustical Field in a Viscous Fluid. Phys. Rev. E 2012, 85, 016327.

[CrossRef]
18. Gor’kov, L.P. On the Forces Acting on a Small Particle in an Acoustical Field in an Ideal Fluid. Sov. Phys. Dokl. 1962, 6, 773.
19. Kurokawa, Y.; Taki, H.; Yashiro, S.; Nagasawa, K.; Ishigaki, Y.; Kanai, H. Estimation of Size of Red Blood Cell Aggregates Using

Backscattering Property of High-Frequency Ultrasound: In Vivo Evaluation. Jpn. J. Appl. Phys. 2016, 55, 07KF12. [CrossRef]
20. Yu, F.T.H.; Franceschini, É.; Chayer, B.; Armstrong, J.K.; Meiselman, H.J.; Cloutier, G. Ultrasonic Parametric Imaging of Erythrocyte

Aggregation Using the Structure Factor Size Estimator. Biorheology 2009, 46, 343–363. [CrossRef]
21. Waters, M.; Miljkovic, B.; Rascon, J.; Gomez, M.; Gurovich, A.N. Effects of 1 MHz Therapeutic Ultrasound on Limb Blood Flow

and Microvascular Reactivity: A Randomized Pilot Trial. Int. J. Environ. Res. Public Health 2021, 18, 11444. [CrossRef] [PubMed]
22. Gyawali, P.; Ziegler, D.; Cailhier, J.-F.; Denault, A.; Cloutier, G. Quantitative Measurement of Erythrocyte Aggregation as a

Systemic Inflammatory Marker by Ultrasound Imaging: A Systematic Review. Ultrasound Med. Biol. 2018, 44, 1303–1317.
[CrossRef] [PubMed]

23. Bok, T.-H.; Hysi, E.; Kolios, M.C. Simultaneous Measurement of Erythrocyte Aggregation and Oxygen Saturation under In Vitro
Pulsatile Blood Flow by High-Frequency Photoacoustics. In 2014 IEEE International Ultrasonics Symposium; IEEE: New York, NY,
USA, 2014.

24. Mehrpour, M.; Shaken-Zadeh, A. Effects of Low-Intensity Continuous Ultrasound on Hematological Parameters of Rats. J. Biomed.
Phys. Eng. 2016, 6, 195–200. [PubMed]

25. Zheng, Y.; Li, C.; Zhang, C.; He, J.; Jiang, X.; Ta, D. Distinct Thermal Effect on Biological Tissues Using Subwavelength Ultrasound
Metalens at Megahertz. iScience 2023, 26, 107929. [CrossRef]

26. Ostasevicius, V.; Jurenas, V.; Bubulis, A.; Venslauskas, M.; Vezys, J.; Stankevicius, E.; Abramavičius, S. Vacuum Therapy Apparatus
with Ultrasonic Stimulation. European Patent EP4374840, 29 May 2024.

27. Pohl, E.E.; Rosenfeld, E.H.; Pohl, P.; Millner, R. Effects of Ultrasound on Agglutination and Aggregation of Human Erythrocytes
in Vitro. Ultrasound Med. Biol. 1995, 21, 711–719. [CrossRef]

28. Fontaine, I.; Savery, D.; Cloutier, G. Simulation of Ultrasound Backscattering by Red Cell Aggregates: Effect of Shear Rate and
Anisotropy. Biophys. J. 2002, 82, 1696–1710. [CrossRef]

29. Ostasevicius, V.; Jurenas, V.; Venslauskas, M.; Kizauskiene, L.; Zigmantaite, V.; Stankevicius, E.; Bubulis, A.; Vezys, J.; Mikuckyte,
S. Low-Frequency Ultrasound for Pulmonary Hypertension Therapy. Respir. Res. 2024, 25, 70. [CrossRef]

30. Ma, X.; Huang, B.; Wang, G.; Fu, X.; Qiu, S. Numerical Simulation of the Red Blood Cell Aggregation and Deformation Behaviors
in Ultrasonic Field. Ultrason. Sonochem. 2017, 38, 604–613. [CrossRef]

31. Vázquez, B.Y.S. Blood Pressure and Blood Viscosity Are Not Correlated in Normal Healthy Subjects. Vasc. Health Risk Manag.
2011, 8, 1–6. [CrossRef]

32. Shabaninejad, H.; Ghadimi, N.; Sayehmiri, K.; Hosseinifard, H.; Azarfarin, R.; Gorji, H.A. Comparison of Invasive and Nonin-
vasive Blood Hemoglobin Measurement in the Operating Room: A Systematic Review and Meta-Analysis. J. Anesth. 2019, 33,
441–453. [CrossRef]

https://doi.org/10.3390/s26082428

https://doi.org/10.1038/s41401-020-00606-z
https://doi.org/10.1002/0471142956.cy0501s73
https://doi.org/10.1063/1.5002103
https://doi.org/10.1088/1361-665X/ab85a2
https://doi.org/10.1269/jrr.45.479
https://doi.org/10.1186/1471-2466-12-8
https://doi.org/10.1103/PhysRevApplied.11.054044
https://doi.org/10.1080/17797179.2017.1321205
https://doi.org/10.1016/j.ultras.2011.09.002
https://doi.org/10.1088/1742-6596/916/1/012038
https://doi.org/10.1103/PhysRevE.85.016327
https://doi.org/10.7567/JJAP.55.07KF12
https://doi.org/10.3233/BIR-2009-0546
https://doi.org/10.3390/ijerph182111444
https://www.ncbi.nlm.nih.gov/pubmed/34769960
https://doi.org/10.1016/j.ultrasmedbio.2018.02.020
https://www.ncbi.nlm.nih.gov/pubmed/29661483
https://www.ncbi.nlm.nih.gov/pubmed/27853727
https://doi.org/10.1016/j.isci.2023.107929
https://doi.org/10.1016/0301-5629(95)00004-B
https://doi.org/10.1016/S0006-3495(02)75522-7
https://doi.org/10.1186/s12931-024-02713-5
https://doi.org/10.1016/j.ultsonch.2016.08.021
https://doi.org/10.2147/VHRM.S27415
https://doi.org/10.1007/s00540-019-02629-1
https://doi.org/10.3390/s26082428


Sensors 2026, 26, 2428 16 of 16

33. Messas, E.; Ijsselmuiden, A.; Trifunovic-Zamaklar, D.; Cholley, B.; Puymirat, E.; Halim, J.; Karan, R.; van Gameren, M.; Terzić, D.;
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