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First, the theoretical field of the primary beam generated by the lens in water shows a phase
dislocation on the axis and a topological charge , as shown in Figs. 3 (c-e). The system presents a
linear gain of 16.0 and the distance between maxima, i.e., the width of the toroidal focus, is 1.7 mm.

Second, we theoretically calculate the acoustic radiation forces. When an absorbing tissue phantom of
0.5 dB/cm/MHz is introduced, a force appears because of an energy density gradient. The components
of the force are shown in Fig. 4. In Fig. 4 (a) the axial component in the plane , 1s plotted
normalized ( ), and the normalized lateral components of the force in the plane ,

and , are shown in Figs. 4 (b, ¢), respectively. Finally, the acoustic radiation torque
exerted in the tissue in the plane , is shown in Fig. 4 (d) and Fig. 4 (¢) shows the
direction of the resulting force in the transverse plane . It is shown that for this focusing, the
rotational component is about 3 times smaller than the axial component. Sharper focusing or higher
topological charges can improve this ratio.

Figure 4. Acoustic radiation force calculated from the acoustic field in the soft tissue model. (a) Axial

component in the plane , normalized ( ). (b,c) Normalized lateral components in the plane
, and , respectively. (d) Acoustic radiation torque exerted in the tissue in the plane
, and (e) vector field in the plane showing the direction of the resulting force in the

transverse plane.

Finally, vortex elastography is used for shear-wave dispersion ultrasound vibrometry. A sine-sweep
modulated signal is applied to the primary ultrasound emitter for frequencies sweeping from

Hz to Hz, and ms is the duration of the sine-sweep pulse. In addition, the polarity of
the topological charge is modulated using a phased-array vortex emitter in the simulation as

M

where is the magnitude of the topological charge, as shown in Figs 5 (a,b). The displacements
are measured along the direction, a sample is shown in Fig. 5 (c), where it can be observed the sine-
sweep waveform retrieved in the simulations for the displacements in the direction. Then, the
spatiotemporal data is transformed to the frequency domain using a 2D Fast Fourier Transform.
In this way, the dispersion relation of the phantom is obtained. The modes corresponding to the
theoretical dispersion relation, given for this elastic phantom by the linear function , are
shown by the colormap in Fig. 5 (d). It can be observed that the reconstructed modes belong to the
theoretical dispersion relation, marked as a white dashed line.
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Figure 5. Example of application of the modulation of the topological charge to obtain the elastic properties of
the medium as a function of the frequency. (a) Modulation signal for the primary field. (b) Modulation signal for
the topological charge. (¢) Simulated displacement in the ¥ direction retrieved aty = 0, z = 2mm and z = F.
(d) (color map) Dispersion relation obtained by double FFT of the temporal signals along the = direction, and
(white dashed) theoretical dispersion relation of the phantom.

4 Conclusions

We have presented two biomedical applications of acoustic vortices.

On the one hand, it has been developed a proof-of-concept of a new method of elastography based on
the transfer of orbital angular momentum from a vortex beam to soft tissues, either using a lens or a
phased array to generate the vortex beam. With this method the tissue can be twisted, in addition to
pushed as it happens with conventional systems. Then, by time modulating the ultrasound beam, shear
waves can be efficiently generated. Finally, by tracking the shear waves, the elasticity of the medium
can be obtained in a robust way. In addition, by the temporal modulation of the sign of the topological
charge of the vortex, e.g., by using a phased array to synthesize the vortex beam, the direction of
rotation of the torque can be controlled. Thus, the forced excitation can be harmonic or follow an
arbitrary waveform, as a sine-sweep excitation, enabling the efficient generation of shear waves of
high amplitude with controlled polarization. This technique results in a robust excitation of shear
waves with quasi-omnidirectional radiation pattern and arbitrary waveform, which have a great
potential to improve the imaging quality of ultrasound elastography.

On the other hand, we explored the application of acoustic holograms to physically encode time-
reversed fields containing phase dislocations and, simultaneously, the phase aberrations produced by
the transcranial propagation. This results in the capability of focusing acoustic vortices inside the
human head for therapeutic purposes with great accuracy using very simple and compact ultrasonic
systems.

This work will pave the road to design low-cost particle trapping applications, clot manipulation,
torque exertion in the brain and acoustic-radiation-force based biomedical applications, opening the
path to explore the biological response of the tissues to therapeutic ultrasonic vortex beams.
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