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Abstract—We present a novel method of elastography based
on acoustic vortices to transfer angular momentum to tissue
in addition to linear momentum. Focused vortex beams can
push and twist tissue, and the rotation direction of the applied
torque can be dynamically controlled by the modulation of the
topological charge of the vortex. The technique results in a robust
excitation of shear waves with quasi-omnidirectional radiation
pattern and arbitrary waveform, which may have a great impact
in imaging performance for elastography.

Index Terms—Elastography, Acoustic Vortex, Acoustic Radia-
tion Force, Acoustic Torque

I. INTRODUCTION

During last decades ultrasound elastography has been de-
veloped as a reliable technique for medical diagnosis [1].
Commonly, tissues are deformed under the action of the
acoustic radiation forces by using a primary-pushing acoustic
beam as a result of the transfer of linear momentum. Then,
tissue displacements are quantified by ultrasound imaging,
enabling in this way multiple elastography modalities [2]-[6].
However, using focused beams the acoustic radiation force can
only push the tissue in the direction of the propagation of the
beam and the degree of freedom to displace the tissue in other
directions is limited.

Beyond the linear momentum carried by focused ultrasound
beams, acoustic vortex beams carry angular orbital momentum
[7]. Acoustic vortex beams are wavefronts containing phase
dislocations as exp(il¢), with ¢ the azimuthal angle and [ the
topological charge. The field presents a phase singularity at
the axis of the beam, exhibiting at this point a null caused
by destructive interferences. It has been demonstrated that the
angular momentum carried by an acoustic vortex beams can
be transferred to micro and macroscopic solid objects [8] or
viscous fluids [9], exerting mechanical torques to these media.
In addition, vortex beams induce trapping acoustic radiation
forces on small particles, leading to particle tweezing and
manipulation systems [10]-[12]. These acoustic vortices can
exert mechanical forces several orders of magnitude higher
than those of their optical counterparts, with lower induced
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thermal effects [13], and, furthermore, acoustic vortices can
propagate deeply through opaque media such as biological
tissues. Acoustic vortices have recently shown their potential
for biomedical applications to manipulate individual cells
without inducing photothermal and/or photochemical damages
[14], to trap and guide kidney stones fragments in-vivo [15],
or to selectively guide individual drug-delivery carriers based
on microbubbles [16].

As phase dislocations are at the basis of these techniques,
the wavefront must be controlled with accuracy. Several meth-
ods to synthesize vortex beams have been reported, including
active sources or phased arrays systems [17], transducers with
helical geometries [17], [18], Archimedean [19] or Fresnel
spiral diffraction gratings [20], systems exploiting the pho-
toacoustic effect [21], active vibrating surfaces with spiral
shape [22], or metamaterials exhibiting local resonances [23],
[24]. Of special interest for wavefront engineering are acoustic
holograms [25]. By synthesising complex wavefronts, acoustic
holograms can efficiently compensate skull aberrations and,
simultaneously, conform arbitrary acoustic images adapting to
the desired therapeutic target [26]. Acoustic holograms can be
used to generate vortex beams with great accuracy by encoding
the full-wavefront information into an array or a 3D printed
lens [27], [28].

We present a novel method of elastography based on
acoustic vortices to transfer to tissues, in addition to linear,
angular momentum. By controlling the topological charge, this
patented method [29] efficiently deforms the tissue with a
great degree of freedom, i.e., modulating the displacements
waveforms or controlling the polarization of the shear waves.

II. METHODS

A focused vortex beam is generated by a ring-shaped
piezoelectric focused source (H10S5, Sonic Concepts), with a
focal of F' = 64 mm, and outer and inner apertures of 64 mm
and 37 mm, respectively, and a central frequency of f = 1.1
MHz. An helicoidal phase-plate lens that allows the selection
of the topological charge of the vortex was 3D printed in
photo-reactive polymer by stereolithography (Form2, Form-
labs), and coupled with vacuum grease to the matching layer
of the transducer. The lens was manufactured with a single
topological charge, | = 1, as shown in Figs. 1 (a,b). A
64-elements phased-array piezoelectric probe (H105, Sonic
Concepts) is mounted concentrically.
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(a) Conceptual design of vortex-elastography systems, where the vortex generator can be implemented by a lens, an hologram or a phased-array

probe. (b) Implementation using a 3D printed lens for the vortex generator and a 64-elements phased array probe for the imaging system. (c) Magnitude of
the calculated pressure field in the p = p(z, 0, 2) plane. (d) Magnitude and (e) phase of the calculated pressure field in the transverse p = p(z,y, F') plane.

The acoustic field produced by the lens at the exit plane
of the transducer, P = P(rp) is calculated in the frequency
domain by projecting the field of the focused source multiplied
by a phase dislocation of topological charge of [ times as

P(rg,w) = poexp (—ik\/x% +y2 + F2> exp(ilf), (1)

where k = w/cg is the acoustic wavenumber, ¢y is the sound
speed, w = 2nf is the angular frequency, and 6 is the
azimuthal coordinate. The acoustic field at any point of the
space P = P(r,w) far from the source, r # ry, is given by
the Rayleigh diffraction integral

—iwﬂo/ Vo(ro) exp (ik |r — ro|)
s

P =
(r,w) 27 |r — 1o

as, (2

where Vp(rp) =~ P(rg)/poco, and po is the medium density.
Once the acoustic field is known, and up to second order
approximation, the acoustic radiation (body) force is given by

[30]
a(w)
2wpoco

F(r,w)=1 (PVP* — P*VP), 3)
where « (w) is the absorption coefficient of the ultrasound
waves at the angular frequency w.

Finally, to model the displacements, following Ref. [30], a
pseudo-spectral time-domain simulation method [31] was used
to solve the equations

0o vy, ov;  Ov;
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where A and p are the Lame’s parameters of the soft solid,
and 0;; = 0;(r,t) and v; = v;(r, t) are the i-th component of
the stress and particle velocity in the soft solid, respectively,
and §;; is the Kronecker delta function, and Fj(r,t) is the
temporal waveform of the force modulated by the envelope of
the ultrasound beam pulse.

III. RESULTS

First, the field of the primary beam generated by the lens in
water, calculated using (2), shows a phase dislocation on the
axis and a topological charge [ = 1, as shown in Figs. 1 (c-
e). The system presents a linear gain of 16.0 and the distance
between maxima, i.e., the with of the toroidal focus, is 1.7 mm.

Second, the absorbing tissue phantom of 0.5 dB/cm/MHz is
introduced and a force appears as a result of an energy density
gradient. The acoustic radiation force is calculated using (3)
in the soft tissue model. The components of the force are
shown in Figs. 2 (a-e). In Fig. 2 (a) the axial component
in the plane (z,0, z), is plotted normalized (F,/Fiax), and
the normalized lateral components of the force in the plane
(2,9, F), Fy/Fmax and Fy/Fyax, are shown in Figs. 2 (b,c),
respectively. Finally, the acoustic radiation torque exerted
in the tissue in the plane (x,y, F), Fp/Fmax is shown in
Fig. 2 (d) and Fig. 2 (e) shows the direction of the resulting
force in the transverse plane (x,y,F'). 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.

Under a transient ultrasound pulse of duration 7 = 3 ms,
equivalent to 3300 cycles at 1.1 MHz, and assuming a shear
wave speed of 2 m/s, pulsed shear waves are generated. The
spatial distribution of the tissue displacements is shown in
Fig. 3 at different instants of time. A transient shear wave is
generated and propagates transversally to the source in the x
direction. As angular momentum is transferred to the medium
at the focal spot, this results in a point source of torsional
shear waves that quasi-omnidirectionally propagate from the
focus.

Finally, vortex elastography is used for shearwave disper-
sion ultrasound vibrometry [32]. A sine-sweep modulated
signal is applied to the primary ultrasound emitter as

po(t) = sin (27r {le—Tfotz + fot] t) sin(wot),  (6)
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where fo = 150 Hz and f; = 800 Hz are the minimum and
maximum frequencies, and 7" = 37 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

I(t) = I sign [sin (27r [leTfOtQ + fot} t)] )

where [y = 4 is the magnitude of the topological charge, as
shown in Figs 4 (a,b). The displacements are measured along
the x direction, a sample is shown in Fig. 4 (c), where it
can be observed the sine-sweep waveform retrieved in the
simulations for the displacements in the y direction. Then,
the spatio-temporal data is transformed to the k —w 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 w(k) = cok, are
shown by the colour map in Fig. 4 (d). It can be observed that
the reconstructed modes belongs to the theoretical dispersion
relation, marked as a white dashed line.
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Fig. 3. Simulated displacements in the axial direction (e~ /emax) at different
instants of time, as a function of the lateral direction (z).

Fig. 2. Acoustic radiation force

calculated from the acoustic field

5 (d) max 02  in the soft tissue model. (a) Axial

\ 04 component in the plane (z,0,z),

: normalized (F /Fmax), (b,c) nor-

‘ 0 malized lateral components in the

plane (z,y,F), Fy/Fmax and

0.1 F,/ Frax, respectively. (d) Acous-

-5 op tic radiation torque exerted in

’ the tissue in the plane (z,y, F),

Fy/Fmax and (e) vector field in

(e) the plane (z,y,F) showing the

direction of the resulting force in
the transverse plane.

Torque

y (mm)

IV. CONCLUSIONS

We have presented 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.
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