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Positive pressure matters in acoustic droplet vaporization
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Acoustically vaporizable droplets are phase-change agents that can improve the effectiveness of ultrasound-
based therapies. In this study, we demonstrate that the compression phase of an acoustic wave contributes to
the generation of the negative pressure that initiates vaporization. This counterintuitive process is explained
by separately evaluating the contribution of the compression and rarefaction phase of the incoming acoustic
wave to the acoustic pressure field inside the droplet. Our analysis unifies the existing theories for acoustic
droplet vaporization under a single framework and is supported by experiments and simulations. This different
interpretation can be employed to identify governing parameters that allow one to vaporize droplets using
predominantly compression waves, which are safer in medical use.
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I. INTRODUCTION

Micron- and submicron-sized superheated liquid perfluo-
rocarbon droplets are a relatively new class of ultrasound-
responsive agents that are typically metastable in blood
circulation and can be converted into microbubbles upon
acoustic excitation [1], with the possibility to target specific
areas of the human body. This process, commonly known
as acoustic droplet vaporization (ADV), shows promise in
applications such as contrast-enhanced ultrasound imaging
[2], gas embolotherapy [3], targeted drug delivery [4], and
other ablation techniques [5,6]. Compared to microbubble
contrast agents, droplet emulsions present greater stability
against dissolution in the blood flow [7] and can be nanometric
in size to leverage the enhanced permeability and retention
(EPR) effect to improve drug accumulation in tumor tissue
[8]. Vaporization inception is typically characterized by an
acoustic threshold, which depends nontrivially on parameters
such as droplet radius, frequency, and temperature [9].

Significant progress has been made in elucidating the
physics of ADV [10–14], as well as in characterizing and
reducing the acoustic vaporization threshold [1,15,16], which
currently greatly exceeds the pressure required to excite mi-
crobubble contrast agents [17] and can question the safety of
droplet-based in vivo treatments. Shpak et al. [12] suggested
that the focusing of superharmonics of the driving wave, cre-
ated due to nonlinear propagation in the medium surrounding
the droplets, can generate localized tension (i.e., negative
pressure) amplification in the liquid core that facilitates
nucleation. Lajoinie et al. [18] described another possi-
ble mechanism for droplet vaporization based on acoustic
resonance.
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Most of the prior studies on ADV focus on the peak neg-
ative pressure (PNP) of the incoming ultrasound wave as the
main contributor to vaporization initiation. Here, we demon-
strate that the compressive phase of the driving acoustic wave
can play a significant role in triggering phase change by dic-
tating the location of the maximum tension within the droplet
bulk. In some cases, we predict that the focusing incoming
wave reverses its sign as it crosses the focal point. This insight
advances our understanding of the physics behind ADV and
the presented analysis unifies the superharmonic focusing and
resonance theories under the same theoretical framework.

II. THEORY

We model the axisymmetric acoustic wave propagation
within a spherical droplet of radius R, density ρ2, and speed
of sound, c2, located in an infinite medium of density ρ1

and speed of sound, c1, as described elsewhere [12,19,20].
The transmitted pressure within the droplet is obtained by
summing the solutions for every harmonic component, n, of
the incoming nonlinear ultrasound wave with fundamental
angular frequency ω1 and initial phases φn. The pressure field
in the droplet core, pt (r, θ, t ), can be described as a function
of the radial coordinate r, the polar angle θ [see Fig. 1(c)], and
the time t as

pt (r, θ, t ) = Re

[ ∞∑
n=0

∞∑
m=0

anei(nω1t+φn )α̃m,n jm(nk2r)Pm(cos θ )

]
,

(1)

where

α̃m,n = (−i)m(2m + 1)

× jm(nk1R)h′(2)
m (nk1R) − h(2)

m (nk1R) j′m(nk1R)

jm(nk2R)h′(2)
m (nk1R) − ρ1c1

ρ2c2
h(2)

m (nk1R) j′m(nk2R)
(2)

is the amplification factor, with k1 = ω1/c1, k2 = ω1/c2 being
the fundamental wave numbers in the surrounding and droplet
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FIG. 1. (a) Schematic of the experimental setup. (b) Top: Snap-
shots of the vaporization dynamics of a single 9-µm-radius droplet
sonicated with a 5-MHz HIFU. Below: Nucleation positions (blue
dots) overlapped with the numerically simulated differential (with
respect to ambient) pressure field on the droplet center plane at
the instant of global minimum pressure. (c) Similar to (b), with a
38-µm-radius droplet and a 3.5-MHz HIFU. In both cases, nucleation
inception happens at the time t = 0 ns.

medium, respectively, jm and ym the spherical Bessel func-
tions of the first and second kind of order m, hm = jm − iym

the spherical Hankel function of the second kind of order m,
and the prime represents differentiation with respect to kqr,
where q = 1, 2. The complete derivation is provided in the
Supplemental Material [21] (see, also, Refs. [22–26] therein).
The expression in Eq. (2) can be rewritten in terms of the
dimensionless radius R̃ = n f1R/c2,

α̃m,n = (−i)m(2m + 1)

× jm
(
2π c2

c1
R̃
)
h′(2)

m

(
2π c2

c1
R̃
) − h(2)

m

(
2π c2

c1
R̃
)

j′m
(
2π c2

c1
R̃
)

jm(2π R̃)h′(2)
m

(
2π c2

c1
R̃
) − ρ1c1

ρ2c2
h(2)

m
(
2π c2

c1
R̃
)

j′m(2π R̃)
,

(3)

with f1 being the fundamental angular frequency.
The pressure field inside the droplet core, pt (r, θ, t ), gen-

erated by the interaction with the pressure profile p f (t ) of the
incoming ultrasound wave,

p f (t ) = Re[ p̃ f (t )] = Re

[ ∞∑
n=0

anei(nω1t+φn )

]
, (4)

can conveniently be expressed as the sum of two distinct
pressure fields, one generated by the purely compression and
one from the purely rarefaction phase of the original wave.
This decomposition enables us to investigate their respec-
tive contributions to the resulting pressure field. To simplify
the mathematical procedure, the Fourier expansion of the
pressure profile can be expressed in a more conventional form,

p f (t ) =
∞∑

n=−∞
Aneinw1t , (5)

where |An| = a|n|/2, ∠(An) = sgn(n)φ|n|, A0 = a0 and, for
n > 0, aneiφn = 2An. Moreover, since p f (t ) is a real function
of time, A−n = A∗

n.
The decomposition operation can be seen as a multiplica-

tion of the experimentally detected pressure signal p f (t ) by a
square function w±(t ),

w+(t ) =
{

1 lT1 � t � lT1 + t̄

0 lT1 + t̄ < t < (l + 1)T1
; l = 0, 1, 2, . . . ,

(6)

w−(t ) =
{

0 lT1 � t � lT1 + t̄

1 lT1 + t̄ < t < (l + 1)T1
; l = 0, 1, 2, . . . ,

(7)

where T1 is the fundamental period of the driving wave p f (t )
and t̄ is the time instant at which the pressure profile crosses
zero value, going from a positive to a negative value. Here, it is
assumed that the compression phase of p f (t ) is fully included
between times lT1 and lT1 + t̄ , while the rest of the period is
occupied by the rarefaction phase. The two windows can then
be expanded in a Fourier series,

w+(t ) =
∞∑

n=−∞
C+

n einω1t , C+
0 = 1

T1

∫ T1

0
w+(t )dt = t̄

T1
,

C+
n = 1

T1

∫ T1

0
w+(t )e−inω1t dt = 1

T1

∫ t̄

0
e−inω1t dt

= 1 − e−inω1 t̄

i2πn
, (8)

w−(t ) =
∞∑

n=−∞
C−

n einω1t ,

C−
0 = 1

T1

∫ T1

0
w−(t )dt = T1 − t̄

T1
,

C−
n = 1

T1

∫ T1

0
w−(t )e−inω1t dt = 1

T1

∫ T1

t̄
e−inω1t dt

= −1 − e−inω1 t̄

i2πn
. (9)

It is important to note that since w+(t ) + w−(t ) = 1 by def-
inition of the two windows, we obtain C+

0 + C−
0 = 1 and

C+
n + C−

n = 0. Moreover, since the function w±(t ) is a real
function of time, by the definition of Fourier coefficients, the
property C±

−n = C±∗
n holds.
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The compression phase of the driving wave can then be obtained by multiplying p f (t ) by its corresponding window,

p+
f (t ) = p f (t )w+(t ) =

∞∑
j=−∞

Aje
i jω1t

∞∑
k=−∞

C+
k eikω1t =

∞∑
j=−∞

∞∑
k=−∞

AjC
+
k ei( j+k)ω1t

=
∞∑

n=−∞

⎛⎝ ∞∑
j=−∞

AjC
+
n− j

⎞⎠einω1t =
∞∑

n=−∞
A+

n einω1t , (10)

provided the variable substitution k = n − j is performed. The terms A+
n correspond to the Fourier coefficients of the decomposed

signal. A form analogous to the one of Eq. (4) can be obtained by exploiting the property A+
−n = A+∗

n , since the signal p+
f (t ) is

still a real function of time. Therefore,

p+
f (t ) =

∞∑
n=−∞

A+
n einω1t =

∞∑
n=1

A+
−ne−inω1t + A+

0 +
∞∑

n=1

A+
n einω1t =

∞∑
n=1

A+∗
n (einω1t )∗ + A+

0 +
∞∑

n=1

A+
n einω1t

= A+
0 +

∞∑
n=1

[A+
n einω1t + (A+

n einω1t )∗] = A+
0 +

∞∑
n=1

2Re[A+
n einω1t ] = A+

0 + Re

[ ∞∑
n=1

2A+
n einω1t

]

= Re

[
A+

0 +
∞∑

n=1

2A+
n einω1t

]
= Re

[ ∞∑
n=0

a+
n eiφ+

n einω1t

]
, (11)

since A+
0 is a real number. The last expression in Eq. (11) is analogous to the one in Eq. (4).

The same procedure can be repeated again using the window w−(t ), obtaining

p−
f (t ) = A−

0 + Re

[ ∞∑
n=1

2A−
n einω1t

]
= Re

[
A−

0 +
∞∑

n=1

2A−
n einω1t

]
= Re

[ ∞∑
n=0

a−
n eiφ−

n einω1t

]
, (12)

where

A−
n =

∞∑
j=−∞

AjC
−
n− j

are the Fourier coefficients of the decomposed signal corresponding to the rarefaction phase of the driving wave.
Considering that the structure of the decomposed waves [Eqs. (11) and (12)] is the same as the one in Eq. (4), the pressure

field inside the droplet can be expressed using the notation shown in Eq. (1),

p+
t (r, θ, t ) = A+

0 + Re

[ ∞∑
n=1

∞∑
m=0

2A+
n einω1t α̃m,n jm(nk2r)Pm(cos θ )

]
, (13)

p−
t (r, θ, t ) = A−

0 + Re

[ ∞∑
n=1

∞∑
m=0

2A−
n einω1t α̃m,n jm(nk2r)Pm(cos θ )

]
, (14)

where A+
0 and A−

0 are the average values of the decomposed waves.
By summing p+

t (r, θ, t ) and p−
t (r, θ, t ), the transmitted pressure pt (r, θ, t ), given by Eq. (1), can be recovered:

pt (r, θ, t ) = p+
t (r, θ, t ) + p−

t (r, θ, t ) = (A+
0 + A−

0 ) + Re

[ ∞∑
n=1

∞∑
m=0

2(A+
n + A−

n )einω1t α̃m,n jm(nk2r)Pm(cos θ )

]

=
⎡⎣ ∞∑

j=−∞
Aj (C

+
− j + C−

− j )

⎤⎦ + Re

⎧⎨⎩
∞∑

n=1

∞∑
m=0

2

⎡⎣ ∞∑
j=−∞

Aj (C
+
n− j + C−

n− j )

⎤⎦einω1t α̃m,n jm(nk2r)Pm(cos θ )

⎫⎬⎭
= A0 + Re

[ ∞∑
n=1

∞∑
m=0

2Aneinω1t α̃m,n jm(nk2r)Pm(cos θ )

]
= Re

[
a0 +

∞∑
n=1

∞∑
m=0

aneiφn einω1t α̃m,n jm(nk2r)Pm(cos θ )

]

= Re

[ ∞∑
n=0

∞∑
m=0

aneiφn einω1t α̃m,n jm(nk2r)Pm(cos θ )

]
, (15)
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due to the relation C+
n− j + C−

n− j = 0 for every j �= n and
C+

n− j + C−
n− j = 1 if j = n.

III. EXPERIMENTAL SETUP

Monodisperse perfluoropentane (C5F12, PFP) droplets
coated with fluorosurfactant and with average radii of 9 µm
and 38 µm are prepared following the protocols described
elsewhere [27,28]. Polydisperse droplet populations are pre-
pared by emulsification of 1% fluorosurfactant solution and
perfluoropentane. The experimental setup employed to char-
acterize ADV is illustrated in Fig. 1(a). Vaporization dynamics
are visualized using a custom-built vertical microscope [29],
providing an overall magnification of 200 × and 66.66 × cou-
pled to a high-speed camera set to record at 10 million
frames per second. The droplets are placed within an agarose
chamber submerged in water at a temperature of 37–40 ◦C.
The droplets are subjected to ultrasound from a 5-MHz and
3.5-MHz single-element high-intensity focused ultrasound
(HIFU) transducers. A linear array probe controlled by an
ultrasound open platform [30] is additionally tested. The pres-
sure field at the optical and acoustic focus is measured using
a 75-µm needle hydrophone. A detailed description of the
experimental setup is provided in the Supplemental Material
[21].

IV. NUMERICAL SIMULATIONS

Axisymmetric numerical simulations are performed using
the k-wave toolbox in matlab [31]. The experimentally mea-
sured pressure wave at the transducer focal point is used to
initialize a velocity source in the z direction [indicated in
Fig. 1(c)] and to create a traveling plane wave in the domain.
The droplet is modeled as a discontinuity in density and sound
speed, placed in an infinite homogeneous medium (water) (see
Supplemental Material for details on the material properties
[21]).

V. RESULTS AND DISCUSSION

Experimental frames depicting the initial stage of ADV
are presented in Fig. 1(b) for a 9-µm-radius and Fig. 1(c)
for a 38-µm-radius droplet upon excitation with a 5-MHz and
3.5-MHz HIFU, respectively (full recordings are available in
the Supplemental Material [21]). The initial nucleation loca-
tions, shown below, are concentrated around the two different
positions of the global minimum pressure computed by the
numerical simulations.

The theoretical solution perfectly agrees with the numeri-
cal simulations after the steady state is reached, as shown in
Fig. 2(a), where the solid line represents the pressure field
on the 9-µm-radius droplet centerline for the 5-MHz HIFU
case. The experimental pressure wave, shown as a dashed
line, presents a marked asymmetry between the positive and
negative peaks due to the wave’s distortion upon nonlinear
propagation in water and the resulting presence of superhar-
monics. To investigate the effect of the distortion on tension
generation in the droplet core, the wave is split into its com-
pression and rarefaction parts, and the harmonic content of the
resulting monopolar waves, shown in Fig. 2(b) alongside the

FIG. 2. (a) Theoretical differential (with respect to ambient)
pressure field along the symmetry axis of a 9-µm-radius droplet,
compared with a single cycle of the free-field, experimentally mea-
sured 5-MHz HIFU pressure signal. (b) Harmonic content of the
compression and rarefaction phase of the experimentally measured
pressure wave, normalized by the coefficient of the fundamental
harmonic of the complete wave (here shown in black, with the first
dimensionless coefficient equal to one). The spurious frequencies
generated by the decomposition are the ones without a correspondent
black line. (c) Transmission of the rarefaction and (d) compression
phase of the experimental wave computed on the droplet centerline
compared with the respective undisturbed reference. The shaded area
represents the droplet position. All snapshots depict the time instant
at which the minimum pressure of the full solution is reached.

original one, is then used to compute two separate pressure
fields. Although unconventional, this decomposition allows
one to perfectly recover the original pressure field within the
droplet, upon summation of the two distinct contributions, as
demonstrated above.

Figures 2(c) and 2(d) display two instantaneous pres-
sure profiles corresponding to the monopolar wave solutions
p+

t (r, θ, t ) and p−
t (r, θ, t ) at the instant of time in which

the sum of the two has a global pressure minimum. The
rarefaction-induced pressure field in Fig. 2(c) does not show
a particularly localized focal region, but rather a broad am-
plification of the wave traveling through the droplet core. On
the other hand, surprisingly, the compression-induced solution
in Fig. 2(d) shows a highly localized negative pressure peak
whose position matches well with the peak achieved in the
combined solution. This suggests that the compression phase
dictates the location of the global minimum pressure in addi-
tion to contributing to its absolute value.

Since the acoustic impedance, Z2 = ρ2c2, of liquid PFP
is lower than the one of water, Z1 = ρ1c1, tension genera-
tion cannot be attributed to the reflection of the monopolar
compression wave at the internal boundary of the droplet.
Instead, it can be seen from the provided animations of the
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5-MHz HIFU wave (see Supplemental Material [21]) that
the monopolar compression wave, once transmitted into the
droplet core, converges and, at its focus, develops a negative
tail that is then reflected at the rear boundary and refocused at
the second focal position in the proximal side of the droplet.
Here, the negative pressure generated by the compression
peak, combined with the amplified negative pressure obtained
from the transmission of the rarefaction phase, generates a
global minimum throughout the whole excitation period. A
plausible explanation could lie in the occurrence of a Gouy
phase shift happening while the compression wave crosses
both focal points. Gouy first reported this effect in 1890 [32]
for electromagnetic waves, but this principle can be applied
to any wave subjected to transverse spatial confinement [33]
and has recently been experimentally verified for focusing
acoustic waves [34]. For a three-dimensional focusing beam,
the Gouy phase shift consists of an additional variation in
phase of −π with respect to a plane wave traveling in the same
medium, gradually acquired as the wave crosses the focal
point [35] and corresponding to a sign inversion. However,
classical modeling of the Gouy phase shift, which relies on
the fact that the wave travels in an infinite medium [33,35–
37], cannot be directly applied due to the high longitudinal
spatial confinement within the droplet, and a direct proof of
this effect is beyond the scope of the present study.

When a continuous sinusoidal excitation meets a spherical
discontinuity (as in the case of a droplet), the subsequent
focusing and reflection of the wavefronts generate standing
wave patterns in the liquid core, which can be described by
the superimposition of the acoustic modes, as presented in
Eq. (1). Every nth harmonic component of the driving wave
excites an infinite number of modes, represented by Bessel
functions of the first kind or order m multiplied by Legendre
polynomials. Every acoustic mode is multiplied by a gain
factor α̃m that depends on the ratio between density ρ1/ρ2

and speed of sound, c1/c2, of the droplet and surrounding
medium, the order of the considered mode m, and the dimen-
sionless droplet radius R̃ = f R/c2, where the dependency on
the harmonic index n is incorporated in the generic frequency,
f . Assuming fixed material properties (water and PFP in
this case), the whole range of possible amplification factors
can be compactly described as a function of R̃ only. The
modulus of the amplification factors, |α̃m| = αm, is depicted
in Fig. 4(a).

Every mode presents multiple frequencies in which the am-
plification has a local maximum, as shown in Fig. 4(a) for the
mode m = 0. For a monochromatic wave, the full set of am-
plification factors required to calculate the theoretical solution
can be obtained by intersecting a vertical line R̃ = f̄ R/c2 for
appropriate values of R and f , with the curves of the different
αm. Modes with m � 1 share the property of being equal to
zero at the droplet center, while the mode m = 0 presents
a global maximum due to the shape of the spherical Bessel
functions. Therefore, if the zeroth mode is the most excited,
focusing of the wave in the classical sense, i.e., at the focal
point predicted by geometrical acoustics, is not clearly visible
and the droplet will be in an “acoustic resonance” regime, as
described by Lajoinie et al. [18]. However, if higher modes are
excited, two main focal points will be visible, one on the distal
and one on the proximal side of the droplet due to successive

FIG. 3. (a) Theoretical differential (with respect to ambient)
pressure field along the symmetry axis of a 38-µm-radius droplet,
compared with a single cycle of the free-field, experimentally mea-
sured 3.5-MHz HIFU pressure signal. (b) Harmonic content of the
compression and rarefaction phase of the experimentally measured
pressure wave, normalized by the coefficient of the fundamental
harmonic of the complete wave (here shown in black, with the first
dimensionless coefficient equal to one). The spurious frequencies
generated by the decomposition are the ones without a correspondent
black line. (c) Transmission of the rarefaction and (d) compression
phase of the experimental wave computed on the droplet centerline
compared with the respective undisturbed reference. The shaded area
represents the droplet position. All snapshots depict the time instant
at which the minimum pressure of the full solution is reached.

reflections at the droplet wall. Since modes with m � 1 have
a global maximum away from the origin, they are able to
describe the focusing of a wave in both the proximal and distal
side of the droplet, as well as the consequent sign inversion
process. In this case, the droplet will be in a “ focusing”
regime, with wave sign inversion occurring as it crosses the fo-
cal points. This corresponds to the “superharmonic focusing”
effect reported by Shpak et al. [12]. The high amplification
factor αm of these modes makes them particularly efficient in
generating negative pressure, even when the excitation wave
is purely compressive. The transition between the two regimes
is gradual, but a conventional limit can be fixed at the R̃ value
where the gain for the mode m = 1 overcomes the one for
m = 0, corresponding to R̃ � 0.4 and represented in Fig. 4(a)
as a vertical line.

Considering now the harmonic content of the 5-MHz
wave, Fig. 2(b) shows a negligible rarefaction component
above 20 MHz, corresponding to a dimensionless radius of
Rrar � 0.44 for a 9-µm-radius droplet. The energy content of
the rarefaction phase will then mostly excite the mode m = 0.
The compression phase instead presents energy in the fifth
harmonic (25 MHz), corresponding to a value Rcomp � 0.55
very close to the m = 1 resonance peak, thus explaining
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FIG. 4. (a) Amplification factor for the acoustic modes of the
order of m of a PFP droplet surrounded by water. The red line
represents the point at which the amplification of the mode m = 1
is higher than the amplification for the zeroth-order mode. (b) Ex-
perimental vaporization threshold of PFP droplets for two different
ultrasound transducers as a function of droplet radius. The pressure
measurements have an accuracy of ±10%, while the error on the
radius measurements is estimated to be ±0.32 µm. (c),(d) Waveforms
of the 5-MHz HIFU and the linear array probe driven at 5-MHz, re-
spectively. (e) Harmonic content of the rarefaction and compression
phase of the waves employed in this study and some selected works
from the literature on the ( f , R) space. The spurious frequencies
generated by the decomposition and the ones with a dimensionless
value less than 0.04 are not shown in the graph. The gray area
represents the ( f , R) value-pairs in the “ focusing” regime. The green
area represents the clinically relevant operating window, considering
the maximum size allowed for intravenous agents and the minimum
frequency typically employed for ultrasound diagnostics [38].

the localization of the nucleation spots. Similarly, the 3.5-
MHz wave employed for sonicating the 38-µm-radius droplets
contains significant energy in the n = 1 harmonic (both for
the compression and rarefaction phase), corresponding to
Rcomp � 0.33, for which the amplification of the m = 0 has
a maximum. As shown in Figs. 3 and 1(c), this configura-
tion presents a pressure minimum and nucleation location
much closer to the droplet center. Due to the presence of
a non-negligible energy content in the harmonics above the
fundamental and the excitation of the correspondent acoustic
modes, the position of the global minimum is slightly moved
to the distal part of the droplet.

A direct implication of the wave’s positive pressure contri-
bution to enhance tension generation is a significant reduction
of the vaporization threshold, PNPth, as shown in Fig. 4(b),
which combines the data obtained from a 5-MHz HIFU

and a linear array probe driven with the same fundamental
frequency. The vaporization threshold is a parameter defined
by extracting the PNP of the driving wave for which single
droplet vaporization is first optically observed, obtained by
gradually increasing the energy supplied to the transducer.
The apparent distinction between the HIFU and the linear
array probe in the vaporization threshold could possibly be at-
tributed to the different harmonic content of the two excitation
waves, with the HIFU wave in Fig. 4(c) being much less dis-
torted than the one driven by the linear array probe in Fig. 4(d)
(see, also, the Supplemental Material [21]). Wave distortion
enables significant tension generation with relatively low PNP,
facilitated by the focusing of the compression phase of the
driving wave.

Once the critical value of the dimensionless radius has
been set, the function, R̃ = 0.4, can be plotted on the
frequency-radius, ( f , R), space as an hyperbole delimiting the
“resonance” and the “ focusing” regime. The resulting graph
is presented in Fig. 4(e), where the gray-shaded area repre-
sents the necessary conditions for focusing occurrence within
the droplet core. The harmonic content of the compression
(red) and rarefaction (blue) phases of the ultrasound signals
tested in our experiments and in selected past studies [12,18]
are reported against the correspondent droplet radius. In gen-
eral, the presence of harmonics in the “ focusing” regime
indicates the opportunity to achieve elevated tension, either
due to the focusing of the rarefaction part of the wave or the
sign inversion of the compression one. A broad range of har-
monics in the compression phase gives then the opportunity to
generate low pressure in the droplet bulk without increasing
the PNP of the driving wave.

VI. CONCLUSIONS

The results presented here demonstrate the significance
of the compression phase of a distorted ultrasound wave in
promoting ADV. The main outcome lies in the finding that
for a given radius, harmonics with a frequency f > 0.4c2/R
present pronounced focusing in the PFP droplet, as well as a
sign reversal of the waveform. The distortion of a wave due to
nonlinear propagation in the surrounding medium causes the
high-frequency harmonic content to concentrate in the com-
pression phase of the ultrasound, promoting the occurrence
of sign inversion at the droplet focus and the generation of
a localized tension region. The proposed scaling using the di-
mensionless radius allows extending the range of droplet sizes
while maintaining a similar pressure field with the practically
relevant solutions [i.e., green area in Fig. 4(e)], potentially
solving the inherent technological limitation of optical obser-
vation of submicron droplet dynamics.

Our results suggest that describing the acoustic vaporiza-
tion threshold of a droplet solely by the applied PNP of the
incoming wave is insufficient. The full extent of the wave
spectrum is rarely taken into account despite its importance
in determining the maximum tension generated in the droplet
core, and this could be a reason behind the discrepancies be-
tween vaporization thresholds measured in prior ADV studies,
as discussed in Aliabouzar et al. [15] and Wu et al. [17].

The occurrence of compression-tension conversion offers
the opportunity to optimize the acoustic driving for micro-
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and nanodroplets by designing the shape of the driving wave.
Distorted waves with a weak rarefaction phase and a strong
peak positive pressure can generate the required tension in
the droplet core without affecting the surrounding medium,
improving the safety of ADV while still achieving the desired
therapeutic effects.
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