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We focus on cone-shaped nano- and microparticles, which have recently been found to show particularly
strong propulsion when they are exposed to a traveling ultrasound wave, and study based on direct
acoustofluidic computer simulations how their propulsion depends on the cones' aspect ratio. The
simulations reveal that the propulsion velocity and even its sign are very sensitive to the aspect ratio,

where short particles move forward whereas elongated particles move backward. Furthermore, we
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Accepted 21st October 2021 identify a cone shape that allows for a particularly large propulsion speed. Our results contribute to the
understanding of the propulsion of ultrasound-propelled colloidal particles, suggest a method for

DOI: 10.1039/d1na00655; separation and sorting of nano- and microcones concerning their aspect ratio, and provide useful
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. Introduction

Research on active nano- and microparticles is strongly moti-
vated by their complex nonequilibrium behavior, which is
interesting from a fundamental point of view, and by the wide
range of possible future applications of such particles."* Among
the most important potential fields of application are medi-
cine®™** and materials science.***® However, most of the active
particles that have been developed so far are mainly useful for
fundamental research but not suitable for applications, e.g.,
since their propulsion runs quickly out of fuel, requires a very
particular chemical environment, or is not biocompatible.®?**
A realization of active particles that is particularly useful for
applications is acoustically propelled particles.”** Some of
their advantages are that the particles can easily and perma-
nently be supplied with energy via ultrasound, that the pro-
pulsion mechanism works in various types of fluids and soft
materials, and that it is biocompatible.

There exist two different types of acoustically propelled
partiCleS: rigid partiC16526728,31734,37,38,40,41,43,44,46,51,55757,60765 and
particles with movable components.?*4%433¢:33:54,38,59.66 The rigid
particles are easier to produce in large numbers and thus of
special relevance with respect to future applications, where
usually a large number of particles is required. There exist also
some hybrid particles that combine acoustic propulsion with
other propulsion mechanisms.>”6>64636768

In recent years, ultrasound-propelled nano- and microparticles
have been intensively inveStigated'26—28,30,32,34,37—40,43—46,51—55,57—61,63—65,69—71
Besides two articles that are based on analytical approaches®-%
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guidance for future experiments and applications.

and an article that relies on direct computational fluid
dynamics simulations,** a large number of experimental studies
have been published SO far.26—28,30,32,38—40,44,45,49,50,53—55,57,60,54,65,69 It
was found that the propulsion of the particles is strongly linked
with an asymmetry of their shape.®>* Also, an anisotropic mass
density of the particle was found to affect its motion.® In the
previous work, mostly cylindrical particles with a concave end
and a convex end were studied.?®?%30323439,45,54556065  Ag
a limiting case, which corresponds to a very short cylindrical
particle with concave and convex ends, also half-sphere cups
(nanoshells) were considered.*®*** Recently, half-sphere-
shaped particles, cone-shaped particles, and spherical-as well
as conical-cup-like particles were compared with respect to their
propulsion.®® In two other studies, gear-shaped micro-
spinners*** were addressed, and there are a few additional
publications that particles with movable
Components.23'40’50'53'66

Among the rigid particles with mainly translational motion
that have been addressed so far, cone-shaped particles and
conical-cup-shaped particles showed the fastest propulsion,
where the speeds of cone-shaped and conical-cup-shaped
particles differed only slightly.”* Since cone-shaped particles
have a simpler shape, which facilitates their fabrication, and
a larger volume, which is advantageous for delivery of drugs or
other substances, than conical-cup-shaped particles, the former
particles have been identified as particularly suitable candi-
dates for efficient ultrasound-propelled particles that could be
used in future experiments and applications. Cone-shaped
particles can be produced, e.g., by electrodeposition,**”* or
directly be found, e.g., in the form of carbon nanocones,” in
large numbers. Up to now, however, only ultrasound-propelled
cone-shaped particles with a particular aspect ratio have been
studied,”* although the aspect ratio can have a strong influence
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on the efficiency of the particles’ propulsion.®* Given that
previous studies found for the short spherical-cup-shaped
particles motion towards the particles’ convex end***“** but
for the longer cylindrical particles with concave and convex
ends motion towards the concave end,* also the direction of
propulsion can depend on the aspect ratio.

Therefore, in this article we investigate the acoustic pro-
pulsion of cone-shaped nano- and microparticles with
a constant mass density in more detail. Using direct acousto-
fluidic simulations, we study how the propulsion of acoustically
propelled nano- and microcones depends on their aspect ratio
and we determine an aspect ratio that is associated with
particularly fast and thus efficient propulsion. In contrast to all
but one*® previous experimental studies, we assume that the
particles are exposed to a traveling ultrasound wave since this
scenario is more realistic for future applications of the particles
than standing ultrasound waves that are usually considered.

[I. Methods

This work is based on a similar setup and procedure as ref. 51
since the methodology used there has been proven to be very
suitable for studying ultrasound-propelled particles. We
consider a particle that is surrounded by water and exposed to
ultrasound. Using direct acoustofluidic simulations, where the
compressible Navier-Stokes equations are solved numerically,
the propagation of ultrasound through the water and the
interaction with the particle are calculated. These calculations
allow to determine the sound-induced forces and torques acting
on the particle, from which in turn we calculate the particle's
translational and angular propulsion velocities.

Fig. 1 shows the setup in detail. We consider a particle with
a conical shape in two spatial dimensions. The particle is
oriented perpendicular to the direction of wave propagation,
has a fixed cross-section area A, and is described by a particle
domain Q. Its aspect ratio x = &/o with the particle's height 4
and diameter ¢ is varied. The position of the particle is fixed.
This means that the results of the simulations are valid for
a particle which is held in place. Such a particle can be seen as
a free moving particle in the limiting case of an infinite mass
density. This limiting case can, in turn, be considered as an
upper bound for a free moving particle made of a material with
a high mass density like gold, which is a widely used material
for such particles'26,30,32,34,37—39,42—44,46,48,55

The particle is positioned in the middle of a water-filled
rectangular domain so that the center of mass of the rect-
angle and the center of mass S of the particle coincide. One edge
of the rectangular domain has length /, = 200 um and is
perpendicular to the direction of ultrasound propagation. The
other edge is parallel to the direction of ultrasound propagation
and has length 2/;. We choose a Cartesian coordinate system
such that the x; axis is parallel to the direction of ultrasound
propagation and the x, axis is perpendicular to that direction,
i.e., the coordinate axes are parallel to the edges of the rectan-
gular domain. The ultrasound wave has frequency f = 1 MHz
and enters the rectangular domain at the edge perpendicular to
the sound-propagation direction. We prescribe the incoming
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Fig. 1 The considered setup. A rigid cone-shaped particle is in the
middle of a fluid-filled rectangular domain. The particle has width ¢,
height h, and a fixed cross-section area A, and is described by a particle
domain Q. Furthermore, the rectangular domain has width 2[; and
height [, and the center of mass S of the particle is in the middle of the
rectangular domain. At the inlet, a traveling ultrasound wave is entering
the fluid-filled domain. For this purpose, an inflow velocity vi,(t) and
pressure pi,(t) are prescribed at the inlet. The ultrasound wave prop-
agates through the fluid, where slip boundary conditions are used for
the lateral boundaries of the rectangular domain. At the particle, for
which no-slip boundary conditions are used, the ultrasound exerts
a propulsion force with time-averaged components Fand F, parallel
and perpendicular to the particle’s orientation, respectively, as well as
a time-averaged torque T. When the ultrasound wave reaches the end
of the domain, it leaves the domain through the outlet.

ultrasound wave by a time-dependent inflow pressure p;,(t) =
Ap sin(27tft) and velocity v;,(¢) = Av sin(27tft) perpendicular to
the inlet with the pressure amplitude Ap = 10 kPa, which is
much lower than the normal pressure p, = 101 325 Pa and
consistent with previous work,** and the velocity amplitude Av
= Apl(pocs) = 6.75 mm s~ . Here, p, = 998 kg m > is the mass
density of the initially quiescent fluid, and ¢; = 1484 m s~ " is the
sound velocity in the fluid. The acoustic energy density of this
wave is E = Ap®/(2poci®) = 0.0227 ] m . Both Av and E are not
prescribed directly but follow from the value chosen for the
pressure amplitude Ap. Note that energy densities below E . =
4.9 m? are considered as harmless in medical applications.”
In experiments reported in the literature,***>* mostly a pro-
pulsion voltage of 10 V was applied. A voltage of <10 V can be
assumed to correspond to an energy density of 10-100 ] m 3.7
Thus, in the experiments from the literature, the energy density
was much larger than the energy density used in the present
work and even much larger than the maximum harmless energy
density Ep,,x. After a distance [; = A/4, where A is the wavelength
of the ultrasound wave A = 1.484 mm, the wave reaches the fixed
rigid particle. The interaction of the ultrasound with the particle
leads to time-averaged forces F|| parallel and F, perpendicular
to the particle orientation as well as to a time-averaged torque T
relative to the reference point S acting on the particle. After
a further distance /;, the wave leaves the domain through an
outlet at the edge of the water domain opposing the inlet. The
full boundary of the particle is described by a no-slip condition,
as it is common for treating solid-liquid interfaces in fluid
dynamics, and at the edges of the water domain parallel to the
direction of sound propagation we assume a slip condition to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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minimize the effect of these boundaries on the propagation of
the ultrasound wave.

In the simulations, we numerically solve the continuity
equation for the mass-density field of the fluid, the compress-
ible Navier-Stokes equation, and a linear constitutive equation
for the fluid's pressure field. Thus we are avoiding approxima-
tions like perturbation expansions that are used in most
previous studies using analytical®>® or numerical*>***
methods. For solving these equations, we used the finite volume
method implemented in the software package OpenFOAM.”® We
applied a structured mixed rectangular-triangular mesh with
about 300 000 cells, where the cell size Ax is very small close to
the particle, and larger far away from it. Concerning the time
integration, an adaptive time-step method is used with a time-
step size At such that the Courant-Friedrichs-Lewy number

At
Ax

C=c¢ (1)
is smaller than one. To get sufficiently close to the stationary
state, we simulated a time interval with a duration of ¢,,,x = 5007
or more, where 7 is the period of the ultrasound wave. An
individual simulation required a computational expense of
typically 36 000 CPU core hours. The reason for this expense is
the necessary fine discretization in space and time relative to
the large spatial and temporal domains.

Through the simulations, we calculated the time-dependent
force and torque acting on the particle in the laboratory frame.
Since the particle has no-slip boundary conditions and is fixed
in space, the fluid velocity is zero at the fluid—particle interface.
So the force and torque can be calculated by the integral of the
stress tensor = over the particle surface. The force F® + F®) and
torque 7?) + 70 consist of two components, namely a pressure
component (superscript “(p)”) and a viscosity component
(superscript “(v)”) with””

2
F = ZJ 2, d4;, (2)
Jj=1 92y
2
T =3%" J ey (X) — xp;) Zud A, 3)
Jiked=1902p

for a € {p, v}. Here, %) and =) are the pressure component and

the viscous component of the stress tensor, respectively. dA(¥)

View Article Online
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(dA,(¥),d4,(¥))" is the normal and outwards oriented surface
element of Q,, at position X when ¥ € dQ,, ¢; the Levi-Civita
symbol, and X, the position of S. To obtain the time-averaged
stationary values, we locally averaged over one period and
extrapolated towards ¢ — o using the extrapolation procedure
described in ref. 51.

With this procedure, we get the force F = Fp + F, with pres-
sure component F, = (F®)) and viscous component F, = (F*)) as
well as the torque T = T), + T, with components T), = (1?)y and T,
= (1) acting on the particle, where (-) denotes the time
average. To calculate the translational-angular velocity vector
T = (V,w)" with the particle's translational velocity ¥ and
angular velocity w, we define the force-torque vector § = (F, T)".
Then the values of © can be calculated with the Stokes law as™

S T

Vs

(4)

with the fluid's shear viscosity s and the hydrodynamic resis-

tance matrix
u- [ K G’
Cs Qs

Here, Kg, Cg, and Qg are 3 x 3-dimensional submatrices and the
subscript S denotes the particle's center of mass as the reference
point.

Since we consider a system with two spatial dimensions to
keep the computational effort for the simulations manageable,
we cannot use eqn (2)—(4) directly. Hence, we assign a thickness
of 1 um to the particle, so that H can be calculated.”®*® The
general structure of H for a particle with a shape as we study
here is

(5)

K 0 0 0 0 Gy
0 K» O 0 0 0
1o 0 Ks Cn 0 0
H= 0 0 Cs @ 0 0o (©)
0 0 0 0 Q» O
Gy 0 0 0 0 Q3

where the values of the nonzero elements are given in Table 1
for each aspect ratio considered in this work. By neglecting the

Table1 Elements of the hydrodynamic resistance matrix H for a particle with a triangular cross section as shown in Fig. 1, a thickness of 1 um in
the third dimension, and the center of mass as the reference point for different aspect ratios x = h/o with the particle's height h and diameter ¢

X Kj1/um Ky,/um K33/um C13/Hm2 Csl/llmz 911/Hm3 sz/Hm3 933/P-m3
0.25 8.58 11.29 8.98 —0.38 0.61 3.44 4.76 4.75
0.5 8.49 9.72 8.14 —0.14 0.4 3 3.36 2.63
0.75 8.76 9.07 7.94 —0.03 0.11 3.06 3.03 2.22
1 9.03 8.77 7.94 —0.01 —0.14 3.18 2.96 2.27
1.5 9.69 8.57 8.13 0.25 —0.54 3.68 2.97 2.68
2 10.15 8.55 8.39 0.43 —-0.9 4.25 3.08 3.29
2.5 10.61 8.56 8.59 0.6 —1.21 4.86 3.17 3.97
3 11.02 8.64 8.84 0.77 —-1.5 5.53 3.29 4.69
3.5 11.41 8.75 9.08 0.95 —-1.79 6.23 3.41 5.47
4 11.67 8.87 9.33 1.1 —2.07 6.94 3.51 6.27

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Parameters that are relevant for our simulations and their
values, which are chosen similar to those in ref. 51. The values of the
speed of sound ¢, mean mass density po, shear viscosity vs, and bulk
viscosity v, are calculated for water at rest at normal temperature To

and normal pressure pg

Name Symbol Value
Particle cross-section area A 0.25 pm?
Particle diameter-height ratio X = hlo 0.25-4
Particle diameter 4 /24]x
Particle height h ax

Sound frequency f 1 MHz
Speed of sound ce 1484 ms™*
Time period of sound t=1/f 1ps
Wavelength of sound A=cdf 1.484 mm
Temperature of fluid To 293.15 K
Mean mass density of fluid o 998 kg m
Mean pressure of fluid Po 101 325 Pa
Initial velocity of fluid Vo Oms!
Sound pressure amplitude Ap 10 kPa

Flow velocity amplitude Av = Ap/(poce) 6.75 mm s "
Acoustic energy density E = Ap®/(2poc®)  22.7 mJm~?
Shear/dynamic viscosity of fluid Vs 1.002 mPa s
Bulk/volume viscosity of fluid Vp 2.87 mPa s
Inlet-particle or 4 Al4
particle-outlet distance

Inlet length I, 200 pm
Mesh-cell size Ax 15 nm to 1 um
Time-step size At 1-10 ps
Simulation duration tmax 5001

Euler number Eu 219 919
Helmholtz number He 3.369:10*
Bulk Reynolds number Rey, 1.174-107°
Shear Reynolds number Re; 3.362:10°
Particle Reynolds number Re, <6-107%

contributions K33, C13, 211, and Q,, that correspond to the lower
and upper surfaces of the particle, we can then use the three-
dimensional versions of eqn (2)-(4). From the hydrodynamic
resistance matrix H, we can also calculate the diffusion tensor.

_ kBT()

Vs

7 H (7)
of a particle, where kg is the Boltzmann constant and T, the
temperature of the fluid.

We determine the components of F and ¥ parallel and
perpendicular to the particle's orientation, i.e., parallel to the x,
and x; axes, respectively. These components are the parallel
force F| = (F), = F|, + F|| ., with its pressure component Fj , =
((F®))), and viscous component Fiv= ((F™)),, perpendicular
force F, = ((F.)); = F, , + F, , with the components F , =
((F?)), and F,, = ((F™)),, parallel speed v = (V),, and
perpendicular speed v, = (V),.

Nondimensionalization of the governing equations leads to
four dimensionless numbers: the Euler number Eu corre-
sponding to the pressure amplitude of the ultrasound wave
entering the simulated system, the Helmholtz number He cor-
responding to the frequency of the ultrasound wave, a Reynolds
number Re;, corresponding to the bulk viscosity, and another
Reynolds number Reg corresponding to the shear viscosity.
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Table 2 shows the names and symbols of the parameters that
are relevant for our simulations and their values that we have
chosen in analogy to the values used in ref. 51. By using the
parameter values from Table 2, the dimensionless numbers for
our simulations have the following values:

Eu = Apl(poAv?) = 219 919, (8)
He = fVA [ = 336910, )
Re, = PoAV\/Z/Vb = 1.174-107, (10)
Re, = pOAV\/Z/VS ~3.362-10°. (11)

The Euler number Eu denotes the ratio of the pressure ampli-
tude and the inertial force density of the liquid that corresponds
to the oscillatory motion of the liquid resulting from the
ultrasound wave. Since Eu > 1, the inertial force density is
negligible compared to the pressure amplitude. With the
Helmholtz number He, the ratio of the size of the particle and
the wavelength of the ultrasound is denoted. Here, He < 1 since
the particle is much smaller than the wavelength. The Reynolds
numbers correspond to the ratio of the inertial forces and
viscous forces acting on the particle. Since Re, < 1 and Reg < 1,
the viscous forces clearly dominate. Note that the Reynolds

number
Re, = 20\ /A (v2 4+ v,2) <6-10°,
12

s

(12)

which characterizes the particle motion through the fluid, is
also close to zero. Therefore, no turbulence and thus no dissi-
pation by associated vortices are to be expected in the studied
system. (This, however, does not exclude the formation of
vortices for other reasons.)

1. Results and discussion

Fig. 2 shows our results for the propulsion-force components F|
and F , propulsion torque 7, translational-propulsion-velocity
components v and v, and angular propulsion velocity w as
functions of the aspect ratio x € [0.25,4].

The force F) and velocity v have a strong dependence on the
aspect ratio x. This includes even a sign change. Both curves
have qualitatively the same course. They start at y = 0.25 with
negative propulsion force F|| = —0.32 fN and velocity v =
—0.028 nm s~ . Increasing x leads to a positive sign of Fj and v
until about y = 1 where the force is maximal with F| = 0.76 fN
and also the speed reaches its maximum v, = 0.086 pm s .
Afterwards, the propulsion force and velocity decrease to and
remain at negative values. The globally maximal amplitude is
reached at x = 2.5, where F| = —0.84 fN and v = —0.098 um st
In the further course of the curves, the values rise until x = 3
and then decrease again until x = 4, where the values saturate at
Fy=—0.73 fN and v = —0.082 pm s~ .

According to amount, the largest velocity v; = —0.098 pms™ ",
found here for x = 2.5, is about 80% larger than the velocity of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (a) Simulation data for the forces F , and Fy,, acting on a particle with triangular cross section and aspect ratio x parallel to its orientation,
their sum F = F , + F... and the corresponding propulsion velocity v; for various values of . (b) The corresponding forces F, ,and F, , for the
direction perpendicular to the particle orientation, their sum F, = F, , + F, ., and the velocity v, for different values of x. (c) Results of the
simulation for the torque components T, and T, acting on the particle, their sum T = T, + T,, and the corresponding angular velocity w for
different values of x.
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cone-shaped particles with aspect ratio x = 0.5 studied in
previous work.” Since the energy density £ = 0.0227 ] m > used
in the present work is strongly smaller than the largest energy
density Enax = 4.9 ] m~* allowed by the U.S. Food and Drug
Administration for diagnostic applications in the human body,™
the results can be extrapolated to higher energies. To be able to
do this, we need to make some assumption. In experiments, the
velocity****** and energy density”® were measured to be propor-
tional to the squared amplitude of the driving voltage. The same
dependence on the amplitude of the driving voltage was
observed in experiments for the angular velocity.> Therefore, we

Results of main simulations
v(x =1) = 0.086 pms~'
wix=1)=-0.027s""

Assumption
vyx B, wx FE

View Article Online

Paper

assume that the velocities are proportional to the energy density.
To confirm this assumption by direct simulations, we performed
an additional simulation for x = 1 and a 10 times larger pressure
amplitude, i.e.,, a 100 times larger energy density, which means
an energy density of the same magnitude as E,,«. This reference
simulation yielded an increase of the translational velocity by
a factor =103 and an increase of the angular velocity by a factor
=~ 66, which is in sufficient agreement with the assumed scaling
of the velocities with the pressure amplitude. See Fig. 3a for
a sketch illustrating the rescaling procedure. Rescaling the
highest magnitude of the translational velocity, which is

Results of rescaling to
higher ultrasound intensities
v(x =1) =18.6 pms™"
wix=1)=-58s""1

Ap=10kPa = E =0.0227Jm™> Based on: Ap=147kPa = E=49Jm™®
B o Ap? 1o o< VZ[D. Ahmed et al. (2016); B o Ap?
S. Ahmed et al. (2016); (limit for diagnostic ultrasound
Zhou et al. (2017)], [Barnett et al. (2000)])
w o< V2[Zhou et al. (2017))
2.E « V?[Bruus (2012)]
Results of reference simulation
v(x =1) =8.8ums™* vi(x=1)=86pms™"
wix=1)=-18s" e o0 aseumpiion Ly w(x=1)=-27s"
Ap=100kPa = E=227Jm™3 Ap=100kPa = E=227Jm™3
E x Ap2 E AP2
(analogous to reference simulation)
b
Edir
Egui
10" 4 . . .
1 =—— linear interpolation
] ; Fmax =4.9Jm™3
7
g
= ; :
< random orientation, gudes motion
;i; 0° 4 directional motion Bl S JBsa
S)
random motion
10_1 = Erescaled < Edir
1 1 T 1 I 1 I I
0 0.5 1 1.5 2 2.5 3 3.5 4
X
Fig. 3 (a) Rescaling of the simulation results to higher values of the pressure amplitude Ap and energy density £ of the ultrasound. The results

from previous studies suggest a quadratic dependence of the translational propulsion velocity v and angular propulsion velocity w on the
amplitude V of the applied voltage. Also, the energy density E is proportional to V2. Therefore, the scaling v« Eand w « Eis assumed. A reference
simulation for aspect ratio x = 1, a 10 times increased Ap, and thus a 100 times increased E was performed to confirm the assumed scaling. (b)
The limiting energy densities Ey;, for directional motion and Eg,; for guided motion (i.e., aligned particle orientation) are shown as functions of x,
based on the assumed scaling behavior from (a). The upper limit E,ax for harmless ultrasound in diagnostic applications in human bodies is also
shown.
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attained at x = 2.5, to the higher energy density Ey,.x based on
the assumed scaling, results in the Ey./E = 216 times higher
value Viegcaled = 21.2 um s~ % For x = 2.5, the values of the
parameters describing the particle size are ¢ = 0.45 pm and # =
1.12 pm. With the higher energy density Ey,ay, the particle would
thus move with a speed of roughly 19 body lengths per second.
For the largest positive velocity, which corresponds to x = 1, the
rescaled speed has the value Viegeaeq = 18.6 um s~ . Since the
size parameters are now ¢ = 0.71 pm and /4 = 0.71 pm, this speed
equals 26.2 body lengths per second. Depending on the partic-
ular application, one can therefore choose an aspect ratio of x =
2.5 or x = 1 to reach a maximal absolute speed or a maximal
speed related to the particle length, respectively. For medical
applications, compact particles in a certain size range are
necessary>*® such that they do not block the blood flow.
Therefore, the aspect ratio x = 1 could be preferable for these
types of applications.

The dependence of F|| , and Fj,, on the aspect ratio is simpler.
Both values keep their sign with F , as a negative force and Fj,,
as a positive force. The magnitude of both values increases until
x = 1fastto Fj , = —10.56 fN and F), = 11.32 {N. Afterwards, the
magnitude oscillates a little bit but with the tendency to increase
slowly towards F) , = —13.60 fN and F|, = 12.87 fN at x = 4.

We now consider the propulsion parallel to the direction of
propagation of the ultrasound wave. The perpendicular pro-
pulsion force F, increases for increasing x slowly until y = 1.5
to F, = 0.25 fN. Then it is constant until x = 2.5. From x = 2.5
to x = 3 a strong increase occurs to F; = 0.41 fN. Subsequently,
a slow further increase follows. The perpendicular velocity v,
can be seen as roughly constant with v, = 0.023 um s~ ' until x
=2.5 and then it has a small rise to x =3 withv | =0.03 pum s~ .
Afterwards, it is roughly constant again. This behavior can be
understood as follows: in the direction of ultrasound propaga-
tion, two opposing forces act on a particle. These are the
acoustic radiation force and the acoustic streaming force.
Typically, for a particle with a size of about a micrometer, the
acoustic radiation force is the dominant one.**®* The scaling
behavior of the acoustic radiation force is nontrivial for
nonspherical shapes, but for a sphere it scales linearly with the
particle volume.” Since we kept the particle volume constant, it
is therefore reasonable that the velocity v, shows no strong
change when the aspect ratio of the particle is varied.

The value of the pressure component F, , of the force F,
increases for increasing x and the value of the viscous compo-
nent F, , decreases roughly until x = 2.5, except for a slight
intermediate growth of F, , near x = 1.5. At x = 3, there is
a downwards oriented peak in the amplitude for both compo-
nents. Afterwards, the amplitude increases again for both
components, and from y = 3.5 onwards the values of both
components increase slightly.

When the particle, which we assume here to be made of gold,
is exposed to gravity, the additional force

Fo = Vp(pp — po)g = 2.29 N (13)
is exerted on it. Here, V;, = 0.25 pum?® is the volume of the
particle, p, = 1932 kg m " is its mass density, and g = 9.81 ms™ >

© 2022 The Author(s). Published by the Royal Society of Chemistry
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is the constant of gravitation. This force corresponds to a sedi-
mentation velocity vs€ [0.2,0.27] pm s, which follows from the
Stokes law (4). As one can see, the influence of gravity on the
motion of the particle would not be negligible but much smaller
than the propulsion speed that is achieved for suitable values of
the aspect ratio x and for the energy density E,ax.

Using eqn (7), we can estimate the effect of Brownian motion
on the motion of the particle. If we address translational
Brownian motion along the orientation of the particle, the
diffusion coefficient @,,€[0.36,0.48] um? s is relevant.
Translational Brownian motion in this direction would there-
fore be of the order 1 pum s~ *. This shows that Brownian motion
would be visible in experiments but could be clearly dominated
by the acoustic propulsion for suitable values of x and E = Ep,y.

Since the time period of sound 7 = 1 us is very small and the
flow velocity amplitude Av = 6.75 mm s~ is rather large, both
sedimentation and Brownian motion would change the posi-
tion of a particle only negligibly during a sound period.
Therefore, we can expect that sedimentation and Brownian
motion cannot affect the acoustic propulsion mechanism.
Instead, they lead to independent contributions to the particle
motion that can be described by additive terms. This justifies
the assumption of a fixed particle in our simulations (see
Methods).

The torque acting on the considered particle shapes is for all
aspect ratios, according to amount, rather small. It decreases
for increasing x from 7' = —0.005 fN um to T'= —0.43 fN pm,
where the curve has a small local maximum at x = 2. The cor-
responding angular velocity decreases from w = —0.004 s " at x
=0.25to w = —0.033 s~ ' at y = 1.5, increases afterwards to w =
—0.023 s~ ' at x = 2.5, decreases again to w = —0.06 s " at x = 3,
and remains there for larger values of .

We now consider the effect of rotational Brownian motion on
the particle motion and how it depends on the aspect ratio x of
the particle and the energy density E of the ultrasound. Note
that the acoustic propulsion of the particles depends on x and
E, whereas Brownian motion depends only on x as long as E
remains moderate. For energy densities below E.,.., we can
expect that there is no significant heating of water by the
ultrasound so that Brownian motion is not affected. First, we
study the occurrence of directional motion by the propulsion. In
this case, the motion of the particle must have a preferred
direction that originates from the acoustic propulsion. For this,
the Brownian rotation of the particle must be very small during
a time period 7 of the ultrasound or, equivalently, T must be
small compared to the Brownian reorientation time g = Dg "
with the particle's rotational diffusion coefficient Dr = %ge:

i<1.

: (14)

Since = = 1 ps and 1z € [0.5,1.6]s for our setup, the first
condition is fulfilled for all considered values of x and E.
Furthermore, the particle must move significantly by its pro-
pulsion during the reorientation time tg. This means that the
persistence length ¢ = ’”H ]rR must be larger than the particle
size:
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x1/pm

x1/pm

Fig. 4 Time-averaged mass-current density (p¥) and reduced pressure (p — po) as well as the propulsion force F and the propulsion torque T
acting on a particle for all considered aspect ratios x. The center of mass (CoM) of a particle is marked by a green dot, and the center of a vortex

(CoV) is represented by a violet dot.

m> 1. (15)

Assuming the scaling |v)| « E, this condition is fulfilled for
energies above

max{o,h}E

o=

(16)

This condition is fulfilled, e.g., if we consider particles with
aspect ratio x = 1, where ¢ = A = 0.71 um, D = 1.78 s, and 15
= 0.56 s apply and where we found a speed of 0.1211 body
lengths per second, and increase E by a factor 15. For E < Eg;y,
one will observe no clear directional motion but random
motion. Second, we study the occurrence of guided motion.
This occurs when the torque T exerted on the particle has
a larger effect on its orientation than Brownian rotation has.
The condition for guided motion can be written as

2|w|tr

- > 1. (17)

288 | Nanoscale Adv., 2022, 4, 281-293

This condition follows from comparing the time 7/(2|w|), in

which the angular velocity w rotates the particle by 90 degrees,
with the Brownian reorientation time 7g. Assuming the scaling
|w| o E, this condition is fulfilled for energies above

TE

Epi = 12
8T 2wl

(18)

For the values of x and E used in our main simulations, the
condition (17) is not fulfilled since the small values of the tor-
ques that we obtained by our simulations are negligible
compared to the rotational Brownian motion of the particles.
This indicates that there is either no preferred orientation of the
particles or a stable orientation is close to the particle orienta-
tion considered in the present work. Considering the aspect
ratio x = 4, where we found, according to the amount, the
largest torque T = —0.43 fN pm and angular velocity w = —0.06
s~ ', a change of the particle orientation by 90 degrees takes
roughly 26 s. On the other hand, the rotational diffusion coef-
ficient Dr = 0.68 s~ * of the particle shows that the particle
orientation changes significantly by Brownian rotation on the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 The distance ||[CoV — CoM|| of the center of a vortex (CoV) from
the particle's center of mass (CoM) for each vortex and aspect ratio x.
In addition, the average distances of the upper and lower vortices are
shown, and the intervals in which our simulations yielded forward or
backward motion of the particles are indicated.

time scale 1 = D' = 1.46 s. This estimate clearly shows that
the torques resulting from the ultrasound are so weak that they
are dominated by Brownian rotation. However, if the angular
velocity is rescaled to the energy density Epax, a change of the
particle orientation by 90 degrees needs only 0.12 s and is thus
dominant compared to the Brownian rotation. For E < Ey;, one
will observe no guided motion, but random orientations of the
particles that result from Brownian rotation and are typical also
for active Brownian particles.®® Fig. 3b gives an overview about
the type of motion of the particles that can be expected for the
various considered aspect ratios x and higher energy densities
Erescaled > E. As one can see, Ey,; is larger than Eg; for all
considered values of x.

Concerning the components of the torque, the pressure
component T, decreases (with superimposed fluctuations) for
increasing x from T}, = 0.02 fN pm to T, = —0.36 f{N um, whereas
the viscous component 7, fluctuates (with stronger amplitude
than for T,) around zero.

In summary, the force and velocity perpendicular to the
direction of propagation of the ultrasound wave have a sign
change at a particular value of the aspect ratio of the particle,
the force and velocity parallel to the propagation direction do
not change sign, and the torque is very weak.

Our results are in line with the available theoretical results
on ultrasound-propelled particles from the literature. In the
theory of Collis et al,” the propulsion direction depends
strongly on the acoustic Reynolds number 8 = poo’mfl(2vs),
which ranges for our work between § = 0.2 for x =4 and 8 = 3.1
for x = 0.25. They found that particles can change their pro-
pulsion direction up to two times when increasing the acoustic

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

Reynolds number, which is exactly what happens here.
According to their theory, this should happen for § ~ O(1),
which is perfectly in line with the interval of values for 8 we
investigated. A similar result was found experimentally.**3°
There, long cylinders with spherical caps at the ends corre-
sponding to an aspect ratio x = 4.3 to x = 17.3 are moving
towards their concave end,* whereas the short half-sphere cups
with aspect ratio x = 0.5 have a propulsion in the opposite
direction.*® This is qualitatively the same behavior as for our
particles, where the long ones with x = 1.5 are moving in the
direction opposite to their convex end and the shorter ones with
0.5 < x < 1are moving towards the convex end. As a qualitative
physical picture for the occurrence of the sign change of the
propulsion direction, Collis et al.®* mentioned the x-dependent
distances of the vortices that are generated around a particle.
Depending on the value of y, either the vortices in front of
a particle are closer to the particle than the vortices behind it, or
vice versa. To study this consideration in the context of our
work, we plotted the time-averaged flow field around a particle
for each particle shape we addressed. The results are shown in
Fig. 4. As one can see, the strength of the vortices increases with
the particle's aspect ratio x and also the positions of the vortices
relative to the particle change with x. There are two vortices
above and below the particle. For low values of x, the vortices in
front of the particle are closer to each other and to the center of
mass of the particle than the vortices behind it. The opposite
applies for large values of x. For some value 1 < x < 1.5, both
pairs of vortices have an equal distance from the center of mass.
The distances of the vortices from the center of mass are plotted
in Fig. 5 as functions of the aspect ratio x. There, also the
parameter ranges for which we found forward or backward
motion of the particles are indicated. One can clearly see that
the direction of propulsion correlates with the relative positions
of the vortices. This is reasonable since the vortices lead to
a suction at the particle so that those vortices that are closer to
the particle determine in which direction it moves.

IV. Conclusions

We have studied the acoustic propulsion of nano- and micro-
cones powered by a traveling ultrasound wave through direct
numerical simulations. Our results show that the propulsion of
the particles depends sensitively on their aspect ratio and
includes both fast forward and fast backward motion. We found
that the direction of motion depends on the distances of the
vortices, which are generated around a particle, from the
particle. These distances depend on the aspect ratio of the
particle, and the particle typically moves towards the vortices
that are next to it. The strong dependence of the propulsion on
the aspect ratio could be used to separate and sort artificial and
natural cone-shaped particles (such as carbon nanocones) in an
efficient and easy way with respect to their aspect ratio. For later
applications of cone-shaped ultrasound-propelled particles,
e.g., in medicine, an aspect ratio of x = 1 was identified as a very
suitable choice, since it combines a compact particle shape with
a large body-lengths-per-time speed. This finding also suggests
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to use cone-shaped particles with this aspect ratio as a more
efficient particle design for future experiments.

The maximum particle speed of 21.2 pm s~', which we ob-
tained for the still harmless energy density E,ay, is of the same
order of magnitude as the flow velocity 100 um s~ * (ref. 7) that is
typical for blood flow in the capillaries, which constitute by far the
largest part of a human's vascular system. However, for a medical
application where ultrasound-propelled particles shall transport
drugs through the vascular system, this speed is a little too low. It
is likely that by optimizing other parameters besides the particle
shape, such as the frequency of the ultrasound, the particle speed
can further be increased so that the particles can overcome blood
flow for harmless ultrasound intensities. Furthermore, the
studied particles can already be used in medicine when they are
applied outside of the vascular system. An example is an appli-
cation in the eye, where they could be used to transport drugs
through the flow-free vitreous body to the retina.*”

The obtained results are in good agreement with the litera-
ture and expand the understanding of acoustically propelled
colloidal particles, which is helpful with regard to future
experiments and applications in nanomedicine or materials
science. Furthermore, the knowledge about the particle pro-
pulsion can be used to model this propulsion when describing
the dynamics of the particles via Langevin equations®**® or field
theories based on symmetry-based modeling,**** the interac-
tion-expansion method,’>* classical dynamical density func-
tional theory,”**® or other analytical approaches on time scales
that are much larger than the period of the ultrasound.

In the future, this study should be extended by considering
other particle orientations and studying how the propulsion
depends on the angle between the particle orientation and the
direction of propagation of the ultrasound. Furthermore, the
dependence of the propulsion on parameters like the ultra-
sound frequency, pressure amplitude, and fluid viscosity still
need to be investigated. For the latter case, the results of
previous experiments suggest that the propulsion speed
increases for decreasing viscosity.””*>***%* 1t is, therefore, likely
that the ratio of acoustic propulsion and Brownian motion
depends on the viscosity.
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