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1. Introduction

The earliest records of the use of medical needles are found in the Greek

and Roman literature, where instruments called puoulkos (πυουλκός), serv-

ing a similar purpose to that of hypodermic needles, were mentioned to

be used in human surgery [1]. Unlike modern hypodermic needles, these

instruments were not designed to penetrate the skin, and their functions

were limited to draining pus or injecting substances into the body through

natural orifices. First documented experiments with hypodermic needles

only date back to the 17th century, when goose quills, acting as needles,

were used in combination with animal bladders to perform intravenous

injections in dogs [1]. However, the first successful injection was carried

out on a human subject in 1844, at the Meath Hospital in Dublin [2]. The

needle employed in this procedure was made of a hollow steel tube, fea-

turing a bevelled point to one end, and a hub (an access for the syringe or

other components) to the other. Ever since, the basic design of the needle

has remained largely unchanged, apart from few improvements regarding

their safety introduced over the years.

Hypodermic needles currently represent an indispensable medical tool,

and they are widely used in everyday health care, according to the esti-

mation of 16 billion injections administered every year, as provided by

the World Health Organization (WHO) [3]. They are essentially used for

cutting and piercing purposes, thanks to the presence of at least two con-

verging cutting edges and a sharp tip — this structure is usually referred

to as the lancet [4]. Since they enable minimally invasive percutaneous

procedures, they are mainly used to deliver substances into a target inside

the body (e.g., drug delivery, anesthesia) or to remove samples of tissue

for diagnostic purposes. However, despite their essential role in medicine,

previous literature suggests that some needle functions still present lim-

itations with regard to pain [5, 6, 7, 8], spatial localization [9] and for
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needle biopsies, adequacy with regard to quality and quantity of tissue

yield [10, 11, 12, 13].

Ultrasound (US), which is sound with frequencies greater than 20 kHz,

has been recently used as a way to actuate medical needles, because it

provides an energy component that can enhance the functions of medical

needles. For example, a recent study demonstrates that ultrasonic actu-

ation of hypodermic needles can be used to induce tissue movement to

improve the localization of the needle under Doppler US [14, 15, 16] or to

facilitate the penetration of the needle into the skin [17, 18]. Actuation

of micro-needles has also revealed to be useful in in vitro fertilization

applications [19, 20], as it can assist the penetration of smaller targets,

such as oocytes [21, 22, 23, 24], mouse embryos [25, 26] and fish eggs

[27, 28]. Similarly, non-linear ultrasound (NLU) has been applied to tubu-

lar structures, e.g. to achieve ejection of microdroplets from a tapered glass

capillary resonant actuator [29], or to induce ultrasonic standing waves in

circular glass capillaries for acoustic trapping of microparticles [30, 31, 32].

Despite limited literature exists on the topic, the use of US in the context

of medical needles has drawn the interest of researchers thanks to the

enormous potential that ultrasonics have brought to the medical field. Ul-

trasonic energy has been in fact used to functionalize medical instruments

such as surgical knifes, to achieve separation of soft tissue by means of

protein denaturation [33, 34, 35], or functionalize tools used in dentistry

applications, in order to provide a good means of facilitating dental scaling

or application of local anesthetics [36, 37].

Generation of highly concentrated ultrasonic beams can also be used to

induce the formation of NLU phenomena in a medium, which have been

exploited in various therapeutic applications, such as in tumor ablation

[38, 39, 40] blood brain barrier opening [41, 42, 43], targeted drug delivery

[44, 45, 46, 47] and more [48, 49, 50, 51]. Such phenomena include localized

control of cavitation, translation of micro/nanoparticles, micro-bubbles and

fluids inside tissues or bodily cavities and generation of microdroplets.

However, to date, no research seems to have been conducted to demonstrate

the potential of ultrasonically actuated needles in generating these NLU

phenomena.

While not yet studied, the use of ultrasonically oscillating needles in

medicine could contribute to various medical applications. Potential ap-

plication areas include drug or gene delivery into cells [52], permeation

of tissue allowing entry of therapeutics (e.g., as ultrasonically mediated
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blood brain barrier opening) [53, 54], minimally invasive surgical inter-

ventions by homogenizing tissues [55], fractionation of calculi [56] and

delivery of therapeutic agents such as drugs or distribution of antiseptics

in pulmonary conditions [57].

Until now, the possibilities of the widely accepted and used medical nee-

dle have been under-explored as a way to mediate and facilitate ultrasonic

actuation at a target site. The conventional medical needle could be consid-

ered as a minimally invasive and cost-effective enabler of many of precision

medicine applications, if its current functions extended beyond its current

roles.

1.1 Aims of the Study

The general aim presented in this Thesis is to advance the knowledge of

ultrasonically oscillating needles, which could potentially bring benefit to

a variety of medical applications. An ultrasonic device operating at the

frequency of ∼ 33 kHz, capable of enabling mechanical flexural standing

waves in a conventional hypodermic needle, was investigated, and its

effects on different kinds of media were studied.

The specific aims of the study were to:

1. Characterize, quantitatively and qualitatively, the NLU phenomena,

e.g., cavitation, acoustic streaming, acoustic radiation force (ARF) and

atomization, induced by the ultrasonically oscillating needle tip in differ-

ent media, such as in water, tissue-mimicking materials and ex vivo soft

tissue;

2. Provide insight of the physics involved through numerical modeling and

experiments;

3. Explore and discuss the use of the studied NLU phenomena in the

context of selected medical applications, such as USeFNAB, enhanced

drug delivery, tissue ablation and more.
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2. Background

This section introduces the basic theory of linear and non-linear ultrason-

ics.

2.1 Linear Acoustics

US is typically a pressure wave propagating in a medium with spatial os-

cillations of the medium at a frequency greater than 20 kHz. The pressure

perturbations within the medium cause the particles to displace around

their equilibrium position. Depending on the mechanical and material

properties of the medium, the wave can propagate in different ways. A

particle is here defined in terms of continuum mechanics: it represents an

idealized point of a medium, which may contain several molecules, and its

dimension is negligible compared to the spatial variation of the acoustic

variables within the medium. In fluids, sound waves only propagate as

longitudinal waves, where the particle motion is in the same direction of

the wave propagation. These types of waves are also called compression

waves, because they usually consist of a compression phase, characterized

by higher pressure due to increased local particle density, followed by a

rarefaction phase, where the pressure is lower due the particles being

farther from each other. In solids, the particles are often strongly bonded

to each other, permitting also other modes of propagation such as shear

waves, where the particle motion is perpendicular to the direction of the

wave propagation, surface waves, which propagate on the material surface,

and plate waves, which take place in structures that are usually a few

wavelengths thick [58, 36]. When the amplitude of the particle displace-

ment is low enough, the US wave propagates linearly within the medium,

where the relationship between the pressure, velocity and density fluctua-

tion are assumed to be linear. Since in the linear regime the propagation
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of the ultrasonic wave is not expected to alter significantly the material

properties, linear US for instance, represents the simplest nondestructive

technique for evaluating material degradation, as a way to detect large

defects and cracks within a medium [59]. In these applications, the input

signal has small amplitudes, and the output signal, which arises from the

scattering, reflection or transmission of the ultrasonic wave at the bound-

aries of acoustic discontinuities, is assumed to be of the same frequency of

the input signal.

2.1.1 The linear acoustic wave equation

The propagation of acoustic waves can be described mathematically, and

the solution of its constitutive equations can be used to predict the be-

haviour of ultrasonic waves in the medium they are travelling in. Since

in most applications the linear approximation to the wave equation is a

good model, in this section, the basic derivation of the linear acoustic wave

equation will be covered.

Consider a spatially fixed elemental volume with width, depth and height

defined by dx, dy and dz, respectively, mass dm, density ρ and volume

dV = dx dy dz. The net force acting on the elemental volume along the

x-axis direction can be expressed as:

dfx =

[
P − (P +

∂P

∂x
dx)

]
dy dz = −∂P

∂x
dV, (2.1)

where P = P0 +Pw is the instantaneous pressure at (x, y, z), defined as the

sum of the ambient pressure P0 and the pressure fluctuation Pw. Equation

(
P + ∂P

∂x dx
)
dy dzP dy dz

dy

dx

dz

x

yz

acoustic particles

Elemental volume

dV

Figure 2.1. Elemental volume of fluid with size dV = dx dy dz.

(2.1) states that the net force experienced by the element is proportional

to the negative gradient of the pressure along the positive direction of the

x axis. This means that the acoustic particles will tend to move where

the total pressure is the lowest. By applying the second Newton’s law,
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the equilibrium of forces exerted on the element along the x axis can be

written as:

dfx = −dV
∂P

∂x
= dmax = ρ dV

∂2ξx
∂t2

. (2.2)

After integrating (2.2) in respect to the volume one obtains:

ρ
∂2ξx
∂t2

= −∂P

∂x
, (2.3)

where ρ = ρ0 + ρw is the instantaneous density at (x, y, z), defined as the

sum of the equilibrium density ρ0 and density fluctuation ρw, and ξx is the

x component of the particle displacement, denoting the x displacement of

a particle from its equilibrium location x0. The relationship between ξx

x

ξx(x, t)

Δx

ξx

∂ξx
∂x < 0 ∂ξx

∂x > 0

compression rarefaction

b. Displacement function

x

a. Element deformation

O
x+Δx

x

ξx(x+Δx, t)

A

undeformed

element
deformed

element

Figure 2.2. Schematic representing the deformation of an elemental volume of fluid along
the x direction.

and ρw can be obtained by first considering an element with cross-sectional

area A, initial volume V = ΔxA, density ρ0 and mass m (Figure 2.2a).

Assuming a deformation ξx along the x axis, the volume of the deformed

element will be V +ΔV = (Δx +ξx(x+Δx, t)−ξx(x, t))A. Since the mass m

remains constant, the product of the density and the volume also remains

constant. As a results, one can write:

ρ = ρ0 + ρw = ρ0
V

V +ΔV
= ρ0

Δx

Δx + ξx(x+Δx, t)− ξx(x, t)
, (2.4)

where ρ is the density of the deformed element. By rearranging (2.4), one

can obtain the following relationship:

ρw = −ρ0
ξx(x+Δx, t)− ξx(x, t)

Δx + ξx(x+Δx, t)− ξx(x, t)
. (2.5)

By taking the limit of (2.5) for Δx → 0, and assuming small deformations

ξx(x, t), one has:

ρw = lim
Δx→0

−ρ0
ξx(x+Δx, t)− ξx(x, t)

Δx + ξx(x+Δx, t)− ξx(x, t)
= −ρ0

∂ξx(x, t)

∂x
. (2.6)
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According to (2.6) the density fluctuation is proportional to the negative

gradient of the displacement function (Figure 2.2b), suggesting that the

density tends to build-up when the spacing between the particles decreases

(compression), and tends to decrease when the spacing between the par-

ticles increases (rarefaction). By differentiating (2.6) twice in respect to

time, one achieves:
∂2ρw
∂t2

= −ρ0
∂

∂x

∂2ξx
∂t2

. (2.7)

After substituting (2.7) into (2.3), while assuming ρ ≈ ρ0, one obtains:

∂2ρw
∂t2

− ∂2P

∂x2
= 0. (2.8)

Since the instantaneous pressure is P = P0+Pw, and under the assumption

that P0 is uniform along the x axis, then ∂2P
∂x2 = ∂2Pw

∂x2 , which leads to:

∂2ρw
∂t2

− ∂2Pw

∂x2
= 0. (2.9)

In order to derive the final form of the wave equation, a relationship

between ρw and Pw is needed. The instantaneous pressure P can be

estimated by the following Taylor’s expansion:

P (ρ) = P0 +

(
∂P

∂ρ

)
ρ0

(ρ− ρ0) +
1

2

(
∂2P

∂ρ2

)
ρ0

(ρ− ρ0)
2 + · · · (2.10)

Assuming a linear regime, condition satisfied when the pressure fluctua-

tions are small enough so that Pw << P0, second and higher order terms

of (2.10) can be neglected. This gives a linear relationship between the

pressure and density fluctuation:

Pw = B
ρw
ρ0

, (2.11)

where B = ρ0

(
∂P
∂ρ

)
ρ0

is the adiabatic bulk modulus. After substituting

(2.11) into (2.9) one obtains the wave equation for the acoustic pressure:

1

c2
∂2p

∂t2
− ∂2p

∂x2
= 0, (2.12)

where p is commonly used to refer to the pressure fluctuations Pw, and

c =
√

B
ρ0

is the speed of sound in the medium. In a three-dimensional

space, (2.12) can be rewritten as:

1

c2
∂2p

∂t2
−∇2p = 0. (2.13)

Equation (2.13) is a constitutional equation in linear acoustics, describing

the propagation of a pressure perturbation within a medium.
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A general solution of a harmonic plane wave travelling along the x

direction is:

p = p+ + p− = Aej(ωt−kx) + Bej(ωt−kx), (2.14)

where p is the complex pressure, p+ and p− denote a wave travelling in

the positive and negative x direction, respectively. A and B are the complex

amplitudes of the pressure waves, ω is the angular frequency and k is the

wave number. Since the most important property of (2.13) is that it is

linear, Equation (2.14), which is the sum of two solutions, is also a solution

of the wave equation. More generally, a solution for a plane wave traveling

in space can be expressed as:

p = Aej(ωt−k� ·r�), (2.15)

where k� = kxx̂+ kyŷ + kz ẑ is the wave vector, and r� = xx̂+ yŷ + zẑ is the

position vector. A general solution for a spherical wave can be written as:

p =
A
r
ej(ωt−k r), (2.16)

where r denotes the distance from the origin in a polar coordinate system,

the sound point source being located at the origin. It can be noted that,

unlike for plane waves, the amplitude of a spherical pressure wave is not

constant, but inversely proportional to the propagation distance.

2.1.2 Reflection and transmission of sound

When a travelling wave encounters a discontinuity between two different

media, reflected and transmitted waves can be generated at their bound-

ary. Although, for a normal incident wave, same equations derived for

fluids may apply in the case one of the media is a solid, since solids can

sustain different modes of propagation other than longitudinal waves, com-

plications might arise in the case the incident wave is not normal to the

plane separating the two media. For simplicity, in this section all media

are assumed to be fluids. Let z1 = ρ1 c1 and z1 = ρ2 c2 be the acoustic

impedance of two different media, medium 1 and medium 2, respectively,

and let the plane x = 0 be the interface between them. Assuming a plane

wave travelling from medium 1 to medium 2 in the direction normal to

the plane x = 0, let pi be the incident wave propagating in medium 1,

expressed as:

pi = Pie
j(ωt−k1x), (2.17)

where the subscript "1" refers to properties of medium 1. When the incident

wave pi reaches the plane x = 0, a reflected wave pr, traveling along the
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medium 1 medium 2

pi

pr

x = 0

x

pt

z1 = ρ1c1 z2 = ρ2c2

Figure 2.3. Reflection and transmission of a plane wave at the interface between two
media.

negative x direction in medium 1, is generated at the boundary

pr = Pre
j(ωt+k1x), (2.18)

and a transmitted wave traveling in the positive x direction is generated

in medium 2

pt = Pte
j(ωt−k2x). (2.19)

Since there cannot be any net force generated at the interface, one can

write the following condition:

pi + pr = pt, (2.20)

which is also known as continuity of pressure. Since the media are expected

to be in contact at x = 0, the condition of continuity of normal velocity

states that normal component of the velocity must be equal at both sides

of the interface:

vi + vr = vt, (2.21)

where vi and vr are the particle velocities of medium 1 at x = 0 due to the

incident and reflected wave, respectively, and vt is the particle velocity of

medium 2 due to the transmitted wave. By dividing (2.20) and (2.21) one

obtains:
pi + pr

vi + vr
=

pt

vt
. (2.22)

For plane waves, the acoustic impedance can be expressed as z = ±p
v ,

where the sign is justified on whether the wave is traveling in the positive

(+) or negative (−) axis direction. Accordingly, by rewriting (2.22) in

function of pr
pi

, one has:

R =
pr

pi

=
z2 − z1
z1 + z2

. (2.23)

The term R is commonly referred to as the reflection coefficient, describing

the ratio of a wave being reflected at a boundary. The ratio of wave
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being transmitted to medium 2 is described by the transmission coefficient

T =
pt
pi

, which is also defined as:

T = 1 + R. (2.24)

Considering a plane wave striking the interface at x = 0 and forming an

medium 1 medium 2

pi

pr

x = 0

x

pt

z1 = ρ1c1 z2 = ρ2c2

θr

θi

θt

y

Figure 2.4. Reflection and transmission of an oblique incident plane wave at the interface
between two media.

angle θi in respect to the x-axis, the wave vector describing the direction of

the incident wave within the xy-plane can be expressed as:

k� = kxx̂+ kyŷ, (2.25)

kx = k� · x̂ = k1 cos θi (2.26)

ky = k� · ŷ = k1 sin θi. (2.27)

Therefore, the incident plane wave can be written as:

pi = Pie
j(ωt−k1x cos θi−k1y sin θi), (2.28)

and similarly for the reflected and transmitted wave:

pr = Pre
j(ωt+k1x cos θr−k1y sin θr), (2.29)

pt = Pte
j(ωt−k2x cos θt−k2y sinθθθt). (2.30)

where the angle of the transmitted wave, θθθt, can be a complex number

depending on the angle of the incident wave. Since condition (2.20) must

be met for x = 0, one can write:

Pie
−jk1y sin θi + Pre

−jk1y sin θr = Pte
−jk2y sinθθθt , (2.31)

which, in order to be satisfied for −∞ < y < +∞, implies that:

k1 sin θi = k1 sin θr = k2 sinθθθt. (2.32)
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From (2.32) it follows that θi = θr which means that the angle formed

by the reflected wave is equal to the one formed by the incident wave.

Moreover, it follows that:

sin θi
c1

=
sinθθθt
c2

, (2.33)

which is also known as the Snell’s law, where c1 and c2 are the speed of

sound in medium 2 and medium 2, respectively. By taking into considera-

tion the trigonometric identity, one can note that:

cosθθθt =
√
1− sin2 θθθt =

√
1−

(
c2
c1

)2

sin2 θi, (2.34)

which, depending on the angle of incidence θi, can have either complex

or real solutions. In order for (2.34) to be a real number, the following

condition must be satisfied:

sin θi ≤ c1
c2
. (2.35)

If c1 > c2, condition (2.35) is met and (2.34) is a real number for 0 < θi <
π
2 .

If c1 < c2, condition (2.35) is true only if

θi ≤ θc = arcsin
c1
c2
, (2.36)

where θc is defined as the critical angle. If c1 < c2 and θi ≥ θc, (2.34) can

be expressed in following complex form:

cosθθθt = ±j

√(
c2
c1

)2

sin2 θi − 1. (2.37)

and by substituting (2.37) into (2.30), the transmitted plane wave can be

written as:

pt = Pte
j(ωt±jk2x

√(
c2
c1

)2
sin2 θi−1−k2y sinθθθt)

= Pte
±γ xej(ωt−k1y sin θi), (2.38)

where γ is defined as:

γ = k2

√(
c2
c1

)2

sin2 θi − 1. (2.39)

It can be seen from (2.38) that, when c1 < c2 and θi ≥ θc, the transmitted

wave propagates along the y direction, parallel to the interface, and with

decreasing or increasing amplitude along the x direction, perpendicular

to the interface. However, the positive root of (2.38) would mean the wave

amplitude will increase infinitely along the positive x direction, which

is physically impossible. Therefore, only the negative root of (2.38) is

acceptable and the wave will propagate along the y direction with decaying

amplitude along the positive x direction.
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2.1.3 Attenuation of sound

Normally, the intensity of acoustic waves decreases as they propagate

through a medium. This phenomenon is known as attenuation of sound

and it can be caused by several factors, such as the geometric spreading of

a sound wave, scattering and absorption mechanisms (i.e., thermal losses,

viscous losses, hysteresis). Considering a plane wave travelling along the

positive x direction, the attenuation effects can be accounted for as:

p = P0e
−αxej(ωt−kx), (2.40)

where P0 is the pressure amplitude at the source located at x = 0, and α

(cm−1) is the attenuation coefficient. Since the overall attenuation is the

result of different absorption mechanisms contributing to the reduction

of the pressure wave amplitude, when losses are small, the attenuation

coefficient can be expressed as [60]:

α =
∑
i

αi, (2.41)

where αi accounts for the individual loss mechanisms.

Attenuation due to geometric spreading

Assuming lossless medium, the total power WT carried by the sound waves

remains constant, while the instantaneous intensity I may decrease farther

away from the source. For example, if one considers spherical waves, the

intensity decreases as a function of the distance r from a monopole point

source located at r = 0, because the same power WT is being distributed

over greater areas. Let W1 and W2 be the powers calculated at the surfaces

S1 and S2 having radii r1 and r2, respectively. Since there are no losses,

the conservation of power applies so that:

W1 = W2 → I1 S1 = I2 S2 → I1 4πr
2
1 = I2 4πr

2
2 → I1r

2
1 = I2r

2
2. (2.42)

From (2.42) it follows that I2 = I1
r21
r22

, therefore the intensity decreases as

a function of 1
r2

. Consequently, since I ∝ p2, the pressure decreases as
1
r . In the case of a line sound source with length H, the emitted sound

waves propagate as cylindrical waves. Similarly to (2.42), assuming that

the boundary effects are negligible, one can write the following:

I1 2πr1H = I2 2πr2H → I1r1 = I2r2. (2.43)

Conversely to spherical waves, the acoustic intensity of cylindrical waves

decreases as a function of 1
r , therefore, the pressure must decrease as a

function of 1√
r
.
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Attenuation due to scattering

Scattering occurs when a travelling sound wave encounters some inho-

mogeneities in a material, such as particles with different shapes and

material properties, usually called scatterers. If the wavelength λ of the

sound beam is much smaller than the characteristic size a of the particle,

the scattered wave can be derived by applying the laws of reflection of a

sound wave at the interface of a material discontinuity. However, if λ ∼ a,

the expression for the scattered wave becomes more difficult to derive,

and it depends on the scatterer shape and its impedance mismatch with

the surrounding medium. The overall attenuation of sound would arise

from the multiple reflections caused by the interaction of the wave and the

scatterers, which results in deviating part of the acoustic energy carried

by the main sound beam.

Attenuation due to viscous losses

When an acoustic wave travels through a viscous fluid, the wave can be

subject to attenuation due to viscous losses, i.e., absorption. These losses

are attributable to the relative motion between adjacent fluid layers, which

can lead to the conversion of acoustic energy into other forms of energy (e.g.,

thermal energy). The complex wave vector k accounting for the viscous

losses can be obtained by considering the following lossy wave equation:(
1 + τs

∂

∂t

)
∇2p =

1

c20

∂2p

∂t2
, (2.44)

where τs = (43η+ ηB)/ρ0c
2
0 is the relaxation time, derived by linearizing the

Navier–Stokes equation, being η the coefficient of shear viscosity and ηB

the coefficient of bulk viscosity. The time harmonic representation of (2.44)

leads to:

∇2p + k2 p = 0, (2.45)

where k is the complex wave vector defined as:

k =
ω

c0(1 + jωτs)
1
2

. (2.46)

By separating (2.46) into its real and imaginary part:

k = k − jαs, (2.47)

αs ≈ 1

2

ω2

c0
τs, (2.48)

cp =
ω

k
≈ c0

[
1 +

3

8
(ωτs)

2

]
, (2.49)
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with αs being the absorption coefficient due to viscous losses, and with cp

being the phase velocity. It can be noted that absorption is a function of

ω2, meaning that viscous losses effect increase rapidly with the frequency.

Moreover, the phase velocity is not constant, but is also a function of the

frequency, meaning that the propagation of sound waves in viscous fluids

is dispersive [60].

Attenuation due to thermal effects

When an acoustic wave travels through a thermally conducting medium, it

is possible to observe a local increase in temperature during the compres-

sion phase of the sound wave. This results in generating a temperature

gradient within the medium, which causes the molecules to diffuse from

hotter regions, associated with higher kinetic energy, to cooler regions.

This migration process is responsible for transforming part of the acoustic

energy into thermal energy, hence constituting an absorption mechanism

due to thermal effects [36, 61, 62].

Attenuation due to hysteresis

Sound attenuation due to hysteresis effects may arise when there is a

lag between the applied stress and the resulting strain taking place in

a material. Due to this phenomenon, the relationship between stress

and strain is not linear and it may depend on whether the material is

being compressed or stretched. As a consequence, the work done by the

material during one full cycle is non-zero, suggesting that a portion of

the acoustic energy is dissipated into other forms of energy (e.g., thermal

energy) [63, 62].

2.2 Non-Linear Ultrasound

At high pressure levels, the propagation of US waves in a medium might

become non-linear. As the total acoustic power (TAP) increases, the ul-

trasonic waves start interacting with the medium they are travelling in,

inducing the formation of non-linear phenomena that can alter the acoustic

material properties. Such alterations might affect the propagation of US

waves, which cannot be described with the linear acoustic wave equation

derived in the previous section.

At high pressure amplitudes the relation between pressure, velocity and

density is not linear, and second and higher terms that appear in (2.10)
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cannot be neglected. The equation of state can be written as:

P − P0 = A
ρ− ρ0
ρ0

+
B

2

(
ρ− ρ0
ρ0

)2

+ · · · , (2.50)

where:

A = ρ0

(
∂P

∂ρ

)
ρ0

, (2.51)

B = ρ20

(
∂2P

∂ρ2

)
ρ0

. (2.52)

The terms A and B are used to characterize the strength of non-linearities

in a medium, and their relation B/A is usually referred to as the non-

linearity parameter.

High intensity ultrasound (HIU) is often used in applications where

the intent is to induce an effect in the medium through which the wave

propagates. These effects include the potential formation of NLU phenom-

ena, such as acoustic radiation pressure, acoustic streaming, cavitation,

which have been widely studied and used in different medical applications.

However, HIU is not always a prerequisite for inducing NLU effects, as

material nonlinearities and geometric discontinuities may also contribute

to giving rise to NLU phenomena.

2.2.1 Acoustic radiation force

An ARF acting on a surface of an object can be observed when a non-

focused ultrasonic pressure wave, travelling in a fluid with speed of sound

c, impinges on the surface of such object. It is defined as a time average

force that arises from the momentum transfer from the incident wave to

the object, and it is expressed as [64]:

Frad = dr〈Eac〉S, (2.53)

where 〈Eac〉 is the Langevin radiation pressure (Pa), S is the surface of

the object the sound wave is impinging (m2) and dr (dimensionless unit) is

the drag coefficient. For a harmonic plane wave normally impinging on a

perfect absorber, the Langevin radiation pressure can be expressed as the

time-averaged energy density:

PLan = 〈Eac〉 = p0
2ρ0c2

=
I

c
, (2.54)

where p0 is the pressure amplitude, ρ0 the density, c the speed of sound and

I the intensity of the wave. The drag coefficient dr describes the amount of
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scattering of absorption of a wave impinging onto the surface of an object,

and it is defined for unity energy density of the incident wave. It can be

expressed as [65]:

dr = 1/s

(
Πa +Πs −

∫
γ cos θ dA

)
− i/s

∫
γ sin θ dA. (2.55)

In the above, Πa and Πs represent the total power absorbed and scattered

by the object, respectively. The term s is the projected area of the object,

while γ is the intensity of the scattered wave and θ is the angle formed

by the incident wave with the scattered wave. If the object is a perfect

absorber with axis of symmetry parallel to the normal of the incident wave,

the drag coefficient will be equal to 1. If the object is a perfect reflector, the

drag coefficient will be equal to 2.

2.2.2 Acoustic streaming

The acoustic streaming is the steady motion of homogeneous fluid due

to the momentum transfer from an acoustic wave to the fluid [66]. It is

mainly caused by sound attenuation of the medium due to the absorption

of acoustic energy and requires non-linearity in the equation of the motion

of the medium. The acoustic streaming in a fluid is driven by the following

time-averaged volume force:

F = 〈ρf ∂v
∂t

〉+ ρf 〈(v · ∇)v〉, (2.56)

where ρf is the density perturbation of the fluid and v is the acoustic

velocity. As t he time average of a quadratic periodic variable is nonzero,

the driving force F responsible for the acoustic streaming generation will

be always nonzero, when an acoustic wave is travelling in a fluid. The

streaming can manifest as a bulk flow, which arises from the attenua-

tion of the US wave as it propagates through a medium. This type of

streaming is called Eckart streaming and it is more intense at high fre-

quencies (MHz), as sound absorption mechanisms become more relevant

at increased frequencies [67, 68, 69].

In an acoustic standing wave field, the streaming generated close to

an oscillating boundary is called Rayleigh–Schlichting streaming, and

it usually takes place on a smaller length scale compared to the Eckart

streaming. The Schlichting streaming originates as vortices within the

boundary layer thickness, and it is characterized by a net motion of fluid

oriented from the pressure antinodes to the pressure nodes close to the

oscillating boundary [70]. It is mainly caused by greater viscous dissipation
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occurring in this region as compared to in the bulk fluid, due the high

velocity gradient normal to the solid surface generated by the presence

of the non-slip boundary between the liquid phase and the solid. The

Rayleigh streaming instead develops in the outer boundary layer, and it

manifests as streaming vortices rotating in the opposite direction than

that of the Schlichting streaming [71].

2.2.3 Cavitation

Acoustic cavitation is a phenomenon arising from the interaction of spheri-

cal bubbles and ultrasonic pressure waves travelling in a fluid. Pre-existing

small bubbles, formed by gas dissolved in the fluid, are made to expand

when the local pressure becomes lower than the internal pressure of the

bubble, and to be compressed when the local pressure is greater than

the pressure inside the bubble. If the pressure amplitude of the external

acoustic field is sufficiently low, the bubbles can oscillate around their

equilibrium radius in a predictable way. This type of cavitation is usually

referred to as stable or non-inertial cavitation (Figure 2.5a,b). However, at

high acoustic intensities, if the local pressure falls below a certain cavita-

tion threshold [72] the bubbles can grow up several times their original

diameter, and consequently collapse, when the pressure becomes positive

[73].
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Figure 2.5. Schematics describing a non-inertial and inertial cavitation event.

This type of cavitation is instead called transient or inertial cavitation

(Figure 2.5c). The collapse is so violent that temperatures of thousands of

kelvin are reached inside the collapsing bubble, acoustic emission in the

form of shockwaves can be generated and, eventually, emission of light

(sonoluminescence) can be also observed [74].

The size of a bubble that resonates with the applied frequency is predicted

by [75]:

R =

√
3γP∞
ρfω

, (2.57)

where R is the radius of the bubble at rest, γ is the specific heat ratio of

the gas inside the bubble, P∞ the ambient liquid pressure, ρf the liquid

density and ω the angular frequency. The cavitation threshold criterion

is governed by the Blake’s pressure [76], which determines the critical

negative pressure below which a cavitation event will occur:

PB = P∞ +
8σ

9

√
3σ

2R3
B(P∞ + (2σ/RB)

, (2.58)

where PB is the Blake pressure, σ is the surface tension and RB is the

Blake bubble radius.
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2.2.4 Shockwaves

Shockwaves are large pressure perturbations travelling faster than the

local speed of sound, and are characterized by discontinuous changes in

density, pressure and particle velocity along the propagation front [77].

Shockwaves can arise due to non-linearities of the medium, which can

contribute to distortion of the travelling wave [78]. In fact, at high pressure

levels the acoustic properties of the medium are momentarily changed,

resulting in the compressional phase of the wave traveling faster than the

rarefactional phase. Eventually, an abrupt change in pressure will occur,

and shockwaves will be generated. For a lossless plane, the discontinuity

distance �, which is the distance from the sound source at which a shock

front is generated, can be calculated as [79]:

� = 1/βMk, (2.59)

where M is the Mach number, which is the ratio between the particle veloc-

ity and the speed of sound, β = 1 +B/2A is the coefficient of non-linearity,

and k is the wave number. However, at high frequencies the presence of

losses might considerably attenuate the strength of the pressure wave

before it reaches the discontinuity distance. This effect is described by the

Gol’dberg number [80]:

Γ = 1/α�, (2.60)

where α is the absorption coefficient. If Γ < 1, the pressure wave will

vanish before reaching the discontinuity distance, while, if Γ > 1, the non-

linearities of the medium will take over and a shockwave will be generated

at the discontinuity distance �.

Shockwaves might also arise from implosion of cavitating bubbles. Dur-

ing the collapse, the inward motion of the bubble wall is swiftly inverted,

creating discontinuities in the pressure field and particle velocity in the

surroundings of the bubble wall. Under these conditions, a spherical

shockwave might be formed [81, 82].
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This section describes the instrumentation and the methods developed for

the work presented in this Thesis.

3.1 Experimental Arrangements

3.1.1 Ultrasonic device

A custom-made ultrasonic device has been developed and used for the

experiments (Figure 3.1) (Publications I–III). A Langevin US transducer,

with a natural frequency of 40 kHz was used as the sound source of the

prototype. The horn of the transducer is coupled to a solid 3D printed alu-

minum waveguide (3D Step Oy, Ylöjärvi, Finland) via a screw-tightening

system. The serpentine shape of the waveguide was selected to convert

the longitudinal motion, provided by the distal part of the transducer, to

a flexural motion at the end of its tapered structure. The cross-sectional

area of the distal portion of the waveguide was designed with an expo-

nential tapering in order to minimize reflections and provide amplified

displacements at its tip. A hole of 0.8 mm was drilled along the center

line of the tip of the waveguide in order to accommodate a 21G×80 mm

hypodermic needle (model: 4665465, 100 STERICAN, B Braun, Melsun-

gen, Germany). The coupling point between the needle and the waveguide

was chosen to match a displacement anti-node in the needle structure,

located at 3λ =45 mm from the needle tip, considering a standing wave at

the frequency of 33 kHz being generated in the needle. A vacuum source,

for example a 10 mL syringe (catalogue number: 12931031, Plastic PP

Syringes Luer Slip, Fisherbrand, Fisher Scientific, Hampton, NH, United

States), was employed in order to draw or deliver material through the

needle.
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Device schematics

1 cm

syringe

hub

waveguide
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sample

horn

back mass

front masspiezo stack

Figure 3.1. Schematic depicting the custom-made ultrasonic device employed in the ex-
periments.

3.1.2 Electronics

The ultrasonic device was powered by a RF power amplifier (model: AG

1012LF, Amplifier/Generator, T&C Power Conversion, Inc., Rochester, NY,

United States) and a function generator (model: Analog Discovery 2, Digi-

lent, Inc., Henley Court Pullman, WA, United States), which provided the

driving signal (Publications I–III). Since the impedance of the ultrasonic

device and of the power amplifier are different at the employed frequency of

33 kHz, an impedance matching circuit was designed in order to maximize

the power transmission from the source to the load. By theory, the maxi-

mum output power is delivered to the load when the following condition is

satisfied [83]:

Z0 = Z∗
L, (3.1)

where Z0 is the impedance of the source and Z∗
L denotes the complex

conjugate of the load impedance. The resistance of the load was matched

to the 50Ω the amplifier by building a transformer with turns ratio equals

to:
n2

n1
=

√
RL

R0
= 10 : 1, (3.2)

where n1 is the number of coil turns on the primary winding, n2 is the

number of coil turns on the secondary winding, RL is the resistance of the

load and R0 is the resistance of the amplifier, which amounts to 50Ω.

3.1.3 Optics

The main optical method used during the work of this Thesis was high-

speed (HS) imaging. A Phantom V1612 camera (Vision Research, Wayne,

NJ, United States) was used in combination with a macro lens (model:
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Canon MP-E 65 mm f / 2.8 1-5× Macro Photo, Canon Inc., Ōta, Tokyo,

Japan) or a general purpose lens (model: Canon EF-S 15-85 mm f / 3.5-5.6

IS USM, Canon Inc.), depending on the length scale of the phenomenon

to be investigated (Publications I–III). A white light-emitting diode (cata-

logue number: 4052899910881, White Led, 3000 K, 4150 lm, Osram Opto

Semiconductors, Germany) (Publications I and II) and a halogen fiber optic

illuminator (model: OSL2IR, High-Intensity Fiber-Coupled Illuminator,

Thorlabs, Inc., Newton, NJ, United States) (Publication III), were used as

light sources to produce back-lit shadowgraph images of the needle motion

inside the medium.

Other optical methods used were the Schlieren photography, which was

designed and assembled in order to visualize the density perturbation of

the fluid surrounding the ultrasonically actuated needle (details of the

setup provided in Publication I), the optical projection tomography (OPT),

performed with an OPT scanner (Bioptonics OPT 3001M Scanner), and

microscopy imaging of histological slides (3DHISTECH Panoramic 250

FLASH II).

3.1.4 Software

MATLAB (R2020b) [84] was used as the main programming platform

for the analysis of raw experimental data and development of automation

algorithms. Numerical simulations of the NLU phenomena were performed

in COMSOL Multiphysics v5.5 [85], while Fusion 360 was used as CAD

modelling tool.

Several algorithms have been developed to analyse in a quantitative

manner the collected experimental data. For example, a method employing

image registration of consequent HS images of the cavitation activity

in water via cross-correlation in the frequency domain [86] was used to

detect the needle position over time and to quantify the projected area

of cavitation activity. A more extensive description of this method is

provided in Publication I. A modified version of this method was also

used to segment the cavitation activity boundaries from HS images, when

needle was actuated in thin sections of ex-vivo bovine liver (description of

the method provided in Publication III). The velocity maps the direction

and magnitude of the fluid motion have been produced by analysing the

HS footages with an algorithm that uses a similar approach to that used in

particle image velocimetry (PIV) [87] (description provided in Publication

I).

41



Methods

3.1.5 Samples

First, deionized and degassed water (5.8 mg L−1) was employed in the ex-

periments in order to study the interaction between the oscillating needle

and well-known matter, and to optically confirm the generation of NLU

phenomena such as cavitation, atomization and acoustic streaming (Publi-

cation I). The action of these phenomena in water was easily quantified

through HS imaging (section 3.1.3) and image analysis (section 3.1.4).

Ballistic gelatin (10% w/v porcine gelatin/deionized water) was chosen as

an appropriate model to investigate the mechanical effects of the needle

on a soft-tissue-like material. Importantly, its acoustic impedance is close

to that of soft tissue, and it has been used in several studies as an US

phantom to explore the cavitation-induced damage mechanism in soft-

tissue-like models [88]. The protocol for preparing the ballistic gelatin

sample used in the experiments is accurately described in Publication I.

In order to investigate the translation of nanoparticles and fluids inside

porous media promoted by the needle action, hydrogels with different

agarose concentrations (0.5, 1 and 2%; w/v agarose powder/EDTA) were

used in the experiments. Agarose gel was selected because its rheological

properties (e.g., porosity, permeability) can be controlled so that they closely

match those of some soft tissues. A protocol for preparing the hydrogel

samples used in this study is proposed and described in Publication II.

Different ex vivo bovine tissues, such as liver, kidney, spleen and striated

muscle were used to demonstrate the influence of the oscillating needle on

soft tissue, exemplified by performing USeFNABs at different TAP levels

(0.2, 0.5 and 0.8 W). In Publication I, an extensive description of the biopsy

procedure, sample weighing, and of the protocol for processing the biopsy

samples in histological sections is provided. In a separate experiment, thin

slices (∼ 1 mm) of bovine liver tissue were subjected to sonication with the

ultrasonic needle, with the intent of directly visualizing cavitation events

generated inside soft tissue enabled by HS imaging. All specimens were

retrieved from the slaughterhouse (Vainion Teurastamo Oy, Orimattila,

Finland) within 1–2 h post mortem and experiments were always performed

within 6 h post mortem at room temperature (22–24 °C). The equipment

used for preparing the samples into thin sections, and setup used during

the experiments is described in detail in Publication III.
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3.2 Numerical Simulations

Numerical modeling was used to study and deepen the understanding

of the NLU phenomena generated by the ultrasonically actuated needle.

In the following, a general overview of the numerical methodology used

to simulate the ultrasonic actuation of a medical needle and ultrasonic

related phenomena generated by the oscillating needle in different media

is presented.

3.2.1 Geometry and materials

First, the ultrasonic device geometry was replicated in Fusion 360 and

the 3D model was imported into the COMSOL Multiphysics environment.

The piezo-stack of the Langevin transducer consisted of four piezoelec-

tric ceramic rings (length = 2.5 mm, diameter = 15 mm, material = lead

zirconate titanate PZT-5H). The back mass (length = 15 mm, diameter =

15 mm), the front mass (length = 8.5 mm, diameter = 15 mm) and the horn

(length = 31 mm, diameter = 8 mm) were assumed to be made of stainless

steel, while the waveguide was made of aluminium. The needle was mod-

elled as a hollow cylinder (outer diameter = 0.819 mm, inner diameter =

0.514 mm, length 80 mm) made of stainless steel. The needle tip geometry

was modelled with a bevel angle ξ of 12.92°, secondary bevel angle ϕ of

20.59° and angle of rotation β of 58° [89]. The parameters ξ, ϕ and β, which

define the needle cutting edge geometry, were determined experimentally

by visualizing the tip of a 21G hypodermic needle with a microscope. The

sample domain has been modeled as a cylinder with different material

properties (i.e., water, agarose gel, liver) depending on the medium where

the acoustic phenomenon is assumed to take place (Publications II and

III).

3.2.2 Needle motion

The displacement of the needle was calculated in the frequency domain

by solving the linear elastic equation of motion [90] within the ultrasonic

arrangement:

ρ
∂2u
∂t2

= ∇ · T + Fm, (3.3)

where ρ is the density of the medium, u is the displacement vector, T is the

Cauchy stress tensor [91] and Fm represents the external volume force. In

the elastic domain, the material’s mechanical behavior can be expressed
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through the Hooke’s law:

T = c : S, (3.4)

where c is the stiffness tensor, S is the infinitesimal strain tensor and “:”

represents the inner product. Assuming small deformations, the strain

can be related to displacement as follows:

S =
1

2
(∇u + (∇u)t), (3.5)

where the superscript “t” stands for the transpose of a matrix. The wave

motion within the solid structure is generated by applying an alternating

potential difference across the faces of the piezoelectric rings.

3.2.3 Acoustic field

The propagation of acoustic waves inside medium has been modeled with

linear acoustic wave equation for viscous fluids [92] (Publications II and

III):

∇2p− 1

c2∞

∂2p

∂t2
+

δ

ρ∞c2
∂

∂t
∇2p = 0, (3.6)

where p is the pressure, c∞ and ρ∞ are the speed of sound and the density

of the medium, respectively. The term δ is the sound diffusivity, which

accounts for viscous losses in a viscous fluid and it is defined as [93, 94]:

δ =
2c3∞α

ω2
, (3.7)

where ω is the angular frequency, α (1/m) is the acoustic absorption coeffi-

cient. The outer boundaries of the sample domain were assumed to be soft

boundaries (p = 0), in order to allow the pressure wave to be attenuated

farther away from the needle. The structural acceleration of the portion

of the needle tip is used as a boundary condition for the calculation of the

acoustic pressure across the needle-sample interface as in the following

mathematical condition: −n · 1
ρ∞∇p = n · utt, where utt is the structural

acceleration of the moving interface, p is the acoustic pressure, ρ is the

density of the medium and n is the vector normal to the boundary interface.

This condition states that, given a positive acceleration of the interface, a

negative pressure gradient is generated along the positive direction defined

by n.

3.2.4 Acoustic streaming

When simulating the interaction between the oscillating needle and fluid,

whether free fluid or fluid trapped in a porous medium, the acoustic stream-

ing [66] is assumed to be the main cause for the generation of steady fluid

44



Methods

flow (Publication II). In order to account for the momentum transfer from

the acoustic wave to the fluid, the Reynolds stress F, which represents the

time-averaged volume force [95] arising from the sound attenuation in the

fluid, is considered as the force term in the equations of fluid motion:

F = −ρ

2
Re[(v · ∇)v∗], (3.8)

where v is the acoustic velocity, “∗” represents the complex conjugate of a

complex number and the “Re” indicates the real part. A detailed description

of the acoustical and rheological properties of the porous samples modelled

within the simulation environment can be found in Publication II.

3.2.5 Cavitation

The cavitation dynamics of a spherical gas bubble embedded in soft tissue

was described by using the follwing Keller—Miksis equation [96]:(
1− Ṙ

c∞

)
RR̈+

3

2

(
1− Ṙ

3c∞

)
Ṙ

2
=

1

ρ∞

(
1 +

Ṙ

c∞
+

R

c∞
d

dt

)
×

×
[
pB − (p∞ + pf (t))− 2σ

R
+ J

]
,

(3.9)

where R, Ṙ and R̈ denote the radial displacement, velocity and acceleration

of the cavitation bubble wall, respectively. The constants c∞ and ρ∞ repre-

sent the speed of sound and the density of the medium. The alternating

forcing pressure is expressed by pf (t), while the pressure at the gas-liquid

interface of the bubble is defined as [97]:

pB = p0

(
R0

R

)3κ

, (3.10)

where R0 the bubble radius at rest and κ is the polytropic exponent. The

term p0 represents the internal pressure of the bubble when the bubble is

at equilibrium, expressed as:

p0 = p∞ + 2
σ

R0
, (3.11)

where p∞ indicates the ambient pressure and S the surface tension of the

bubble. A comprehensive description of the cavitation model used in the

simulation is provided in Publication III.
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4. Summary of publications

This chapter briefly summarizes the main results of the articles included

in this Thesis.

4.1 Publication I

The aim of Publication I was to characterize the NLU phenomena gener-

ated by the ultrasonically actuated needle and to demonstrate its potential

in the context of the biopsy application. The term SonoLancet (Sono- =

sound, -lancet = sharp point at the very tip of the needle) was defined as

the confined volume around the needle tip exhibiting pronounced interac-

tions between the oscillating tip of the needle and the matter around it.

Moreover, it was demonstrated that these interactions are highly localized

at the needle tip location, hence, the SonoLancet represents a region of in-

terest for the visualization of NLU phenomena such as cavitation, acoustic

streaming, atomization and ARF.

The influence of SonoLancet on water was first studied. One experiment

consisted in actuating the needle inside degassed water, while the needle

action was recorded with HS imaging (300 000 fps). It was demonstrated

not only the current setup is able to generate cavitation events, but also

that cavitation takes place at the needle tip location and nowhere else

along the needle (Figure 4.1a). This can be explained by the converging

structure of the needle bevel, which causes the geometric amplification of

the wave towards the needle extremity. As a consequence, large pressure

fluctuations can be observed at the needle tip, resulting in cavitation

activity to be more likely to take place close to its very tip, when compared

to other locations along the needle shaft. Other phenomena such as ejection

of microdroplets, acoustic streaming and translation of microparticles and

were also observed to be more pronounced at the needle tip location (Figure
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Figure 4.1. Example of NLU phenomena generated with the ultrasonically actuated nee-
dle. (a) HS frame representing a cavitation event. The needle is embedded in
deionized water, and the areas enclosed within the white lines represent cavi-
tating bubbles. (b) The needle is operated in air, while a small water droplet
is placed at its tip. During sonication, the water droplet is broken up into
several micro-droplets, whose size was inversely proportional to the driving
frequency. (c) When the needle is operated in ballistic gelatin, cavitation activ-
ity and streaming was observed. Fluorescence nanoparticle delivered through
the needle enabled visualization of the spatial distribution of the nanoparti-
cles induced by US. (d) Velocity map of the acoustic streaming generated in
water by the ultrasonically actuated medical needle. It can be noticed how
the streaming emanates from both sides of the needle tip with directionality.
These results show that the ultrasonic energy is highly concentrated at the
needle tip, manifesting as formation of different NLU phenomena depending
on the medium, where the needle is actuated. These NLU phenomena could
potentially bring new functionalities to a standard medical needle.

4.1b,c,d).

Ballistic gelatin was then used as a tissue phantom to explore these non-

linear effects in conjunction with tissue-like material. When the needle

was actuated inside the tissue-phantom in conjunction with fluorescent

nanoparticles, generation of cavitation bubbles and acoustic streaming

was optically detected (Figure 4.1c). Optical projection tomography was

employed to image and reconstruct the spatial distribution of the fluores-

cent markers, revealing that the volume of influence of SonoLancet on

phantom is localized near the needle tip. Finally, it was studied if the

ultrasonic actuation of a hypodermic needle could bring benefit to the

fine-needle aspiration biopsy (FNAB) procedure. The research question

was motivated by the fact that a large number of FNABs are compromised

due to the insufficiency of tissue extracted for diagnosis, characterized

with low number or lack of pathological cells [98, 99, 100]. This can lead to

inconclusive diagnoses in 9–34% of FNABs [10]. In the view of addressing

this problem, it was demonstrated that, when US-enhanced fine-needle

aspiration biopsies (USeFNAB) were performed in different bovine ex-vivo

tissues (liver, spleen, kidney, striated muscle), the mass of obtained sample

was increasingly improved by 3–6× compared to FNAB. The sample mass

was directly proportional to the TAP involved (Figure 4.2). The results
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Figure 4.2. Mass of the extracted sample obtained from different ex vivo bovine tissues by
using the FNABs and USeFNABs. When US energy was employed to perform
the biopsies, the yield mass was increased up to 3–6×, as compared to when
FNABs were carried out.

presented in Publication I have special importance for cancer management,

because it is the report in the literature to demonstrate that the ultrasonic

actuation of medical needles can increase the mass of biopsy samples. Im-

portantly, the proposed approach can mitigate the limitations associated

with the FNAB application without significantly influencing the sample.

Moreover, these results suggest that the NLU phenomena generated by

oscillating medical needles could extend to other medical applications such

as drug or gene delivery and histotripsy.

4.2 Publication II

Publication II demonstrated both numerically and experimentally that the

ultrasonic needle can be used to translate nanoparticles and fluid within

porous media. This was considered relevant for drug delivery applications

in soft tissues. The study was motivated by limitations in current US

mediated drug delivery systems, which mainly suffer from the inability

of generating a proper ultrasonic focus at some organs inside the body,

hence impacting on the delivery efficiency. For example, lesions located at

the hepatic dome are difficult to treat, because the presence of ribs or air

contained in the lungs represents obstacles for the sound propagation due

to the acoustic impedance mismatch. However, by employing an ultrasonic

needle as the sound source, one would be able to spatially bypass such

anatomical structures and deliver the acoustic energy directly at the target

site. Moreover, since the acoustic energy is localized at the proximity of

the needle outlet, liquids or particles can be delivered to the site of US.

Numerical simulations were performed in order to study the phenomenon
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Figure 4.3. (a) Numerical simulation of an ultrasonically assisted injection in liver tissue.
(b) When the needle is actuated at the relatively low TAP of 20 mW, the
volume covered by nanoparticles is increased by three times, as compared to a
standard needle injection. These results indicate that the ultrasonic action of
the needle could increase the uptake of fluid caused by the enhanced delivery
localized near the needle tip, which could be useful for delivering substances
into tissues with compromised perfusion.

at hand. The hypothesis behind the enhanced delivery mechanism was that

the needle actuation promotes the formation of acoustic streaming, which

contributes to the transport of nanoparticles in porous media. For this

purpose, a numerical model simulating the delivery mechanisms in agarose

gel has been developed and validated experimentally. The results indicate

that the ultrasonic actuation of the needle induces acoustic streaming that

is highly concentrated at the proximity of the sharp edges of the needle tip.

This phenomenon, which is usually referred to as sharp-edge streaming

[101, 102, 103], arises from the viscous dissipation mechanisms that take

place within the viscous boundary layer, resulting in the generation of

strong steady flows emanating outwards along the center line of the sharp

edges, which have been observed to enhance the translation of fluids

and nanoparticles around the needle tip. The combined action of intense

acoustic streaming (characterized by maximum velocities of 10 mm s−1)

being generated at the needle tip and the enhanced convection of fluid

through the interstitia of the porous medium are assumed to be the main

contributor of the nanoparticle transport mechanisms. In contrast, direct

ARF acting on the nanoparticles was considered to have a minor effect

on the delivery, being two orders of magnitude smaller compared to ARF

acting on the liquid.

The idea of providing the acoustic energy with a hypodermic needle

localized at the injection site could be of use in different drug delivery

applications, where the intent is to achieve a uniform and efficient distri-

bution of a substance within the target. In this study it was demonstrated,

both numerically and experimentally, how an ultrasonically actuated med-
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Figure 4.4. Representation of some relevant acoustic variables evaluated on a cross-
sectional plane located at z = −0.5 mm from the needle tip. (a) Shows the
absolute pressure field radiated from the needle boundary, while (b) represents
the Gor’kov potential, which denotes the level of attraction of the nanoparticles
within the acoustic field and (c) represents the ARF acting on the liquid, which
gives rise to (d) the streaming patterns. In Publication II it was demonstrated
that the ARF acting on the liquid is two orders of magnitude greater compared
to the force acting on the nanoparticles alone, revealing that the latter brings
a negligible contribution to the acceleration of nanoparticles. The results
also show that the streaming is highly localized at the sharp-edges of the
needle geometry (d), resembling the so called sharp-edge streaming reported
in literature.

ical needle can increase the volume of an agarose gel diffused by the tracer,

when the needle was actuated for 10 min at a TAP of 20 mW. The numer-

ical results provide evidence on how the same concept can increase up

to three times the volume of liver tissue exposed by the tracer, when the

needle is actuated for 10 s at a TAP of 20 mW under an applied flow rate of

10 μL min−1, as compared to when no US was employed. This technology

could be a minimally-invasive and low-cost alternative to expensive ultra-

sonic clinical methods, such as magnetic imaging-guided high-intensity

focused ultrasound (HIFU), used for image-guided delivery of drugs into a

target location.

4.3 Publication III

Publication III demonstrated how an ultrasonically actuated needle can

be used to generate cavitation events in soft tissue. Numerically, the

extent of cavitation activity was first studied, when the needle was excited

at the frequency of 33 kHz and at different TAP levels. Experimentally,

a method for visualizing the needle movement inside a shallow portion

of ex vivo bovine liver was developed. This method involved using HS

imaging in combination with a collimated beam of light generated by a
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Figure 4.5. (a) Exemplary HS video frames showing cavitation events taking place at the
needle tip at 3 different TAP levels. (b) The probability maps, which show
the probability of each pixel belonging to an optical projection of a cavitation
bubble, demonstrate that no cavitation activity is recorded at 0.2 W, while it
is more frequent at higher TAP levels. These results show how cavitation can
be generated on-demand and in a localized manner near the needle tip.

halogen fiber optic illuminator, which permitted to record back-lit footages

of the cavitation activity induced by the needle action inside tissue (Figure

4.5). The main finding in both numerical and experimental data was

that cavitation mostly took place and the needle tip, exhibiting elevated

activity at 0.5 W TAP and above, while no cavitation took place at TAP =

0.2 W. Furthermore, the study includes a range of in silico investigations

broadening the understanding of cavitation dynamics near the needle

tip. The results presented in Publication III are interesting because, to

our knowledge, this study is the first one to prove that acoustic cavitation

inside tissue can be created with hypodermic needles with high localization

at the needle tip. Therefore, this study is expected to open up an avenue to

develop novel minimally invasive interventions by employing thin needles

and localized micro-bubble activity, such as bubble-activated drug and

gene delivery, US-enhanced fine-needle biopsy and fractionation of small

tumors or calculi.
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5. Discussion

In this Thesis, it was investigated how non-linear ultrasonics can be used

to functionalize the tip of a medical needle. NLU phenomena associated

with the emission of sound from the needle tip were characterized with

specific focus on cavitation, acoustic radiation pressure, acoustic streaming

and atomization. These effects took place within a volume that was defined

as SonoLancet. In this approach, the conventional hypodermic needle

structure employs the lumen as a conduit to guide sound energy to the

needle tip, wherein the US action is amplified due to the converging shape

of its bevel. The resulting sound emission from the needle tip has a high

enough intensity to produce non-linear effects at the tip of the needle,

within the SonoLancet. Limiting the US action to the proximity of the

needle tip provides spatio-temporal control of sound-tissue interaction.

The numerical and experimental results demonstrated that cavitation

can be made to take place locally at the tip of the needle (Publications I and

III). In fact, since inertial cavitation is a threshold phenomenon, cavitation

is more likely to appear at the needle tip location, where the acoustic energy

is concentrated (Publications I and III). Moreover, cavitation activity can

be easily controlled, as the strength of it is dependent on the delivered

TAP (Publication III). Overall, the ability to generate cavitation at will

with spatial control could enable its use in applications such as tumor

ablation [104], permeation of tissue matrix for enhanced stem cell delivery

or migration, bubble-enhanced poration of cells and sonoporation [105,

106]. Moreover, the observed cavitation events could potentially lead to

shockwave formation, as widely known and reported in literature [81, 82,

107]. Generation of shockwaves and associated shear forces, arising from

imploding cavitation bubbles [108], could find use in applications such

as lithotripsy [56] or controlled softening of calcified vessels [109] with

mechanical stress gradients [110].

53



Discussion

The acoustic streaming, caused by localized US emission from the needle

tip (Publications I and II), can be used to enhance the convection of the

fluid phase inside a porous matrix (Publication II), thus being a major

contributor to the fluid and nanoparticle transport mechanisms in porous

media. The unidirectional motion of fluids could enhance pharmaceutical

effectiveness [111] and facilitate the delivery of drugs or nanoparticles to

tissues with compromised perfusion [112]. The advantage of employing

a hypodermic needle as a waveguide to deliver the acoustic energy to the

target is that acoustic streaming can be generated to treat lesions within

anatomical regions, such as in the lungs or in the liver, that would be

difficult to reach with conventional HIFU based systems. The complication

arising from using HIFU to treat lesions within the thoracic region or

in the hepatic dome, for example, is mainly associated with the acoustic

shadowing of bones and gas, which can hinder the formation of a proper

US focus at the target [113, 114]. By using an ultrasonic needle for the

local administration of drugs, not only these anatomical structures could

be easily bypassed, but also one could avoid side effects and complications

associated with other commonly used routes of drug administration (e.g.,

intravenous injection, systemic administration) [115, 116, 117, 118] and

minimize side bioeffects [114, 119] along the beam path that one could

observe in HIU applications.

The ultrasonically actuated medical needle enables atomization of small

volumes of liquid (Publication I). The current arrangement allows one

to transform liquid into micro-droplets with control over the size of the

ejected droplets, importantly directivity of the droplet jets (Publication I).

The needle structure can facilitate several eigenfrequencies. The operation

frequency can be easily changed across eigenfrequencies, allowing one to

also change size distribution of the generated microdroplets (Publication I).

This feature would make the ultrasonic needle a versatile tool to atomize

liquids if compared to common US atomizers, which typically operate at a

fixed frequency [120, 121, 122], and could be exploited to spread substances

over a small surface, or to deliver drugs in small bodily cavities such as

those present in the upper respiratory system. Moreover, since the size

distribution of the atomised droplets can be easily changed by shifting the

operating frequency, one would enable deposition of drugs at a prescribed

depth in the respiratory system, being the droplet deposition efficiency

along the respiratory tract dependent on the droplet diameter

Perhaps most importantly, the Thesis provided evidence to the capability
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of an ultrasonically actuated medical needle to add value to the biopsy

applications (Publication I). The results showed that, when the hypodermic

needle is made to oscillate at the frequency of ∼ 33 kHz, the mass of the

sample obtained from soft tissues can be systematically increased up to

3-6× on average, as compared to the yield obtained with a state-of-the-art

FNAB procedure. The mechanism behind the improved tissue yield might

be that the mechanical forces arising from shear and the herein described

NLU phenomena synergically contribute towards the detachment of cells

and tissue construct from the surrounding tissue. However, based on the

results presented in Publication III, at low TAP levels (≤0.2 W), these NLU

effects, namely cavitation, acoustic streaming and ARF, are expected to

have a negligible influence in tissue.

The tissue cutting mechanism of conventional FNAB can be explained

by the interpretation provided by Kreula et al. [123], which suggests

that the sample yield enhancement is a result of the combined action

between the suction force, provided by the syringe, and the operator’s

hand movement. The suction is in fact needed to draw the detached

cells and tissue into the needle, while the hand movement is essential to

slice off the portion of tissue that has bulged into the needle opening. In

this regard, the ultrasonic actuation of the needle introduces an additional

flexural component of the needle movement that can help in facilitating the

cutting process by allowing small regions of tissue to be loaded with forces

exceeding the yield point and, thereby, contributing to yield enhancement.

At higher TAP levels (>0.2 W) the NLU phenomena are anticipated to

have an effect on tissue proportionally dependent on the delivered TAP.

High strain rates can be generated at the oscillating boundary of gas/tissue

interface [124, 125] and shear stresses, arising from velocity gradients

generated by acoustic streaming, can be also produced in this context [112].

These could potentially contribute to influence the viscoelastic mechani-

cal properties of soft tissue [126] that might facilitate the tissue cutting

mechanisms, resulting in the systematic improvement of tissue yield that

was observed when increasing TAP from 0.5 W to 0.8 W. These findings

are expected to be of great importance especially in cancer diagnostics, in

particular to FNAB applications, which suffers from insufficient tissue

yield in up to 34% of histopathological and 50% of molecular diagnostic

assessments [13, 12]. In fact, USeFNAB enhances the volume of the col-

lected sample; therefore, it is expected to contribute towards a higher

probability to capture pathological cells. However, employing higher TAP
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levels (e.g. > 0.8 W) could elevate the probability of inducing cavitation

related bioeffects and tissue damage, which might compromise the quality

of the biopsy sample. For this reason, a trade-off between the employed

TAP and cell integrity has to be accurately defined in future studies in

order to maximize the tissue yield for diagnostic needs, while minimizing

the sample-quality-to-quantity ratio (Publication I). While representing a

limitation in terms of maximum TAP level applicable for biopsy applica-

tions, this aspect can be turned into a therapeutic advantage, for example,

for the treatment of tumors by means of pathological destruction of tissue,

which has been extensively discussed in Publication III.

By bringing precisely controlled US energy to a specific location, it is

foreseen that the SonoLancet has the potential to add value to several

medical applications such as tissue biopsy, drug and gene delivery or

surgical procedures in a portable and cost-effective manner.
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6. Conclusion

In this Thesis, it was shown that non-linear ultrasonics can be used to

potentially convert a standard hypodermic needle into a versatile medical

instrument, able to cover a multitude of medical functions. To conclude:

1. A method enabling powerful dipole-like acoustic emission from the nee-

dle tip, which can exhibit NLU phenomena in a confined volume, was

demonstrated. This activated volume, which is defined as the SonoLancet,

is capable of influencing matter beyond the functions of a conventional

medical needle (Publication I). Specifically, NLU phenomena were demon-

strated and quantified on micro- to millimetre scale. These phenomena

included directional translation of microparticles and liquid, both in a

free liquid and in agarose gels (Publications I and II), controlled gen-

eration of airborne microdroplets (Publication I) and the capability to

generate cavitation activity in different media, including water, ballistic

gelatin and soft tissue (Publications I and III).

2. The numerical results confirmed the hypothesis that the ultrasonic

energy is highly localized at the tip of the needle. As a consequence, it

was found out that strong streamings of fluid, emanating from the sharp

edges of the needle tip, can be generated to translate nanoparticles and

fluids in porous media (Publication II). Moreover, the simulation results

indicated that, when the needle is actuated in soft tissue, cavitation

activity mostly takes place in the vicinity of the tip of the needle, which

was also confirmed experimentally (Publication III).

3. This technology could potentially contribute to a number of medical

applications. For example, the SonoLancet interactions with tissue were

exemplified in the FNAB application, and the advantages of improving
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the sample yield were discussed (Publication I). Drug and gene deliv-

ery applications that could benefit from this concept have been also

elaborated (Publications II and III), as well as applications aiming at con-

trolled tissue disruption, such as histotripsy or lithotripsy (Publication

III).

This study is the first report to quantify and describe the NLU phenom-

ena associated with ultrasonically actuated medical needles. The concept

of SonoLancet, which has the potential to lead to a radical transforma-

tion of medical needles into spatially and temporally controlled medical

instruments, was defined and demonstrated. SonoLancet has the potential

to give conventional medical needles enhanced new functions in many

medical applications, such as tissue biopsy, molecular diagnostics, drug or

gene delivery, cell modulation, and minimally invasive surgical procedures.
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