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Summary

Bridging the fictional world of “Fantastic Voyage” to modern-day clinical
applications, microrobots extend the outreach of minimally-invasive surg-
eries. Recent micromanipulation strategies have led to a plethora of micro-
robotic designs that remotely harvest energy from external sources. Such
remote actuation empowers microrobots to perform various tasks in hard-
to-reach environments such as biological vasculatures, microfluidic channels
and cell cultures. Besides, these microrobots have the potential to replace
large-scale mechanical instruments and make clinical procedures less in-
vasive. However, there are considerable challenges in the synthesis and
actuation of microrobots in order to be deployed for the aforementioned
applications. Unlike macro-scale robots, microrobots cannot be easily teth-
ered and powered with external peripheral electronics. Hence, microrobots
derive energy from indirect physical forces (e.g., magnetism, acoustics, op-
tics) or chemical reactions (e.g., peroxide decomposition, photocatalysis of
noble metals, glucose oxidation) in order to move autonomously. The preva-
lence of existing clinical technologies like magnetic resonance and medical
ultrasound imaging complement magnetics and acoustics, respectively, as
indirect physical means of contactless manipulation.

Among the two means of indirect actuation, magnetic actuation is the
most popular approach employed to power microrobots. Inspired from
the swimming mechanics of microorganisms (e.g., Escherichia coli, Sper-
matozoa, Spirulina platensis) countless designs of magnetically-powered
microrobots have been reported over the past decade. Despite this pop-
ularity, it becomes challenging to design and fabricate different compo-
nents of microrobots at micro- and nano-scale that move in response to
magnetic forces. Moreover, various forms of magnetic actuation require
heavy, bulky and power-consuming permanent or electromagnets as hard-
ware. These hardware requirements often impose thermal constraints due
to energy dissipation, or electrical bandwidth constraints which may limit
speed of the applied actuation. In order to overcome these limitations,
acoustic manipulation strategies are investigated as alternative means for
contactless actuation of microrobots. Particularly, the versatile nature of
acoustic manipulation strategies benefits diverse scenarios that range from

i
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microfluidic- and levitation-based systems, to bubble-powered microrobots.
Furthermore, acoustic microrobots can also collaborate with the traditional
magnetic actuation and give rise to a hybrid magneto-acoustic micromanip-
ulation strategy. This doctoral thesis describes a mix of magnetically- and
acoustically-powered microrobots, and their respective actuation strategies.
The chapters presented in this thesis embark the reader on a journey start-
ing with the long-established magnetic microrobots, pass through different
pit stops of acoustic microrobotic systems, and finally end where magnetic
and acoustic microrobots join forces.

This doctoral thesis is divided into four parts and eight chapters that
are entailed in the following manner. The thesis begins with a general intro-
duction of the state-of-the-art in microrobotics, the challenges associated
with different actuation methods and research questions to be addressed
in subsequent chapters (Chapter 1). Following the introduction, the most
popular approach of magnetic actuation of microrobots is presented in Part
I. In this part, the challenges faced by a majority of magnetic microrobots
are addressed i.e., the ability of microrobots with similar magnetic prop-
erty to exhibit independent motion (Chapter 2). Next, a wide variety of
acoustic manipulation methods are introduced in Part II, starting with a
survey that covers a global perspective of available acoustic actuation meth-
ods (Chapter 3). Here, these methods are categorized based on how sound
waves travel along surfaces (lab-on-a-chip devices), or in bulk of the medium
(steerable ultrasonic arrays). This categorization leads to two different
application-specific microrobotic systems based on the aforementioned prin-
ciples of acoustic propagation. First, an acoustically-powered microfluidic
channel is presented as means to transport microrobots in these channels
(Chapter 4). Second, an ultrasonic array (SonoTweezer) is developed for
bulk manipulation of microrobots and its feasibility as an end-effector to a
robotic manipulator is demonstrated (Chapter 5). Subsequently, Part III
entails design and actuation of acoustically-powered autonomous micro-
robots that move under combined guidance of acoustic and magnetic fields.
Bubbles are introduced as means to harness acoustic power that function as
building blocks for different designs of acoustic microrobots. Three differ-
ent designs of acoustic microrobots are presented where arrays of multiple
bubbles vibrate to produce gear-like rotational motion (Chapter 6), and
a bio-inspired pumping mechanism (Chapter 7). Thereon, this bubble-
powered propulsion of microrobots is combined with magnetic steering to
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show the motion of microrobots under magneto-acoustic actuation. Lastly,
Part IV provides conclusions and future research directions on the differ-
ent approaches discussed in the three parts (Chapter 8). These research
directions provide outlook on how the microrobotic technologies entailed in
this thesis (Chapter 2-7) can mutually collaborate towards their potential
applications.
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1
Introduction

In the year 1959, Richard Feynman gave his iconic speech titled, There is
plenty of room at the bottom [1]. This speech inspired rapid developments
in manufacturing technologies at micro- and nano-scale, and led to the
emergence of Micro-Electro-Mechanical Systems (MEMS) [2]. The tech-
nologies used in MEMS opened gateways for inexpensive mass production
of various miniaturized devices made up of a wide variety of materials [3].
Shortly after this development, another revolutionary idea was seeded into
the scientific community in the form of a science fiction movie set in the
Cold War era titled, Fantastic Voyage (1966) [4]. In this movie, a group of
surgeons were shrunk down to micrometer scale inside a submarine, and in-
jected into the bloodstream of an ailing scientist to perform a brain surgery
(Fig. 1.1). A few decades later in 2015, an ingestible microsystem, of the
same name as the submarine, was developed to track physiological activi-
ties in the human body [5]. Besides, a micro-scale artificial honeybee, that
weights 70 milligrams, has been shown to fly without any external power
[6]. These unconventional ideas inspired by Fantastic Voyage, have led to
the fruition of diverse microsystems known as Microrobots [7].

Microrobots are miniaturized robots that span between a few microm-
eters up to a millimeter. They typically consist of micro- to nano-scale
sub-components that may assist them to perform functions like motion or
manipulation [8]. Such miniaturization enables these robots to be remotely
employed as tools in scenarios inaccessible to large-scale instruments. Im-
portantly, microrobots hold the potential to reduce invasiveness of clinical
procedures as they can be deployed in remote locations of the human body

1

1
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1. Introduction

Figure 1.1: Sequences from the movie Fanastic Voyage (1966) showing a
the submarine Proteus (left), that carries surgeons shrunk to micro-scale
(right), as they guide the capsule through the surrounding red blood cells
of comparable order in size. (All copyrights belong to 20th Century Fox [4])

in a contactless manner [9]. This revolutionary technology, referred to as
minimally-invasive surgery (MIS), enables clinical surgeries with reduced
patient trauma and complications that arise from sutures or incisions [10].
MIS has been one of the key driving forces that pushes the boundaries of
microrobotics research. This vision to make modern-day clinical procedures
less invasive also poses several essential questions on how to build and move
tiny robots that barely exceed thickness of a human hair strand.

1.1 A brief history of microrobots

The timeline of microrobotics research enjoyed the same privileges as MEMS,
following the boom in silicon microfabrication technologies that impacted
the semiconductor industry [11]. The developments in MEMS during the
1950s influenced various emerging technologies such as microactuators [12],
microfluidics [13] and tissue engineering [14], that required use of microma-
nipulation strategies. As 2-D silicon fabrication matured over the next
decades, another technology that revolutionized development of micro-
robots was multiphoton lithography [15]–[19]. This technology led to the
evolution of 3-D microfabrication techniques that enabled design and syn-
thesis of microrobots with diverse morphologies, as will be discussed in
subsequent chapters (Fig. 1.2). Although fabrication of microrobots is an
important consideration, their design required sufficient understanding of
motion at micro- and nano-scale.

Besides microfabrication, Feynman’s speech also inspired scientists across
various disciplines to develop means of manipulation at micro- and nano-

2

1
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1.1 A brief history of microrobots

Y
ea

r

Scalem
m μm nm

19
65

19
95

19
60

19
75

20
05

19
85

(b
) 

F
ey

nm
an

’s
 

sp
ee

ch

(e
) 

F
an

ta
st

ic
 

V
oy

ag
e

(g
) 

P
ur

ce
ll’

s 
Sc

al
lo

p 
th

eo
re

m (h
) 

O
pt

ic
al

 
tr

ap
pi

ng
 o

f a
to

m
s

(d
) 

E
le

ct
ro

n 
m

ic
ro

sc
op

y 
co

m
m

er
ci

al
iz

ed

(c
) 

G
or

’k
ov

’s
th

eo
ry

 b
eh

in
d 

ac
ou

st
ic

 t
ra

pp
in

g

(j
) 

A
to

m
ic

 F
or

ce
 

M
ic

ro
sc

op
y(l
) 

M
ag

ne
ti
c 

st
er

eo
ta

xi
s

sy
st

em

(m
) 

Su
rg

ic
al

 u
se

 
of

 m
ag

ne
ti
c 

m
ill

i-r
ob

ot (n
) 

C
he

m
ic

al
ly

-
dr

iv
en

 
m

ic
ro

ro
bo

ts

(k
) 

A
co

us
ti
c 

tw
ee

ze
rs

 
in

tr
od

uc
ed

(a
)S

ili
co

n
lit

ho
gr

ap
hy

(i
) 

M
ul

ti
ph

ot
on

 
lit

ho
gr

ap
hy

R
is

e 
of

 
m

ic
ro

ro
bo

ts
?

(f
) 

B
er

g 
re

po
rt

ed
 

ba
ct

er
ia

l m
ot

ili
ty

(o
) 

F
er

in
ga

’s
m

ol
ec

ul
ar

 
m

ot
or

s

F
ig
u
re

1.
2:

T
im

el
in
e
of

im
p
or
ta
n
t
m
il
es
to
n
es

in
M
ic
ro
-E

le
ct
ro
-M

ec
h
an

ic
al

S
y
st
em

s
th
at

le
d
to

d
ev
el
o
p
m
en
ts

in
d
es
ig
n
a
n
d
a
ct
u
a
ti
on

p
ri
n
ci
p
le
s
in

m
ic
ro
ro
b
ot
ic
s
(A

d
a
p
te
d
fr
o
m

[7
])
:
(a
)
In
tr
o
d
u
ct
io
n
of

si
li
co
n
-b
as
ed

m
an

u
fa
ct
u
ri
n
g
of

in
te
gr
at
ed

ci
rc
u
it
s
[1
1]
.
(b
)
F
ey
n
m
an

d
el
iv
er
s
h
is
ic
on

ic
sp
ee
ch

[1
].
(c
)
G
or
’k
ov

in
tr
o
d
u
ce
d

th
eo
ry

o
f
a
co
u
st
ic

fo
rc
es

of
p
ar
ti
cl
es

[2
0]
.
(d
)
F
ir
st

co
m
m
er
ci
al

sc
an

n
in
g
el
ec
tr
on

m
ic
ro
sc
op

e
in
tr
o
d
u
ce
d

[2
1
].
(e
)
T
h
e
m
ov
ie

F
a
n
ta
st
ic

V
o
ya
ge

re
le
as
ed

in
th
ea
te
rs
,
tu
rn
in
g
p
oi
n
t
in

h
is
to
ry

of
m
ic
ro
ro
b
o
ts
.
(f
)
B
er
g

re
p
or
te
d
b
a
ct
er
ia
l
m
ob

il
it
y
w
h
ic
h
p
av
ed

w
ay

fo
r
b
io
-i
n
sp
ir
ed

ro
b
ot
s
[2
2]
.
(g
)
P
u
rc
el
l
in
tr
o
d
u
ce
d
S
ca
ll
o
p

th
eo
re
m
,
w
h
ic
h
tr
a
n
sf
or
m
ed

d
es
ig
n
st
ra
te
gi
es

fo
r
b
io
-i
n
sp
ir
ed

m
ic
ro
rb
ot
s
[2
3]
.

(h
)
A
sh
k
in

u
se
d
o
p
ti
ca
l

la
se
r
b
ea
m
s
to

tr
ap

at
om

s,
an

d
la
te
r
on

m
ic
ro
or
ga

n
is
m
s
li
ke

v
ir
u
se
s
an

d
b
ac
te
ri
a
[2
4]
.
(i
)
M
u
lt
ip
h
o
to
n

L
it
h
o
g
ra
p
h
y
b
ec
o
m
es

av
ai
la
b
le

te
ch
n
ol
og

y
fo
r
3-
D

m
ic
ro
fa
b
ri
ca
ti
on

of
m
ic
ro
ro
b
ot
s
[1
5]
–[
1
7]
.
(j
)
A
to
m
ic

F
o
rc
e
M
ic
ro
sc
op

y
in
tr
o
d
u
ce
d
[2
5]
,
w
h
ic
h
h
el
p
ed

an
al
y
ze

fo
rc
es

ex
er
te
d
b
y
m
ic
ro
ro
b
ot
s
[2
6]
.
(k
)
F
ir
st

ti
m
e

u
se

of
so
u
n
d
w
av
es

to
tr
ap

fr
og

eg
gs

b
as
ed

on
G
or
’k
ov
’s

th
eo
ry

[2
7]
.
(l
)
M
ag

n
et
ic

fo
rc
es

u
se
d
fo
r
re
m
ot
e

ac
tu
at
io
n
[2
8]
.
(m

)
U
se

of
m
ag

n
et
ic

m
il
li
-r
ob

ot
in
si
d
e
b
ov
in
e
or
ga

n
s
[2
9]
.
(n
)
F
ir
st

ch
em

ic
al
ly
-p
ow

er
ed

n
a
n
or
ob

o
ts

re
p
o
rt
ed

[3
0]
,
[3
1]
.

(o
)
F
er
in
ga

’s
op

ti
ca
ll
y
-a
ct
u
at
ed

m
ol
ec
u
la
r
m
ot
or
s
in

li
q
u
id
-c
ry
st
al

fi
lm

s
[3
2]
.

3

1



i
i

“Report” — 2021/11/29 — 16:36 — page 4 — #20 i
i

i
i

i
i

1. Introduction

Figure 1.3: Bio-inspired milli-/micro-robots: (a) A bio-hybrid stingray
driven by electric actuation [35]. (b) Octopus-inspired swimmer with mi-
crofluidic chemical reactors [36]. (c) Jellyfish-inspired soft robot driven
with magnetic actuation[37]. (d) Electrically-driven robotic honeybee [6].
(e) Sperm-inspired microswimmer that moves under acoustically-generated
flow [38].

scale. Unlike macro-scale robots, microrobots often cannot be energized
with conventional power sources such as batteries [33]. Owing to their
micro-range footprint, microrobots seek indirect means of energy transfer
based on physical or chemical forces. One of the first historic examples
of indirect actuation comes from ancient India (10th century A.D.), where
magnets were used to remove foreign objects from underneath the skin [34].
Decades later, this principle laid the foundation for clinical use of micro-
robots, where magnetic forces to move millimeter-sized magnets in 3-D [28].
Soon after, the first milli-scale robot was shown to move through bovine
organs based on remote magnetic actuation [29]. Another significant mile-
stone among indirect actuation methods was the use of optical laser by
Ashkin to trap and manipulate microorganisms [24]. Popularized in 1980s
as optical tweezers, laser-driven opto-actuation led to the development of a
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1.1 A brief history of microrobots

plethora of microrobots in the following years [39]–[41]. The principle used
in optical tweezers inspired the invention of a similar technique that made
use of sound waves to steer microparticles in fluid [20]. Thereon, manipu-
lation using sound waves became one of the most versatile means of remote
actuation [42], [43]. Besides these physical forces, scientists in the early
20th century also reported microrobots that derived energy from chemical
reactions such as glucose decomposition [30] and peroxide decomposition
[31], that enabled their remote actuation. The late 20th century also wit-
nessed a fusion of the two actuation methods when synthetic liquid-crystal
films were manipulated with optical irradiation [32]. These light-driven
molecules embedded in these films led to the Nobel Prize in Chemistry
(2016), and are popularized as Feringa motors. The important landmarks
in the timeline of microrobotics research are outlined in Fig. 1.2.

The developments in fabrication and actuation technologies were fol-
lowed in parallel with advancements in microscopy techniques. Aside from
high-resolution optical microscopy, the next generation MEMS devices could
now be characterized with electron and force microscopy up to nanometer
scale [21], [25]. Such methods of analysis and characterization provided
an enriched palette of widely available materials and design possibilities
for microrobots [3]. Moreover, the electron and force microscopy tech-
niques have been instrumental in the morphological studies of many bac-
teria and viruses [44], [45]. The intricate structural investigation of such
micro-organisms also catered towards understanding of how micromachines
designed by nature exhibit motion [46], [47]. The concept of biomimick-
ing motion of natural organisms inspired scientists to design microrobots
that imitate the fascinating mechanics of these organisms. Particularly, the
early observations on how microorganisms like bacteria swim in their chal-
lenging environments influenced microrobotic design and actuation princi-
ples for decades [22], [23]. Besides mimicking organisms, the concept of
using body parts or even an entire microorganism in conjunction with arti-
ficial microsystems led to a class of bio-hybrid microrobots [35], [48], [49].
Currently, state-of-the-art in microrobotics research capitalizes on various
biomimetic ideas to design and synthesize micro-components that could be
remotely actuated with methods listed in previous paragraphs. Going be-
yond microrobotics, such design ideas pushed the development of milli-scale
bio-inspired robots with micro-scale movable components (Fig. 1.3). Such
milli-robots find use in scenarios where human intervention is difficult such
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1. Introduction

as aerial surveillance of disaster hit sites [6] or remote clinical therapy for
cardiac patients [35].

Alongside the developments in design and actuation principles of mi-
crorobots, emerged the various application areas for their intended use.
Particularly, the potential of microrobots to perform operations such as
MIS or targeted delivery of drugs in in-vivo or ex-vivo environments, led
scientists to test them under clinically-relevant scenarios [9], [40]. These
scenarios favored actuation principles that compliment existing standards
of clinical observation for e.g., magnetic resonance (MR) imaging, magnetic
particle imaging (MPI), medical ultrasound (US), computerized tomogra-
phy (CT) [50]. The popularity of magnetic actuation principles, as evident
from Fig. 1.2, made magnetically-actuated microrobots the first contenders
to be employed under MR systems [51]. This study was followed by a series
of experiments conducted on MR-actuated magnetic microrobots [52]–[55].
Similarly, the hardware and data acquisition technology employed in US
imaging systems led to the emergence of high-intensity focused ultrasound
systems, which were utilized for actuation of many therapeutic agents [56]–
[58]. Specifically, these focused ultrasound (or focused US) systems have
been used in clinical procedures such as treatment of glaucoma [56], neu-
rosurgery [57] and drug delivery to gastrointestinal tract [58]. Such clinical
procedures often required focused ultrasound to move various agents such
as drug-coated particles or bubbles, which promoted development of many
acoustically-actuated microrobots [59].

Overall, the futuristic vision with MR and US systems as microma-
nipulation tools is to exploit an already available clinical technology as
common hardware for both actuation and imaging of microrobots. Such
a vision calls for design and development of microrobots and their actua-
tion methods premised on the same physical principles as MR and US i.e.,
magnetic actuation and acoustic actuation, respectively. Specifically, this
vision requires development of microrobotic systems that harness magnetic
and acoustic fields for micromanipulation. In addition to these systems,
microrobots have to be tailored such that they can be powered remotely
with magnetic and acoustic fields with properties that complement MR
and US systems, respectively. The studies presented in this doctoral thesis
describe the different fabrication processes, physical principles, and instru-
mentation behind both magnetic and acoustic actuation methods that can
be employed in remote manipulation of microrobots. This doctoral voyage,
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microrobotics

that begins with a reference to a movie, first provides a short teaser to
the magnetic and acoustic actuation methods for actuation of microrobots
before the objectives of this thesis are outlined.

1.2 Magnetic actuation: The art nouveau in
microrobotics

The most classically-known methods in microrobotics research employ ei-
ther magnetic forces or torques to move microrobots [60], [61]. These
magnetically-actuated microrobots comprise of artificial [62]–[64] or bio-
hybrid microrobots [48], [65] with magnetic composition, and magnetic
microorganisms like Magnetotactic bacteria [66], [67]. Based on their de-
sign and magnetic composition, these microrobots can demonstrate various
forms of propulsion under magnetic field. Specifically, they can either be
pulled towards the source of actuation in presence of magnetic gradients
[63], [68], or made to oscillate their body parts under an oscillating uni-
form magnetic field [64], [65]. Generally, the artificial microrobots can be
further classified as passive microrobots [63], which move as a whole entity
when actuated or active microrobots, which consist of movable magnetic
sub-components that sustain their motion [64]. A few examples of passive
and active microrobotics systems are illustrated in Fig. 1.4.

Passive microrobots are usually of sub-mm size (500 µm—1 mm) and
either possess an inherent magnetic anisotropy, or are functionalized with
a layer of magnetic coating. As a result, they do not possess any sub-
components that actively participate in the self-propulsion of these mi-
crorobots, which are usually moved with gradient pulling in fluids[68]–
[70]. Magnetic actuation of passive microrobots often requires sophisticated
hardware, such as assembly of multiple electromagnets, in order to achieve
multiple degrees of motion within their workspace [68]. This method of
magnetic actuation often relies on precise spatial distribution of magnetic
fields (i.e., current input to field map) which can burden both the hardware
and computational requirements of the actuation system[71]. Specifically,
this method of actuation applies to a limited number of microrobots as it is
difficult to exert different magnetic forces to move these microrobots within
the same workspace. Further, such means of magnetic actuation becomes
more difficult for smaller microrobots (∼100 µm). This difficulty arises ow-
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1. Introduction

ing to the dominance of viscous forces offered by the surrounding liquid over
the inertial magnetic forces at micron scale [72]. This limitation pushed for
innovative microrobot designs with heterogeneous magnetic composition,
and new concepts for magnetic actuation, and thereby emerged the active
self-propelling microrobots.

Figure 1.4: Magnetic actuation of passive microrobots: (a) An electro-
magnetic system for actuation of passive microrobots (Image courtesy:
Multi-Scale Robotics Lab, Swiss Federal Institute of Technology, Zurich,
Switzerland) [69]. (b) magnetic resonance system for combined actuation
and imaging of passive microrobots [53]. Active magnetic microrobots:
(c) Magnetically-actuated microgripper [73], (d) Bacteria-inspired magnetic
flagella [74], (e) Bio-hybrid magnetic microswimmer [65],

With the progress in microfabrication techniques, active microrobots of
much smaller footprint (100 nm—250 µm) came to existence [75]. These mi-
crorobots possess nano- to micro-meter sized movable sub-components and
hold the ability for more autonomous self-propulsion under magnetic field
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1.2 Magnetic actuation: The art nouveau in
microrobotics

oscillations [47]. These active components in such magnetic microrobots
enable them to swim through viscous environments like microorganisms.
Thus, they are alternatively referred as microswimmers or microflagella.
Inspired from the design of bacterium and sperm cell, a majority of these
magnetic microswimmers biomimic the flagellar swimming mechanics un-
der oscillating magnetic fields [76]. Although these active microswimmers
overcome the limitations faced by passive microrobots, there are few studies
where multiple such microrobots are used.

Th collective use of multiple microrobots can be beneficial for vari-
ous applications where they can achieve higher efficacy during therapeutic
procedures. For example, multiple microrobots in co-operation can carry
and deliver higher drug dosage, destroy blood clots, or improve contrast of
tumorous sites as contrast agents [77]–[79]. In this regard, the challenge
faced by both passive and active microrobots is their lack of independent
control when deployed in large numbers. This inability to perform in-
dependent motion arises due to the lack of heterogeneity in the induced
magnetic response of these microrobots. Firstly, it is challenging to syn-
thesize active microswimmers with same magnetic composition but differ-
ent magnetic response with commonly available fabrication practices [64].
Secondly, while passive microrobots with heterogeneous magnetic response
are more easily available, their multi-robot actuation is hardware-intensive
and require complex path planning [68], [70]. This limitation calls for an
active microswimmer design with a simplified magnetic actuation strat-
egy that enables independent actuation of multiple microrobots. Notably,
most of the common fabrication practices based on silicon-wafer process-
ing requires multi-step processing to synthesize microrobots with variable
magnetic composition across a single batch. An intelligent solution in this
regard would be to develop microrobots where their induced magnetic re-
sponse differs despite of the same magnetic composition.

Here, the first research question (RQ.1) of this doctoral thesis is
encountered –

RQ.1

How to develop magnetic microrobots that are similar in composition
but can perform dissimilar motion under a common actuation?

Despite some of the aforementioned limitations, magnetic actuation
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1. Introduction

continues to be the most commonly employed method to move microrobots.
In terms of the performance, various magnetic microrobots are often limited
in their speed of operation owing to hardware limitation faced by magnetic
actuation systems. Particularly, active microrobots that rely on oscillating
magnetic fields are limited by the bandwidth of electromagnets that gener-
ate such fast changing field (i.e., ≤150Hz) [80]. An interesting solution to
this limitation is to deploy magnetic microrobots in collaboration with other
actuation methods. Besides standalone magnetic actuation, hybrid mech-
anisms for microrobotic propulsion have recently emerged such as those
based on chemically- [81], acoustically- [82], and optically- [83] induced
forces. Among these methods, the role of magnetic actuation is primarily
for directional steering of the microrobot. Whereas, the other actuation
components can be capitalized for function such as propulsion [81] or to
trigger drug release at a target site [84]. In this regard, acoustic actuation
qualifies as an alternative to magnetic actuation and at the same time com-
pliments US imaging systems in clinical use. Due to its versatile nature,
acoustic actuation finds use in wide variety of applications from diagnos-
tic microfluidic devices, to contactless handling of sensitive agents for e.g.
pollens, zebrafish eggs, seaworms [59]. Hereon, the utility of acoustic ac-
tuation is discussed across these diverse applications that forms a segue to
acoustically-powered microrobots.

1.3 Acoustic actuation: The master of all trades

From the historic use of Chladni plates to assemble sand grains [85], to
present-day COVID-19 antigen testing kits [86], use of contactless acoustic
actuation is ubiquitous. In applications such as label-free drug testing [87],
transport of nanoparticles [88], and study of microorganisms [89], acoustic
actuation can be applied to a wide variety of materials in a biocompatible
fashion. Such versatile applications of acoustic actuation exist due to the
convenient access to devices that emit a wide range of available sound fre-
quencies (1 kHz—100 MHz). Conversely, this wide frequency range opens
up possibilities to perform manipulation of target agents that may span
across orders of length (i.e, 100 nm—1 mm) [59]. These target agents can
also be attributed functionalities for autonomous self-propulsion and be de-
veloped into acoustic microrobots. With regards to acoustics, the actuation
methods are instead classified into passive and active manipulation meth-
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ods based on the role of the target agent or microrobot in the manipulation
process. Similar to that in magnetic microrobots, the passive manipulation

(b)

(d)

(a)

(c)
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beam
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Figure 1.5: Acoustic actuation methods: (a) Ultrasonic arrays steer kidney
stones out of a porcine bladder (Image adapted from [43]), (b) Acoustically-
powered lab-on-a-chip device for blood enrichment (Image courtesy: Anne
Trafton, MIT News, adapted fromWu et al. [87]), (c) Acoustically-powered
cyclic microfluidic channel for tumor analysis (Image adapted from [90]),
(d) Ultrasound-mediated cavitation of bubbles for drug delivery in gastroin-
testinal tract (Image courtesy: Melanie Gonick, MIT News, adapted from
Schoellhammer et al. [58])

methods do not rely on the agent’s involvement in the actuation process
and instead depend on the source of acoustic actuation. Likewise, the ac-
tive manipulation methods involve acoustic microrobots which comprise
of movable sub-components that vibrate in response to acoustic actuation
and thus result in their motion. Both the passive and active manipulation
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1. Introduction

methods further expand into a cluster of applications premised upon the
different physical principles of acoustic actuation as described further.

The physics behind interaction of sound waves with both the medium,
and the agents present in it e.g, particles or bubbles, governs such diverse
applications of acoustic actuation [91]. Specifically, three broad principles
of acoustic micromanipulation methods can be deduced from these physical
interactions, that will be expanded further in Chapter 3 of this thesis.

1. Sound waves emitted from multiple sources can be used to
suspend and steer particles in both air and fluids (Fig. 1.5a)

2. Interaction of sound waves with fluids in particular, can either
assemble particles (Fig. 1.5b), or create circulation currents to
transport particles (Fig. 1.5c)

3. Sound waves may create, vibrate or implode bubbles that are
immersed in fluids (Fig. 1.5d)

Among these principles described above, the sound-fluid interactions
form the backbone of many modern point-of-care diagnostic platforms in
microfluidics [91]. In contrast, steerable acoustic beams formed by multi-
ple sources are employed as surgical equipment for reposition, destruction
or expulsion of kidney stones [92]. These two principles broadly consti-
tute the passive methods for acoustic manipulation. The passive manip-
ulation methods encompass the scenarios where sound waves can travel
along interfaces between two different media or through the bulk of a sin-
gle medium [59]. These scenarios represent acoustic actuation principles
used in microfluidics (2-D manipulation) and steerable beams (3-D manip-
ulation), respectively. Based on the first two principles, the next part of
this thesis explores acoustic actuation methods from their respective un-
derlying physics, to the implementation under various application-specific
scenarios. Thereon, each of the first two principles is capitalized to develop
acoustically-powered devices for contactless micromanipulation of various
target agents.

Here, the second research question (RQ.2) of this doctoral thesis
is encountered –
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RQ.2

How can acoustic actuation principles be exploited to build micro-
robotic systems for 2-D and 3-D micromanipulation?

The last of the three principles is currently in use with focused US
transducers as actuation hardware for drug delivery. This strategy to em-
ploy bubbles for clinical applications provides basis for an emerging class
of bubble-powered acoustic microrobots [93]. The concept of using vibra-
tory elements for propulsion has been employed in various designs of active
acoustic microrobots [94]–[99]. The design of these microrobots typically
comprise of micro- or nano-scale sub-components like flagella [94] or en-
trapped bubbles [96], that vibrate when exposed to sound waves. Most
common of these designs are bubble-powered microrobots which are in-
spired from therapeutic use of bubbles under focused US transducers [58],
[100], [101].

These acoustic microrobots have the ability to travel 10-100 times their
body length per second as they can be actuated with up to MHz-range
ultrasound frequencies [97]. As a result, they show much greater speeds of
motion as compared to other active magnetic microswimmers, which are
limited to ≤150 Hz oscillation frequencies. However, the current gener-
ation of acoustic microrobots suffer through various limitations. Firstly,
synthesis of these microrobots requires multi-step processing and is lim-
ited to only few axis-symmetric designs owing to their dependence on 2-D
lithography-based fabrication [93]–[95]. With the advent of multiphoton
lithography described in Section 1.1, microrobots can now be 3-D printed
at nanometer scale, which offers tremendous potential to transform their
design [96]. Secondly, the longevity of these microrobots is limited to the
lifetime of a single constituent bubble. Besides, only a few studies have
been performed with up to millimeter-scale robots that contain more than
one bubble which also opens up possibilities for new microrobotic designs
[96]. Thus, the ability to 3-D nano-print microrobots that can reinforce
acoustic response from multiple bubbles can precipitate new concepts of
their actuation.

Addressing such prospects, the third research question (RQ.3) of
this doctoral thesis investigates –
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RQ.3

What kind of designs and actuation strategies be developed with
acoustic microrobots powered by multiple bubbles?

Although successful in terms of their performance, bubble-powered acous-
tic microrobots are limited in their steerability. Standalone acoustic actu-
ation requires microrobots to possess multiple bubbles in order for them to
achieve multiple degrees of motion [93], [96]. However, among these listed
microrobots with multiple bubbles, directional steering is only achieved
when these constituent bubbles are of different but precise lengths to allow
their frequency-selective actuation. Such strict design requirements enforce
fabrication constraints on the synthesis of these microrobots. Specifically,
the functionalization steps necessary to form bubbles in these microrobots
does not guarantee both formation and retention of bubbles of such spe-
cific sizes. Alternatively, acoustic microrobots can overcome this challenges
by joining forces with another actuation method in a hybrid manner as
discussed earlier.

Thus, the last part of this doctoral voyage goes back to its first con-
tender, i.e., magnetic actuation, as a substitute for directional steering of
acoustic microrobots.

1.4 Magneto-acoustic actuation: A successful
communion

The fusion of magnetics and acoustics has been frequently used to guide var-
ious clinical interventions under simultaneous MR and US imaging modal-
ities [102], [103]. Besides, various focused US systems have been employed
to perform therapeutic functions for e.g. chemotherapy [101], bubble-based
drug delivery [104], ablation [105], [106] in sensitive regions of the human
body such as brain, gastrointestinal tract. Such advancements led to a
collaborative use of MR and focused US systems to facilitate combined
imaging and actuation of clinical micro-agents [107], [108]. This emerging
technology, known as MR-guided focused US system, enables activation
and delivery of clinical micro-agents to sensitive sites such as the blood-
brain barrier. In these examples, the roles MR and US systems play in
standalone actuation may vary from magnetic activation of the lipsomes
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[109], to acoustic cavitation of the microbubbles [110]. This collaborative
use of MR and US systems holds prospects for microrobotic studies where
the burden of actuation can be co-shared by either of the two systems.
Moreover, such a collaboration may also relax the design requirements for
the microrobots, as well as hardware requirements for their actuation. The
aim to fulfill this vision makes it is essential to develop microrobots that
can be powered simultaneously with magnetic and acoustic actuation.

Complimentary to both US-driven clinical agents and acoustic micro-
robots, bubbles stand out as promising candidate for design of magneto-
acoustic microrobots [79], [111]. Among the previously described acoustic
microrobots, a few are bubble-powered and coated with an additional mag-
netic layer to enable their magnetic steering [95], [97]–[99]. However, the
fabrication processes used to make them magnetic is complex and requires
multi-step processing [95], [99]. Whereas, the microrobots that require sim-
pler fabrication comprise of a single bubble and may become dysfunctional
if that bubble dissolves away [97], [98]. This simplified fabrication process
comprises a physical deposition of magnetic layers on 3-D printed acoustic
microrobots. Based on this process, the microrobots with multiple bub-
bles described earlier, is functionalized with additional magnetic layers to
create magneto-acoustic microrobots. Additionally, the design metrics of
these microrobots provide a modular approach where the morphology of
their constituent bubbles produces different types of motion, each suitable
for a specific application. This utility is presented broadly in form of two
different designs of magneto-acoustic microrobots with multiple constituent
bubbles. Thus, the final part of this thesis answers the fourth research
question (RQ.4) of this doctoral thesis –

RQ.4

How can bubble-powered propulsion join forces with magnetic
steering for actuation of magneto-acoustic microrobots?

1.5 Research questions and outline of the thesis

In a nutshell, this doctoral thesis entails a voyage over several studies that
answer the following four research questions outlined in the Introduction:

15
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1. Introduction

RQ.1 How to develop magnetic microrobots that are similar in composition
but can perform dissimilar motion under a common actuation?

RQ.2 How can acoustic actuation principles be exploited to build micro-
robotic systems for 2-D and 3-D micromanipulation?

RQ.3 What kind of designs and actuation strategies be developed with
acoustic microrobots powered by multiple bubbles?

RQ.4 How can bubble-powered propulsion join forces with magnetic steering
for actuation of magneto-acoustic microrobots?

Following this Introduction, the thesis is organized into four parts with
seven chapters that describe the aforementioned research studies. In Part
I, design and actuation mechanism of a bio-inspired magnetic microrobot is
presented. Chapter 3 addresses RQ.1 and presents magnetic microrobots
that are similar in construction but move differently under the same applied
actuation [112]. These microrobots show bidirectional propulsion akin to
bacteria and sperm cells when actuated with spherically-oscillating, i.e.,
rotational magnetic field. Specifically, two different geometries of these mi-
crorobots are presented referred to as arc-shaped microswimmers due to
the shapes they presume as they swim in fluids. Both these microrobots
require similar fabrication process but they possess the unique ability to
reverse their swimming direction without any reversal of the direction in
which rotational field is applied. The reversal in their motion is triggered
by a change in the precession angle of the rotational field. As the two
microswimmers reverse their swimming at two distinct precession angles
of the rotational field, these angles are used to control their direction of
motion independent of each other. Thus, despite of sharing the same com-
position, these microrobots move independently due to slight difference in
their geometry under a common magnetic actuation.

Part II unveils acoustic actuation as a paradigm for manipulation of
passive micro-agents and acoustic microrobots. Chapter 3 surveys different
methods of contactless acoustic micromanipulation with their governing
physics, instrumentation required for actuation and various clinical appli-
cations where they can be employed [59]. Following the survey, two specific
methods of passive acoustic manipulation are selected to address RQ.2
in form of acoustically-powered devices presented in Chapters 4 and 5.
In Chapter 4, an acoustically-powered microfluidic channel is presented
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as a solution for label-free and contactless transport of micro-agents like
particles, cells or microrobots. This microchannel consists of array of mi-
crostructures that vibrate to produce an induced flow whose direction can
be tuned to acoustic frequencies [38]. As a result, the acoustically-induced
flow so produced can be used to transport microparticles in either direc-
tion within the channel. Next, Chapter 5 presents an acoustically-powered
array of immersible transducers, called SonoTweezer, for underwater bulk
manipulation of micro-agents. SonoTweezer is a compact, low power, and
one of the smallest transducer arrays in the state-of-the-art that enables
such contactless micromanipulation. Herein, the theoretical modeling, con-
struction and experimental validation of the array is described. Finally,
the array is mounted on a robotic manipulator to demonstrate long-range
actuation of sub-millimeter size agents over trajectories that span several
centimeters. Thus, SonoTweezer presents a promising alternative to com-
parable magnetic actuation systems in clinical scenarios where auxiliary
magnetic hardware is undesirable such as MR-guided interventions.

Thereon, the active acoustic microrobots described in Chapter 3 lay the
foundation of Part III of the thesis. In this part, both Chapters 6 and 7
address the design and actuation considerations of bubble-powered acoustic
microrobots posed in RQ.3. Chapter 6 introduces gear-inspired designs of
acoustic microrobots where axis-symmetric arrangement of multiple bub-
bles enables rotational motion of these microrobots [82]. The rotational
motion of these microrobots is targeted towards micro-mixing operation
in lab-on-a-chip studies. Microrobots as contactless gears offer convenient
alternative to existing micro-mixing platform that are hard bonded to their
actuation sources and thus are not reusable. Within this study, two different
types of rotational propellers are presented that act as micro-mixing gears
in 2-D and 3-D, respectively. Next, Chapter 7 presents an inventive design
of acoustic microrobot that embodies inner working of the acoustically-
powered microchannel presented earlier in Chapter 4. These microrobots
contain arrays of multiple bubbles arranged like the vibrating structures
of the microchannel that produce a flow through the body of the micro-
robot. As a result, this microrobot, called CeFlowBot, exploits acoustically-
induced flow through them to mimic the pumping mechanisms shown by
cephalopoda species of organisms like squid and octopus. This pumping
mechanism can further tuned to show grab and release of nearby particles,
and thereby function as a tool for targeted micromanipulation.
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1. Introduction

Finally, magnetic and acoustic actuation strategies join forces in the
latter part of both Chapters 6 and 7 to address RQ.4. The gear-like mi-
crorobot presented in Chapter 6 is functionalized to move under combined
magneto-acoustic fields. These steerable microrbotic gears can now be ma-
nipulated to different target spots within their workspace and perform rota-
tional motion. The steerability of these gear-like microrobots makes them
useful for targeted therapy such as to provide local flow-assisted stimulation
of cells. Likewise, magneto-acoustic CeFlowBots are presented in Chapter
7 that can be manipulated along complex trajectories.

The last part Part IV provides conclusions on all the three parts en-
tailed above and provide future directions for these research studies. In ad-
dition to the future directions in each of the respective studies, this chapter
also provides a vision for collaboration between the different microrobotic
systems so described. Following these futuristic ideas, a compendium of
all the appendices is provided that entails supporting information on the
methodologies used in the respective studies.

1.6 Research framework

All the research studies that constitute this doctoral thesis have been
supported by the funds from the Netherlands Organization for Scientific
Research (Innovational Research Incentives Scheme - VIDI: SAMURAI
(Steering Actuated Probes under Magnetic- and Ultrasound-Guidance for
Targeted Interventions) project #14855). All the studies presented in this
thesis have been performed with the experimental setups at the Surgical
Robotics Laboratory (SRL), in the Department of Biomechanical Engi-
neering of the University of Twente, Enschede, the Netherlands. Within
these studies, the fabrication of acoustic microrobots have been done at
the Nanolab facility of the MESA+ Institute of Nanotechnology at Uni-
versity of Twente. The experimental system primarily used for these stud-
ies, SonoMag, has been assembled and programmed to enable combined
magneto-acoustic actuation of microrobots. In addition, a system of ul-
trasonic immersible phased array, SonoTweezer, is assembled and used in
conjunction with a robotic manipulator (UR5, Universal Robots, Odense,
Denmark) at SRL for the studies reported in Chapter 5 of this thesis.
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1.7 Scientific output

The studies presented in this doctoral thesis have been a part of the fol-
lowing articles that have been published or under review in the follow-
ing journals and international conferences (in the order of their publica-
tion/submission):

1.7.1 Peer-reviewed journal articles

1. S. Mohanty, U. Siciliani de Cumis, M. Solsona, and S. Misra, Bi-
directional transportation of micro-agents induced by symmetry-broken
acoustic streaming, AIP Advances, 9(3): 035352.1–035352.5, 2019.

2. F. Ongaro, D. Niehoff, S. Mohanty, and S. Misra, A Contactless and
Biocompatible Approach for 3D Active Microrobotic Targeted Drug
Delivery, MDPI Micromachines, 10(8): 504.1-504.11, 2019.

3. S. Mohanty, Q. Jin, G.P. Furtado, A. Ghosh, G. Pahapale, I.S.M.
Khalil, D.H. Gracias, and S. Misra, Bi-directional propulsion of arc-
shaped micro-swimmers driven by precessing magnetic fields, Advanced
Intelligent Systems, 2(9): 2000064.1-2000064.10, 2020.

4. S. Mohanty, I.S.M. Khalil, and S. Misra, Contactless acoustic mi-
cro/nano manipulation: A paradigm for next generation applications
in life sciences, Proceedings of the Royal Society A: Mathematical,
Physical and Engineering Sciences, 476(2243): 20200621.1–20200621.26,
2020.

5. J. Sikorski, S. Mohanty, and S. Misra, MILiMAC: Flexible catheter
with miniaturized electromagnets as a small-footprint system for mi-
crorobotic tasks, IEEE Robotics and Automation Letters, 5(4): 5260–5267,
2020.

6. V. Magdanz, I.S.M. Khalil, J. Simmchen, G.P. Furtado, S. Mohanty,
J. Gebauer, H. Xu, A. Klingner, A. Aziz, M. Medina-Sánchez, and
O.G. Schmidt, IRONSperm: Sperm-templated soft magnetic micro-
robots, Science Advances, 6(28): 5855.1–5855.15, 2020.

7. V. Magdanz, J. Vivaldi, S. Mohanty, A. Klingner, M. Vendittelli,
J. Simmchen, S. Misra, and I.S.M. Khalil, Impact of segmented mag-
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netization on the flagellar propulsion of sperm-templated microrobots,
Advanced Science 8(8): 2004037.1–2004037.17, 2020.

8. S. Mohanty, J. Zhang, J.M. McNeill, T. Kuenen, F.P. Linde, J.
Rouwkema, and S. Misra, Acoustically-actuated bubble-powered rota-
tional micro-propellers, Sensors and Actuators B: Chemical, 347(15):
130589.1-130589.7, 2021.

9. S. Mohanty, A. Paul, P.M. Matos, J. Zhang, J. Sikorski, and S.
Misra, CeFlowBot: A biomimetic flow-driven microrobot that navi-
gates under magneto-acoustic fields, Small, 2021, in press.

10. F. Suligoj, C.M. Heunis, S. Mohanty, and S. Misra, Intravascu-
lar tracking of micro-agents using medical ultrasound: Towards clini-
cal applications, IEEE Transactions on Biomedical Engineering, 2021
(Under review).

11. S. Mohanty, R. Fidder, P.M. Matos, C.M. Heunis, M. Kaya, N.
Blanken, and S. Misra, SonoTweezer: An acoustically-powered end-
effector for underwater micromanipulation, IEEE Transactions of Ul-
trasonics, Ferroelectrics and Frequency Control, 2021 (Under review).

1.7.2 International conference proceedings and poster pre-
sentations

1. J. Sikorski, S. Mohanty, and S. Misra, MILiMAC: Flexible catheter
with miniaturized electromagnets as a small-footprint system for mi-
crorobotic tasks, Proceedings of the 2020 IEEE International Confer-
ence on Intelligent Robots and Systems (IROS), Las Vegas, NV, USA,
October 2020.

2. S. Mohanty, and S. Misra, Acoustically-powered bubbles: from meta-
materials to contactless actuators, 24th Engineering Mechanics Sym-
posium, Graduate School of Engineering Mechanics, TU Eindhoven,
The Netherlands, 26 October – 2 November 2021. (Best PhD presen-
tation award within category of metamaterials)
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actuation of microrobots

Exploring the most commonplace means of manipulation
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Preface

For decades, magnetic manipulation methods have been ubiquitously used
for actuation of microrobots. These methods broadly constitute approaches
where actuation systems either employ gradient pulling of passive micro-
robots, or trigger self-propulsion of active microrobots. As previously de-
scribed in Chapter 1, the actuation of passive microrobots predominantly
requires complex planning of motion trajectories, precise distribution of
magnetic fields and hardware-intensive control strategies. Passive actu-
ation systems rely on control-oriented approaches which often limit the
number of microrobots that can be manipulated within the workspace of
the system. Owing to these limitations faced by these control-oriented
approaches, Part I of this thesis provides a design-oriented approach to
achieve independent actuation of microrobots. Specifically, design of active
microrobots are presented that can move differently under the same type
of applied magnetic actuation despite similar magnetic properties.

The most common approach used for actuation of active magnetic mi-
crorobots are based on oscillating magnetic fields to induce swimming mo-
tion in these robots. Also known as magnetic microswimmers, these micro-
robots beat their flagellar appendages to swim like microorgansisms for e.g.,
bacteria, sperm cells, algae. Inspired from such biological designs, Chapter
2 describes arc-shaped microswimmers which also consist of a rigid head and
a long flexible flagellum, both with different magnetic compositions. These
microswimmers make use of spherical rotations of uniform magnetic fields
to show their own rotational motion. Compared to passive microrobots, a
simpler approach of magnetic actuation is used in Chapter 2. The magnetic
actuation system used here controls three parameters namely, field magni-
tude, frequency of rotation, and cone angle about which the applied field
rotates i.e., field precession. The unique design of these microswimmers
allows a reversal in the direction of their motion based on the field preces-
sion angle without any reversal in the direction of rotational field. This
bidirectional motion is explained based on the heterogeneous response of
the head and the flagellum of these swimmers in response to a change in the
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field precession. As a result, an elastic wave is induced in the body of these
swimmers which changes its direction triggered by the field precession.

Two such swimmer designs are presented with same magnetic compo-
sition albeit slight difference in their planar geometry that enables their
motion reversal at two different values of field precession. Owing to the
characteristic motion reversal at two different values of field precession, the
two types of swimmers can be actuated independently. Finally, the inde-
pendent motion of these two swimmers is demonstrated where they move
in the same direction and switch to opposite directions based on a single
control input, i.e., field precession.
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2
Bidirectional propulsion of arc-shaped

microswimmers driven by precessing mag-

netic fields

Note: Following chapter is adapted from the article “Bi-directional propul-
sion of arc-shaped micro-swimmers driven by precessing magnetic fields”
by S. Mohanty*, Q. Jin*, G.P. Furtado, A. Ghosh, G. Pahapale, I.S.M.
Khalil, D.H. Gracias, and S. Misra (2020) published in “Advanced Intelli-
gent Systems”, volume 2, issue no. 9, pages 2000064-1–2000064-10

Abstract

The development of magnetically-powered microswimmers that mimic the
swimming mechanisms of microorganisms are important for lab-on-a-chip
devices, robotics, and next-generation minimally-invasive surgical interven-
tions. Governed by their design, most previously described untethered
swimmers can be maneuvered only by varying the direction of applied ro-
tational magnetic fields. This constraint makes even state-of-the-art swim-
mers incapable of reversing their direction of motion without a prior change
in the direction of field rotation, which limits their autonomy and ability
to adapt to their environments. Also, owing to constant magnetization
profiles, swarms of magnetic swimmers respond in the same manner, which
limits multi-agent control only to parallel formations. Herein, we present a
new class of microswimmers which are capable of reversing their direction of

*contributed equally to the work
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precessing magnetic fields

swimming without requiring a reversal in direction of field rotation. These
swimmers exploit heterogeneity in their design and composition to exhibit
reversible bidirectional motion determined by the field precession angle.
Thus, the precession angle can be used as an independent control input for
bidirectional swimming. Design variability is explored in the systematic
study of two swimmer designs with different construction. Two different
precession angles are observed for motion reversal, which is exploited to
demonstrate independent control of the two swimmer designs.

2.1 Introduction

There exist motile microorganisms such as bacteria and sperm cells that
adopt versatile swimming mechanisms to improve their mechanical effi-
ciency regardless of the rheological characteristics of their environment.
They are known to tackle obstacles in drag dominated viscous media thereby
facilitating complex biological functions [113]. Notably, many species of
bacteria undergo polymorphic transformations with their flagellar appendages
to propel themselves forward and backward [114]–[117]. Akin to bacteria,
sperm cells have been reported to swim backwards in a female reproductive
tract in order to fertilize an egg [118]–[121]. Inspired by nature, many in-
genious artificial [9], [122], [123] and bio-hybrid microswimmers [124]–[126]
have been engineered to mimic these cellular biological microorganisms,
and imitate their motion at low Reynolds numbers. The most prolific of
these are helical magnetic micro- and nano- swimmers that readily align
their tails in response to time-varying magnetic fields that causes them to
propel forward [127]–[129].

Advances in microfabrication have enabled the construction of micro-
swimmers which can reconfigure their morphology in order to achieve lo-
comotion in confined workspaces [130], [131]. However, many of these pre-
viously developed micro-swimmers lack the ability to actively reverse their
magnetic anisotropy while in motion. Hence, these swimmers cannot read-
ily reverse their swimming direction like bacteria or sperm cells, without a
prior simultaneous reversal in the direction of the applied magnetic field.
This inability limits their utility under certain robotic or clinically-relevant
scenarios. Specifically, one-tailed micro-swimmers need to flip themselves in
order to reverse their direction, which is not possible in constricted chan-
nels with shorter width than their body-length [62]. Elsewhere, helical
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2.1 Introduction

Figure 2.1: (a-b) Schematics of the arc-shaped micro-swimmer in motion
with consecutive swimming strokes superimposed on each other. (a) The
shape of the swimmer with its triangular-shaped head pitching forward,
with a purely cylindrical magnetic field. (b) The shape of the swimmer with
its flagellum pitching forwards, with a magnetic field applied at lower pre-
cession angles. (c-d) SEM images of the two swimmer geometries, namely,
(c) Type I and (d) Type II, with the head-body tilt (γ) of 30o and 45o

shown in their respective insets. (e-g) The orientation of the swimmer in,
(e) absence of field before lift-off and (f) after lift-off , and (g) under a con-
stant magnetic field (B = 5mT). The net dipole moment of the swimmer
is marked with a red arrow.

micro-swimmers that can readily reverse their direction upon changing the
direction of magnetic rotation cannot be controlled individually when mul-
tiple swimmers are steered in unison [127], [132]. This limitation prohibits
the swimmers from performing co-operative tasks as they continue to move
in parallel formations, and are thus incapable of dynamic self-organization.
In order to address this limitation, many micro-swimmers have been re-
engineered to incorporate heterogeneous or anisotropic designs in order to
achieve motion differentiation in response to a common driving external
stimulus [64], [133], [134]. For instance, departing from the conventional
design of a sperm cell, a two-tailed micro-swimmer has been reported with
the ability to propel back-and-forth based on the resonant frequency of
planar oscillating magnetic fields [64], [135]. While the two-tailed design
imparts the swimmer heterogeneity for bi-directional swimming, the swim-
mer propels with a significantly low velocity compared to its dimension (up
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to 0.11 body lengths second) [64]. On the other hand, flagellar kinemat-
ics of bacteria have also been explored to find correlations between their
geometry and the consequential motile behavior [136]–[138]. Notably, the
flagella of a bacterium has been reported to actively participate in both
advancing its cell body forward and pulling it backwards in a competing
fashion [138]. Consequently, bacteria can actively switch between forward
and backward propulsion. Moreover, the tilt of the bacterial cell body to
its flagellum has also been reported to enhance their swimming velocity
in either direction [137]. Inspired by this cellular morphology, a micro-
swimmer with a tilted flagellar appendage has been reported to switch to
backward swimming motion under varying frequencies of rotating magnetic
fields [133]. This observation is premised upon the swimmer’s precessing
head competing against its flagellum, as both of them try to inscribe helical
trajectories of different radii and chirality [133]. Alternatively, in case of
the planar motion of a photo-actuated swimmer, motion reversal has been
attributed to the phase difference of oscillation between the head and the
flagellum [139].

Inspired by the bacteria morphology, in this work, we design asymmet-
ric arc-shaped microswimmers with a tilted head-flagellum geometry and
demonstrate their capability to swim forwards and backwards by applica-
tion of precessing magnetic fields. We analyze the observed motion reversal
to be premised upon the different beating patterns of the head and the flag-
ellum. This physical property of our swimmer manifests into a difference in
phase and amplitude of rotation for the two respective constituents. More-
over, the motion reversal occurs independent of the direction of applied
magnetic field rotation and its frequency. Thus, the precession angle of
the field serves as an important input for motion control. Furthermore,
we demonstrate two swimmer designs with different head-flagellum tilt but
same material composition result in two different precession angles for mo-
tion reversal. Finally, we utilize the precession-induced motion reversal of
the swimmers to achieve independent motion control of two different mi-
croswimmers. Thereby, our approach provides a new basis to achieve mo-
tion differentiation in magnetic microswimmers, synthesized with the same
material composition. As a result, our findings contribute to the state-of-
the-art fabrication methods premised upon photolithography by achieving
functionally dissimilar swimmers with batch fabrication.
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2.2 Results and discussions

In this work, we describe an asymmetric microswimmer with a rigid trian-
gular head attached to a long flexible flagellum, with a tilt angle between
the two components. In addition to the asymmetry in geometry and rigid-
ity, we also introduce a heterogeneous magnetic composition by having
a higher magnetization volume in the swimmer’s head than the flagellum.
These unique features in our swimmers provide them the scope for dynamic
reconfiguration around their principal axis when subjected to changing pre-
cession of rotation. Consequently, the application of precessing fields on our
swimmers can de-couple the two effects, i.e. I - precession-driven alignment,
and II - rotation along the long axis of the swimmer body [134]. Therefore,
we can effectively exploit precession angle of the field as an additional de-
gree of motion control. We propose that a change in field precession results
in the spatial conformations of the head and flagellum, as depicted in Fig.
2.1a and 2.1b, which alters the swimmer’s behavior to induce a motion re-
versal. Moreover, the tilt angle between the swimmer’s head and flagellum
also determines the extent to which it synchronizes with the changing field
precession angle. In order to measure this variability, we investigate two
different designs, with the tilt angle of 30o (Type I) and 45o (Type II),
as shown in Fig. 2.1c and 2.1d, respectively. These design specifications
are inspired by a study on bacterial flagellar kinematics that reports opti-
mal swimming with a body-flagellum tilt close to 40o–50o range [137]. We
thus chose the design metrics closer to these values for our experimental
investigation. Herein, we extensively study the aforementioned swimmer
designs and characterize their velocities in either direction by varying both
the precession angle of the applied field, and its frequency.

2.2.1 Design of asymmetric microswimmer

Inspired by the curved and rod-shaped bacteria [136], [137], we propose
an asymmetric arc-shaped micro-swimmer design. Fabricated using pho-
tolithography and thin film deposition [140], [141], the swimmer features
asymmetry in geometry, rigidity, and magnetization between the two com-
ponents: the head and the flagellum. The head is a rigid triangle with
an aspect ratio of 1:2 and total thickness of 200 nm. The long flagellum
has an aspect ratio of 1:30, total thickness of 140 nm, with lower iron pro-
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2.2 Results and discussions

Table 2.1: Dimensions and easy axis alignment of the swimmer

Swimmer Head-flagellum
tilt
γ’ [o]

Magnetic
misalign-
ment
δ [o]

Tip to tip
length
[µm]�

Arc radius
[µm]�

Type I 36.0 ± 3.0 (γ =
30)

9.0 ± 3.2 186.5 ± 7.4 157.3± 12.7

Type II 61.3 ± 2.9 (γ =
45)

17.2 ± 5.7 175.5 ± 4.5 ± 6.3

portion than the head. In addition, we design two variants with different
tilt angles in order to examine the influence of geometrical configuration
of the respective components. These variants, namely Type I and Type
II, possess the head-flagellum tilt of 30o and 45o respectively as shown in
Fig. 2.1c and 2.1d. Hereon, we focus on characterizing the motion of the
Type II swimmer first, and later provide a comparison between these two
swimmer variants. After fabrication, the swimmers are released from the
substrate by dissolving a Cu sacrificial layer using ammonium persulfate
(APS) solution, to suspend the swimmers in water. The stress difference
in the SiO/SiO2 bilayer in the flagellum ensures that the swimmers acquire
a bi-lateral deformation, and thus form an arc-shape upon their release.
The effective tip-to-tip length and arc-radius of the swimmer following its
release are outlined in Table 2.1. Magnetic actuation of the swimmer is
achieved using a three-pair Helmholtz coil system that provides uniform
rotational magnetic field at its center. A detailed description of the fab-
rication procedure and experimental setup can be found in the Appendix
A.1.

Importantly, due to its geometry and higher iron content than the
flagellum, the head dominates the magnetic moment of the entire micro-
swimmer. This dominant magnetic head ensures that it preferentially aligns
with the precessing magnetic field, and thus the flagellum, owing to its tilt,
precesses differently with varying precession angle of the field. We verify
this behavior by subjecting the swimmer to a static magnetic field to de-
termine its easy axis and found that the head aligned well with the field.

�Length of the swimmer (l) and radius (r) is shown in Figure S1 (Appendix A.1)
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In order to assess the variance in easy axis orientation of the swimmer, we
define a magnetic misalignment angle to be the angular difference between
the orientation of the swimmer’s triangular-shaped head and its net mag-
netic moment (marked red), denoted as δ in Fig. 2.1g. In addition to the
magnetic misalignment δ, we introduced two more geometric parameters.
Before lift-off, the original tilt angle between the head and flagellum is de-
noted as γ, which equals to 30o for Type I and 45o for Type II (Fig. 2.1e).
After lift-off, the angle between the head and the flagellum changes slightly
due to the extra curvature introduced by the stress in the bilayer, denoted
by γ’ (Fig. 2.1f). Table 2.1 reports the post-release angle γ’ and the mag-
netic misalignment angle (δ) with respect to a constant field (5mT). We
will later discuss in detail how these parameters affect the motion under
the precessing field.

2.2.2 Reversible motion and theoretical discussion

Our investigation begins with a control experiment to observe vertical mo-
tion and the corresponding flagellar deformations of a selected Type-II
swimmer under the precessing magnetic field (B=4mT, f=3-4Hz, θ=50o-
90o). We first apply the precessing field at an angle (θ) of 90o (purely
cylindrical). We observe that the swimmer moves with its head inscrib-
ing a larger amplitude of rotation than that of the flagellum as it moves
vertically. As we tilt the vertical axis of the applied field i.e. the pitch
angle to 45o, we observe that swimmer moves in a forward direction. Cor-
respondingly, for this tilted pitch the swimmer moves vertically upwards
as its head moves away from the focused imaging plane at field precession
angle θ = 90o as can be seen in Movie S1. Next, we gradually lower the field
precession angle θ to find that the head precesses with a decreasing ampli-
tude. Simultaneously, the flagellum rotates with an increasing amplitude
as shown in Fig. 2.2a and the swimmer transitions to a backward motion
upon tilting the vertical pitch (Movie S1). The lateral displacements of
the swimmer pitched at a vertical angle of 45o suggests that its back and
forth motion is not due to gravity (Movie S1). Moreover, as we explore the
lateral motion of our swimmer in the range of θ=70o to 80o, we observe
a transitional phase where no net motion occurs (Movie S1). In addition
to these observations, the beating of the flagellum as θ is varied from 90o

to 70o appears to be different. We delineate further into this observation
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2.2 Results and discussions

by representing the trajectory inscribed by the head and flagellum respec-
tively in polar coordinates. Hereby, we decouple the radial amplitude (ρ)
of oscillation and phase of rotation (Φ) for both the head and flagellum
in the X-Y plane of rotation. Thus, the rotational phase (Φ) provides the
relative phase difference between the head and flagellum as shown in Fig.
2.2b. At low precession angles, θ = 50o-60o, the flagellum leads the head
by a fixed phase angle i.e. Φh - Φf <0. As θ is increased from 60o to 90o,
we observe that the flagellum encounters a phase crossover and begins to
have a phase lag with respect to the head i.e. Φh - Φf >0.

Correspondingly, the amplitude of oscillation ρ for the head (blue) and
flagellum (red) vary considerably for changing values of θ as shown in Fig.
2.2b (inset). Specifically, the oscillatory pattern of flagellum transitions
from circular (orange) at θ = 50o to planar in x-axis (yellow) at θ = 70o,
and eventually planar in y-axis (green) at θ = 90o (Fig. 2.2b, inset). As
a result, the field precession angle forces the swimmer to exhibit variable
beating patterns premised upon two visibly different configurations. At
θ=90o, the head precesses with a longer appendage akin to an arc leaning
forward (Fig. 2.2c - top, bottom right panel, indicated by green color).
While θ=60o the flagellum precesses with a longer appendage akin to an
arc leaning backward (Fig. 2.2c - top, bottom left panel, indicated by red
color). We explain this observation to occur due to a change in relative
direction of oscillation of the flagellum with respect to the head as the field
precession changes from θ=70o to 80o (Movie S1). Here, even though the
flagellum makes a nearly planar rotational motion, its direction of rotation
is opposite to that of the head as θ reaches close to 80o, indicated by
stop points in Movie S1. Similar observation has been made with the
bi-directional behavior of bacteria where its head and flagellum rotate in
different patterns [133], [136].

Owing to the heterogeneity in our design, the dominant magnetic head
of our swimmer can orient itself to the changing field precession angle.
Thereafter, the tilted attachment of the head enforces the flexible flagellum
to align and eventually follow the rotational field. Secondly, as the flag-
ellum is also magnetic, it encounters competing influence of the magnetic
torque and retarding torque due to drag forces along its body. When the
precession angle of the field is changed, the balance between the magnetic
torque and drag torque is disturbed which gives rise to different deforma-
tions in the flexible flagellum. As a result, the flagellum changes its beating
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pattern between planar and helical while the head always maintains a heli-
cal trajectory. Hence, the arc-shaped deformation of the flexible flagellum
ensures that the swimmer does not drift from its principal axis of rotation
unlike rigid swimmers under precessing fields [134]. In the next section, we
further analyzed the swimmer trajectories to quantitatively study the pat-
terns of motion and correlate the resulting phase changes with the swimmer
velocity.

2.2.3 Phase analysis of swimmer motion

Traditionally, flagellar propulsion has been modelled as a bending wave
propagating from the swimmer’s head towards the flagellum [9], [64], [141],
[142]. The direction of flagellar propulsion depends on that of the induced
wave propagation along the swimmer’s body. Wave propagation in turn is
characterized by two components: I - amplitude of deformation along the
swimmer’s body and II - phase difference between the different parts of
the swimmer’s body [139]. Given a constant angle of field precession, the
rotational motion of our swimmer causes its head and flagellum to oscillate
with different amplitudes and a fixed phase difference between them. When
the swimmer is subjected to a change in field precession angle, the head and
flagellum undergo changes in these two characteristics. First, the relative
difference in their oscillatory amplitudes changes as the swimmer reverses
its motion, akin to the reported observation by Huang et al. [133]. Second,
we find that under changing field precession, the flagellum shows different
beating patterns, which manifests into different phase differences between
the head and the flagellum.

In order to show the relative motion of the head and the flagellum,
we resolve the trajectories previously described in polar form (ρ, Φ) to
Cartesian system (R, ϕ). Hereby, we express trajectory of the swimmer
moving in Z-direction, shown in Fig. 2.3a, into its orthogonal components
in X-Z plane (Rxz, ϕxz) and Y-Z plane (Ryz, ϕyz) as shown in Fig. 2.3b.
Going by this principle, we approximate the swimmer’s motion in each
plane as a bending wave propagating across its two distal ends [139]. We
further represent the oscillations of the head (h) and the flagellum (f ) in
terms of their relative phase difference in the two planes of oscillations.
Hereby, we define ϕxz and ϕyz as a constant phase difference between the
head and the flagellum for a given field precession θ in the two respective
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planes as:

ϕxz=ϕh,x (z=0) − ϕf,x(z=L) (2.1)

ϕyz=ϕh,y(z=0) − ϕf,y(z=L) (2.2)

where L is the length of the swimmer. We analyze the oscillations in Fig.
2.3b for continuously increasing values of field precession angles (θ=50o-
90o) to derive two notable observations. In X-Z plane, the oscillation of
flagellum leads over that of the head at θ=50o i.e. ϕxz<0. Finally, at
θ=90o, a phase crossover occurs and the head takes over the flagellum i.e.
ϕxz>0. On the other hand, in Y-Z plane the flagellum always has a phase
lead over the head i.e. ϕxz<0, while this lead increases to 180o as θ goes
from 50o to 90o. This means that the bending wave propagating along the
swimmer’s body changes its direction when triggered by a change in field
precession. Quantitatively, we measure the phase response of the swimmer
at two frequencies (f =3Hz and 4Hz) in terms of ϕxz and ϕyz respectively as
shown in Fig. 2.3c. In terms of oscillation amplitudes, at θ=50o, for both
the X-Z and Y-Z planes, the flagellum has a higher amplitude than the head
i.e. Rh,x<Rf,x and Rh,y<Rf,y. Whereas at θ=90o, the head dominates the
flagellum i.e. Rh,x>Rf,x and Rh,y>Rf,y as summarized in Fig. A.1.

Hereon, we approximate the propagation of bending wave in the swim-
mer by considering the overall induced oscillation along its body as the
sum of two oscillations that differ both in amplitude and phase. Previ-
ously, Namdeo et al. have modeled a bi-directional swimmer with a mag-
netic head and a flexible flagellum to undergo motion reversal premised
upon this superposition [139]. Mathematically, the overall deformation of
a swimmer moving along Z-direction can be decomposed as the sum of
magnetic oscillations and drag-induced oscillations occurring in both X-Z
and Y-Z planes as [139]:

x(z, t) =a1sin (ωt)
( z
L

)
+ a2sin(ωt+ ϕxz)

( z
L

)m
(2.3)

y(z, t) =a3sin (ωt)
( z
L

)
+ a4sin(ωt+ ϕyz)

( z
L

)m
(2.4)

where ϕxz and ϕyz are the phase difference described in (7.1) and (2.2)
respectively, and m is a curvature factor [139]. Further, a1, a3 represent
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the amplitude of rigid-body magnetic rotation while a2, a4 represent that
of the drag induced oscillation. Since our magnetic head dominates the
magnetic response (Table 2.1), we approximate the rigid body rotation to
be dominantly contributed by the head. At the same time, the undulatory
motion of the flagellum is dominantly affected by the drag induced defor-
mation. Based on this supposition we approximate the two amplitudes of
oscillations at the two distal ends of the swimmer i.e. Rh,i and Rf,i (i=x,y ;
shown in Fig. A.1), to be the driving amplitude aj (j=1-4 ) of the two
oscillatory components in (2.3) and (2.4).
Next, the propulsive forces generated by the swimmer in X-Z and Y-Z
planes can be respectively evaluated using the Resistive Force Theory with
the following expressions [139], [142]:

FZ (x)=

∫ L

0
C||

{(
C⊥
C||

− 1

)
dx

dt

dx

dz
− Vz (x)

}
dl (2.5)

FZ(y)=

∫ L

0
C||

{(
C⊥
C||

− 1

)
dy

dt

dy

dz
− Vz(y)

}
dl (2.6)

where C|| and C⊥are the drag coefficients per unit length dl of the swim-
mer in tangential and normal directions respectively. Note that Vz represents
terminal swimmer velocity in Z-direction, which has two components, Vz(x)
and Vz(y) as individual contributions from the swimmer deformations oc-
curring in X-Z and Y-Z planes respectively. For an equilibrium condition,
we evaluate the terminal velocity by considering the net force to be zero.
Hereby, we substitute (2.3) and (2.4) in (2.5) and (2.6) to yield the expres-
sions of Vz(x) and Vz(y) as:

VZ(x)=π

(
C⊥
C||

− 1

)
Rh,xRf,x

L2
sin(ϕxz)

(
m− 1

m+ 1

)
L

f
(2.7)

VZ(y)=π

(
C⊥
C||

− 1

)
Rh,yRf,y

L2
sin(ϕyz)

(
m− 1

m+ 1

)
L

f
(2.8)

where, f is the actuation frequency. Therefore, the swimmer can re-
verse its direction when the phase difference across its two oscillating ends
changes sign, which in turn can be triggered by a change in field precession
angle. Finally, we estimate the swimming velocities for our range of field
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precession values by substituting the reported values in Fig. 2.3c and Fig.
A.1 in (2.7) and (2.8). Finally, we combine the two contributions of the
swimming velocities in X-Z and Y-Z planes to compute the net swimming
velocity i.e. the velocity of the bending wave traveling along the swimmer’s
body as:

VZ=VZ (x) + VZ(y) (2.9)

We hereby report the net swimming velocity for all the range of applied
θ normalized to the maximum swimming speed as shown in Fig. 2.3d.
It can be clearly seen that swimming velocity Vz tend to increase from
a dominant negative range at θ=50o towards a positive value at θ=90o.
Furthermore, the zero crossings occur close to θ=80o-90o, which is higher
than our observed range of θ=70o-80o where motion reversal occurs. We
attribute the small difference in the value of observed and calculated zero
crossings to the approximate swimming profiles adopted during the analysis
and calculation of velocities. Since we discover precession angle of the field
to be the requisite stimulus for motion reversal of our swimmer, we pro-
ceed with our experimental investigation to study its influence on different
swimmer designs.

2.2.4 Single microswimmer demonstrating motion reversal
with changing precessing field

In order to validate the reversible motion, we subjected our swimmers to
changing field precession angles, keeping the frequency fixed. Akin to the
previous observation of the swimmer’s vertical motion in Fig. 2.2a, the
side view of the swimmer also illustrates different arc-shaped profiles for
varying precessions. Fig. 2.4a and 2.4b capture different time-stamps for
the swimmers and their respective shapes as they perform forward or back-
ward motion. Each time stamp here, depicts overlapped images of the
swimmer undergoing successive swimming strokes in order to capture the
arc-shaped deformations. For instance, we consider the Type I swimmer
first, and depict the intersection points by super-imposing the swimmer’s
successive swimming strokes. These nodal points (marked with colored
crosses, Fig. 2.4a), appear as stationary points around which both the dis-
tal ends of the swimmer i.e. the head and the flagellum oscillate. Here,
the swimmer’s head ascends with a bigger amplitude of oscillation than the
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Figure 2.4: (a-b) Time-lapse images of the micro-swimmer’s motion under
varying precessions of magnetic field (B = 5mT), applied at a constant
frequency (f = 12Hz). The color scheme for the box enclosing the micro-
swimmer represents, green for forward motion, red for backward motion,
and light green-yellow for a transition between the two. The time-stamps
depict successive swimming strokes of, (a) Type I and (b) Type II swim-
mers, respectively. The similarly-colored crosses represent stationary points
on the rotation axis. (c) A plot of the velocity profile of both the swimmer
variants (Type I and II) for varying precession angles of the rotational mag-
netic field (B = 5mT) applied at a constant frequency of 12Hz, showing
the forward-backward velocity component. The similarly-colored shaded
region represents the standard deviation at each data point.

flagellum while moving forward at 90o precession. On the other hand, the
amplitude of the swimmer’s head gradually decreases while the flagellum
gains a greater amplitude of ascent at lower precessions (θ = 50o), as the
swimmer moves backward (Movie S2).

Thereon, we systematically characterize the precession-speed character-
istics for both the swimmer types with the magnetic field rotation applied
at 12Hz, as summarized in Fig. 2.4c. We find that the Type II swimmer
undergoes motion reversal at a higher precession value (θt−II ∼70o) than
that of Type I (θt−I ∼60o). We relate this variance in switching angles,
particularly for the low precession response of the two swimmer types, to
the design metrics discussed earlier in 2.2.1. As the head and flagellum of
the swimmers share a common rigid link, having a larger head-flagellum
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tilt γ results in a greater part of the swimmer’s arc across its principal axis
of rotation. This is evident from the swimmer profiles in Fig. 2.4a and 2.4b
(red and yellow), where Type II swimmer oscillates with a greater part of
flagellum across the principal axis than the Type I swimmer. Hence, we
deduce that due to its larger predefined tilt angle γ, the Type II swimmer
assumes this profile and oscillates with a greater amplitude of oscillation at
low field precession θ when compared to the Type I swimmer. The differ-
ence in amplitude of oscillation suggests that for a specified field precession
θ, the contribution of the flagellum in the case of Type II swimmer is higher
than that of Type I. This leads to a disparity in switching points for mo-
tion reversal of the two swimmer designs as θ changes. The effect of having
larger predefined tilt γ in Type II swimmer gets further intensified due to
a higher misalignment δ observed in a static magnetic field compared to
that of the Type I (Table 2.1). This misalignment is due to the fact that
flagellum of Type II swimmers possesses a slightly higher Fe content owing
a more consistent distribution of small iron filaments caused by fabrication
precision (Details in Appendix A.1). Together, an overall larger γ” (γ”
= δ + γ’ ) in Type II swimmers further leads to a larger Rf ,i (i = x,y),
i.e., a larger Type II flagellum contribution (refer to (2.3) and 2.4) to the
backward propulsion than the Type I flagellum. As a result, motion re-
versal occurs earlier in Type II than Type I swimmers as θ decreases from
90o to 50o. This presents the possibility of moving both the swimmers
in opposite directions with a common magnetic actuation. This shift in
the general trend of precession-speed characteristics (shown in Fig. 2.4c)
between Type I and Type II is further corroborated by their difference in
switching points. Further, we also find that the Type II swimmers do not
synchronize well with the rotating field when the precession angle is lowered
below 55o, while the Type I swimmers could respond to precession angles
well below 50o. This follows that given the higher γ for Type II swimmers
(Table 2.1), imposed by the magnetic moment of the head, provides lower
tolerance for it to maintain stable axial rotation at lower θ. Further, as
we investigate the two swimmers at high actuation frequencies, we find the
influence of their respective cut-off frequencies. Hereby, for f >20Hz, we
define the tolerance limit for Type I swimmer to be θ=50o and Type II
swimmer to be θ=60o for stable axial rotation.
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2.2 Results and discussions

2.2.5 Two microswimmers showing parallel and anti-parallel
motion

Next, we characterize the swimming properties of the two swimmer types
over a frequency range, for all the possible values of precessing fields (5mT).
We observe that both types of swimmers move forward at higher values of
field precession angle (θ > 80o) and switch to backward propulsion (θ <
60o) at their respective switching precession angles, as summarized in Fig.
2.5a and 2.5b. The design of swimmers can be utilized to differentiate the
motion of these swimmers. Specifically, the transition for Type I swimmers
occurs at a θ =70o, below which they predominantly propel backward and
reach maximum backward velocity at θ = 50o (Movie S3). On the other
hand, the Type II swimmers in general, maintain the trend of backward
motion in the range of θ = 60o -70o, and forward motion in the range of
θ = 80o -90o (Movie S4). In addition, we notice a few Type I swimmers
exhibit forward motion at θ = 70o albeit with lower displacements compared
to their body length (Movie S3). We reason that close to the switching
point θt−I =70o, the motion is very sensitive to geometry and even slight
variations in released flagellar pattern could affect the motion direction.
Another noteworthy observation is that the Type I swimmers either show
no overall motion, or forward motion with lower speeds compared to their
length at low frequencies when θ = 60o. On the contrary, nearly all the
Type II swimmers swim backward at θ = 60o with higher velocities even
at low frequencies thus making it a suitable control input to achieve anti-
parallel motion of the two swimmer types.

From the observations in Fig. 2.4c, Fig. 2.5a and 2.5b, we can con-
clude that not only do the two swimmers have different transition points
in terms of precession, but also in terms of frequency whereby they achieve
different peak velocities. This duality can diversify the control strategies
used to control multiple micro-robots, as previously reported approaches
are influenced by either changing frequency [64], [135], [143], predefined
magnetic anisotropy [133], [134], [144], or complex path planning methods
[68], [145]. Based on the findings of different switching points, θt−I and
θt−II in Fig. 2.4c, we exploit field precession for multi-agent control of the
two types of swimmers. (Movie S5). Fig. 2.5c shows the time stamps of
the two swimmers, moving in parallel formation at θ = 90o (5mT, 9Hz)
before they switch into anti-parallel motion at θ = 60o, and finally moving
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2. Bidirectional propulsion of arc-shaped microswimmers driven by
precessing magnetic fields

Figure 2.5: (a-b) Forward and backward swimming velocities of the two
swimmer variants, (a) Type I and (b) Type II over varying precession an-
gles and frequencies of magnetic actuation. The similarly-colored shaded
region represents the standard deviation at each data point. (c) Time-lapse
sequence depicting independent control of two swimmers (Color scheme:
Type I marked red, Type II marked green) variants under a common mag-
netic actuation: where (I) swimmers initially move in parallel motion (90o),
(II) one of the swimmer switches direction and they start to drift away from
each other (60o), (III) under reversal of field direction they move towards
each other (60o), Type II swimmer drifts due to its proximity to the sub-
strate (IV) they come together again continue to move in parallel (90o). For
each swimmer, the solid line box represents the previous position, while the
dashed line box represents the next position.
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2.3 Conclusions

in a parallel trajectory again at θ = 90o. Future work in this direction will
be extended to precession driven actuation of multiple swimmers differing
in tilt, geometry, and magnetization, thus paving the way for convergent
and divergent formations of agents to accomplish co-operative tasks.

2.3 Conclusions

In conclusion, we have demonstrated bi-directional propulsion of arc-shaped
micro-swimmers by exploiting their unique geometry to generate different
dynamic conformations under precessing magnetic fields. We establish the
extent to which the swimmers can synchronize to the changing field pre-
cession based on their dipole orientation in a static magnetic field and
their intrinsic geometry. Also, we have shown that structurally dissimi-
lar swimmers with similar material composition can produce dramatically
different magnitudes of forward-backward motion. This similarity in com-
position makes it convenient to fabricate a wide range of micro-swimmers,
all with different magnetic responses, but the same magnetic content in
same number of photolithographic steps, thereby broadening the scope of
batch fabrication. Finally, we have shown an example of independent ac-
tuation of the two swimmer types, making them move in both the same
direction and opposite direction, without altering either the direction of
actuation or its frequency. Consequently, formations of such independently
controlled swimmers can be deployed successfully for micromanipulation
tasks in cluttered and confined biological environments.
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II
A smörg̊asbord of applications –

Acoustic micromanipulation

From Chladni plate to expelling kidney stones -
acoustic actuation is for everyone
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Preface

The metaphoric title of Part II of this thesis can be justified by the ver-
satility of acoustic micromanipulation over a wide palette of applications.
The various physical phenomena that occur when sound waves propagate
through different materials can be exploited in diverse microrobotic sys-
tems. In Part II of the thesis, the different acoustically-induced phenom-
ena are discussed from the perspective of governing physics, and requisite
instrumentation that enables their use for micromanipulation.

A comprehensive survey study is presented in Chapter 3 that famil-
iarizes the reader with the state-of-the-art in acoustic micromanipulation
methods and their working principles. As discussed in Chapter 1, these
methods are categorized into passive and active actuation strategies based
on the involvement of the target agent in the process of manipulation.
The first part of Chapter 3 describes the passive actuation strategies where
sound waves are focused to capture and maneuver microrobots in the media
that do not show any autonomous motion. Microrobots in this case are re-
ferred to as inactive micro-agents. Specifically, these strategies encompass
various microrobotic systems that can perform micromanipulation premised
upon how sound waves travel along interfacial surfaces and in bulk of their
propagation media. These microrobotics systems, described as acoustic
tweezers, form the backbone of passive actuation strategies for surface (2-
D) and bulk (3-D) manipulation of inactive micro-agents. Thereon, two
specific passive actuation strategies are implemented in subsequent chap-
ters of this part for 2-D and 3-D micromanipulation. Lastly, the second part
of Chapter 3 describes active actuation strategies that entail both acoustic
and hybrid magneto-acoustic microrobots, which form the foundation for
the Part III of this thesis.

Chapters 4 and 5 employ the technologies used in passive actuation
methods (Chapter 3) to demonstrate two application-specific acoustically-
powered microrobotic systems. In Chapter 4, an acoustically-powered mi-
crochannel is presented that makes use of surface acoustic waves for contact-
less transport of micro-agents in fluids. This system exploits sound-fluid
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interactions tunable to different acoustic frequencies, to perform bidirec-
tional transport of micro-agents through the channel. Next, Chapter 5
presents an ultrasonic array of transducers that performs 3-D micromanip-
ulation under water, known as SonoTweezer. SonoTweezer is a compact,
lightweight and low-power bulk acoustic tweezer that can be easily inter-
faced as an end-effector to robotic manipulators. Thus, this acoustically-
powered end-effector is used to demonstrate underwater manipulation of a
sub-millimeter agent across centimeter-order of distances.
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3
Contactless acoustic micro/nano

manipulation: A paradigm for next

generation applications in life sciences

Note: Following chapter is adapted from the article “Contactless acoustic
micro/nano manipulation: A paradigm for next generation applications in
life sciences” by S. Mohanty, I.S.M. Khalil, and S. Misra (2020) published
in “Proceedings of the Royal Society A: Mathematical, Physical and Engi-
neering Sciences”, volume 476, issue no. 2243, pages 20200621.1–20200621.26

Abstract

Acoustic actuation techniques offer a promising tool for contactless manip-
ulation of both synthetic and biological micro/nano agents that encompass
different length scales. The traditional usage of sound waves has steadily
progressed from mid-air manipulation of salt grains to sophisticated tech-
niques that employ nanoparticle flow in microfluidic networks. State-of-
the-art in microfabrication and instrumentation have further expanded the
outreach of these actuation techniques to autonomous propulsion of micro-
agents. In this chapter, we provide a universal perspective of the known
acoustic micromanipulation technologies in terms of their applications and
governing physics. Hereby, we survey these technologies and classify them
with regards to passive and active manipulation of agents. These manipu-
lation methods account for both intelligent devices adept at dexterous non-
contact handling of micro-agents, and acoustically-induced mechanisms for
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3. Contactless acoustic micro/nano manipulation:
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self-propulsion of micro-robots. Moreover, owing to the clinical compliance
of ultrasound, we provide future considerations of acoustic manipulation
techniques to be fruitfully employed in biological applications that range
from label-free drug testing to minimally-invasive clinical interventions.

3.1 Introduction

Non-contact manipulation methods form an integral part of modern-day
microsystem technology and provide prospects for diverse biomedical ap-
plications from tissue engineering to clinical diagnostics. Many of these ap-
plications require the manipulation methods to achieve safe, low-power and
precise handling of sensitive micro-agents such as cells, bio-molecules and
bio-organisms [42]. In order to ascertain such low-power and reliable actu-
ation, these manipulation methods judiciously harvest energy provided by
indirect physical forces to enable locomotion of target micro-agents. Vari-
ous physical mechanisms based on optics [146], magnetism [147], plasmonics
[148] and acoustics[149] have been exploited for remote actuation of syn-
thetic and biological agents. Optical tweezers have been the most primitive
technology that employs focused laser beams to trap agents across a wide
range of sizes (100nm-1mm) [146], [150]. Besides the costly and complex
optical hardware required in optical tweezers, the high-power operation
of lasers may damage living or otherwise sensitive biological specimens.
Plasmonic tweezers on the other hand, are low power variant of optical
tweezers capable of much finer nanomanipulation. However, they require a
nano-structured substrate to control light beams for high resolution traps
and also suffer from heat dissipation into the surrounding environment [42],
[148]. Magnetic tweezers are ubiquitous in DNA manipulation though they
provide low resolution for video inspection via microscopy[151]. Moreover,
the requirement for high magnetic field or gradient burdens the instru-
mentation of magnetic tweezers. These trade-offs necessitate a low-power
actuation tool that offers a broad range of target size for micromanipula-
tion.

Contactless actuation using acoustics has emerged as a low power, bio-
compatible and versatile technique that overcomes these aforementioned
limitations of other manipulation methods [42], [88], [91], [149], [152]. The
techniques employing acoustic manipulation exist in a broad operating fre-
quency range of 100Hz-100MHz. Consequently, acoustic actuation tech-
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3.1 Introduction

niques can manipulate agents across several orders of magnitude in size,
from clusters of nanoparticles up to a mm-sized biological worms [149].
Further, this frequency range complements the operating range of ultra-
sound imaging devices which makes acoustic manipulation techniques suit-
able for clinical applications. Importantly, most of the acoustic manipu-
lation techniques use sound intensities of <10W/cm2 on the target agents
which makes them safe for sensitive label-free handling of biological agents
such as embryos and cells [42].

In terms of versatility, acoustic manipulation techniques can be em-
ployed to trap and maneuver particles as acoustic tweezers[153] or enable
fast fluid transport to pump and mix different liquids[88]. Acoustic tweez-
ers are devices that utilize focused sound waves to trap and manipulate
agents. These are typically bulk acoustic wave (BAW) tweezers for 3-D
manipulation in air [154], and surface acoustic wave (SAW) tweezers for
2-D manipulation in fluid [149]. In case of BAW tweezers, sound waves
propagate through the bulk of a medium whereas for SAW tweezers, sound
waves propagate along an elastic interface and decay into the surround
medium, generally fluids. SAW devices extend from tweezers in confined
fluidic reservoirs to devices for flow-assisted patterning of agents in mi-
crochannels [91]. Additionally, many acoustofluidic devices employ sound-
fluid interaction to indirectly exert forces on target agents. These devices
enable localized fluid oscillations to generate an induced flow for long range
transport of both fluid and agents [155]. Overall, the methods described
here do not involve any active participation of the agent for their actuation.
These technologies benefit from the intelligence, dexterity and efficiency of
the actuation process, and the instrumentation behind it. We classify such
technologies that function on off-board powering mechanisms as passive
actuation techniques.

Various other remote actuation strategies exploit the self-propulsion
ability of the agent triggered by their acoustic excitation to specific res-
onant frequencies [93], [156], [157]. These agents actively participate in
their actuation process by means of an on-board powering unit that mobi-
lizes them remotely. The most prolific of these are agents containing air-
cavities or flagella that vibrate to generate localized fluid oscillations which
leads to their directional propulsion [93], [158]. Design and development of
such agents is premised upon innovative microfabrication techniques, mate-
rial composition or chemical functionalization of the agents post-synthesis.
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Figure 3.1: A schematic of acoustic manipulation techniques: Passive ma-
nipulation strategies that consist of various types of acoustic tweezers, and
active manipulation strategies that employ autonomous and hybrid micro-
agents.

Such actuation strategies contribute towards microrobotic technologies that
play a pivotal role in next generation surgical interventions [8], [9]. Such
technologies are classified here as active actuation techniques.

A gamut of previous literature surveys provide a comprehensive assess-
ment of acoustic tweezers based on BAW [152], [154], SAW[88], [91], [159]
or both [42], [149]. However, a few reports address acoustically-actuated
autonomous agents and are typically limited to only a single type of agent
[157], [160]. In this chapter, we present a global perspective of the known
methodologies in acoustic manipulation technology (Fig. 3.1). This chapter
is organized as follows. Firstly, we discuss the fundamental theory behind
different actuation strategies in Section 2. In Section 3 and 4, we cover the
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3.2 Acoustic forces acting on a target agent

aforementioned passive and active actuation mechanisms, and their appli-
cations, respectively. Additionally, we describe hybrid actuation strategies
in Section 4 where acoustic manipulation techniques work in tandem with
other physical mechanisms, notably magnetic actuation. Thereafter, in Sec-
tion 5 we provide our insight over improvements and future directions of the
different actuation strategies for their prospective biomedical applications.
Finally, we summarize the actuation strategies and our recommendations
for their respective technologies that may advance the field of acoustic ma-
nipulation.

3.2 Acoustic forces acting on a target agent

The propagation of sound through air or liquid medium may generate forces
on immersed or suspended agents, known as radiation forces. These forces
arise due to the difference in the acoustic properties of the agents with
respect to that of the medium [152]. Alternatively, sound waves may also
put the surrounding medium into motion owing to a phenomena known
as acoustic streaming, and thereby indirectly influence the agents present
in the medium. Nearly all the analytical models describing the acoustic
radiation forces are premised upon the overall largest dimension (a) of
the target agent, relative to the acoustic wavelength (λ)[91], [149], [153].
The general formulation of acoustic radiation force is derived from first-
order acoustic pressure acting on the agents, that comprises of gradient and
scattered forces. The streaming effects result from second-order acoustic
pressure and non-linearities in the governing sound-fluid interaction [161],
[162]. As a result, the streaming induced forces act indirectly on the target
agent owing to the localized oscillations in the surrounding fluid. Hence,
the overall force on the agent can be described in terms of these components
(denoted by respective subscripts) as:

F⃗total = F⃗grad + F⃗scatter + F⃗stream (3.1)

Hereon, the dominance of above mentioned force contributions is discussed
based on the relation between sound wavelength and size of the agent (Fig.
3.2). Specifically, the first term (F⃗grad) in the right-hand side (R.H.S.)
of (3.1) scales as ka3, while the remaining terms in R.H.S. scale as ka6

(where k=2π/λ) [149], [152]. Given this dependency, the gradient forces
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are dominant in Rayleigh regime (ka≪1), while the scattered forces are
dominant in the Mie regime (ka>1). The streaming induced forces typically
apply to agents when ka<1 while their relative magnitude depends on the
workspace dimensions [91], [153].

3.2.1 Radiation forces on target agents

When target agents are much smaller than the acoustic wavelength, they
can be treated as compressible spheres of diameter (a) to propagating sound
waves [152]. In this case, these agents can be manipulated with the appli-
cation of gradient forces that can be described in terms of an acoustic
potential field (U ), as [163]:

F⃗grad = −∇U, (3.2)

where U =
4π

3
a3

[
f1

1

2
κo < |p1|2 > −f2

3

4
ρo < |v⃗1|2 >

]
, (3.3)

f1 = 1− κp
κo

and f2 =
2(ρp − ρo)

2ρp + ρo
.

In (3.2), < |p1|2 > and < |v⃗1|2 > refer to the mean value of gradient pres-
sure and particle velocity of the first order, over a time period of sound
propagation respectively. Further, κ∗ and ρ∗ describe the compressibility
and density for the agent (* = p) and the fluid medium (* = o), respec-
tively. In (3.2), κo and ρo are related with the speed of sound c as κo
=1/ρoc

2. The gradient forces are prominent in case of standing waves
where counter-propagating waves exert these forces on the agent from both
the sides. As a result, the targeted agents can be trapped in pressure nodes
of minimum potential (Fig.3.2a). This strategy is capitalized in acoustic
tweezers based on superimposition of two or more sound waves (Section
3.3.1.1). Furthermore, the contrast in material properties of the agent de-
termines its trapping position in a standing wave field. Case in point, the
agents with ρp>0.4ρo move towards the pressure nodes of the standing wave
field whereas those with ρp<0.4ρo, navigate towards the pressure antinodes
[149].

On other hand, for bigger size of target agent (i.e., ka>1), the scattered
component of radiation forces (F⃗scatter) overcome the gradient forces (F⃗grad)
acting on it due to their higher order dependency on size[152]. Importantly,
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3.2 Acoustic forces acting on a target agent

Figure 3.2: Acoustic radiation forces acting on agents (green circles) of
size (a) when exposed to sound waves of wavelength (λ) where, k=2π/λ:
(a) Scenario ka≪1: Gradient forces acting on agents under standing waves
(white) that results into a potential field, U (black), (b) Scenario ka>1:
Scattered forces acting on larger agents under traveling wave propagation
(white), (c) Scenario ka<1: Streaming (black) induced drag forces act-
ing on agents, (d) Microchannel protrusions showing streaming patterns
under vibration. Microstreaming effects around self-propelling agents (or-
ange) under acoustic excitation: (e) Asymmetrically-designed flagellated
microswimmer and (e) Bubble-powered micro-propeller.

many microfluidic tweezers (Section 3.3.2) operate in this regime where
agents can either absorb or reflect incoming sound waves (Fig.3.2b). As a
result, the traveling waves based tweezers exploit scattered forces to provide
a focused flow of target agents. For comparison, standing waves of kHz
order can trap a target agent of 10µm, while can be made to translate
along traveling waves in MHz range.

3.2.2 Streaming effects in microchannels

Besides the radiation forces, acoustic tweezers discussed previously also
encounter streaming effects usually dominant near oscillating solid-fluid
boundaries. Although as microfluidic workspaces typically have a high
surface area compared to overall volume of fluid, streaming-driven forces
operate well within the bulk of bounded medium. In several instances
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streaming-induced drag forces enable out-of-plane maneuvering of agents
for 2-D acoustic traps [164] and vibrating Chladni plates [165]. Funda-
mentally, acoustic streaming results from the viscous absorption of sound
waves as they propagate from a vibrating solid boundary into the fluid
medium [149], [153], [161], [162]. As a result, the response of fluid to har-
monic sound propagation yields a 1st-order component (v⃗1) and a dominant
2nd-order term (v⃗2) among other higher order components. This 2nd-order
component manifests into counter-flowing fluid fluxes near the vibrating
boundary that forms an overall steady flow over a periodic cycle of wave
propagation i.e., < v⃗2 >. The streaming forces originate from a Reynold’s
pressure of the form (ρo < (v⃗1.∇)v⃗1 >) and a 2nd-order acoustic pressure
field (p2) acting on the fluid. These components arise from the governing
acoustofluidics theory (based on Navier-Stokes and continuity equations)
that can be simplified to represent acoustic transmission (v⃗1) and resul-
tant fluid flow (< v⃗2 >) on different time scales [161], [162]. Consequently,
a boundary-driven streaming originates within a critical depth (δv), near
the vibrating boundary which further gives rise to a bulk streaming in a
bounded fluid channel. Given the dimension w of workspace in direction
of sound propagation, the influence of boundary-driven streaming is pro-
nounced when:

λ >> w >> δv (3.4)

In (3.4), δv =
√
2µ/ρoω, where, µ is the viscosity and ω is the frequency of

the sound wave. This resultant bulk streaming can induce acoustophoretic
motion of agents at MHz range of frequencies (Fig. 3.2c). For this case,
Muller et al. describes the regime where streaming forces dominate over
scattered forces for agents below a critical size relative to workspace con-
siderations (3.4)[161]. A comprehensive overview of various streaming phe-
nomena and their respective regimes has been described by Wiklund et al.
[153].
Typically, streaming-induced fluxes can locally capture and maneuver agents
in the vicinity of (δv). Although for microchannels with high aspect ratio,
these fluxes can lead to a large circulation of agents in the bulk of the
channel. This boundary-driven streaming can however be enhanced with
the provision of various indented structures along the boundary such as
sharp protrusions [162] or air-bubble pockets [166] (Fig. 3.2d). Vibration
of these structures produce counter-flowing vortices in their near field which
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results in a steady flow (< v⃗2 >) in the far field of the channel. Application
of this method involves design and modeling of these protruding structures
on the boundaries of targeted workspace [162]. This strategy has been
utilized for directional fluid flow and long-range transport of target agents
(Section 3.3.3).

3.2.3 Streaming-induced forces on target agents

Going beyond workspace geometry, intentionally designing the agents with
vibrational units can enable their autonomous propulsion based on stream-
ing forces. These self-propelling agents comprise of either an asymmetric
profile [156] or trapped air bubbles [93] that vibrate to acoustic frequencies
to produce microstreaming around them (Fig. 3.2e and 3.2f). For such
agents, the radiation forces are calculated by integrating the second-order
pressure and a term analogous to Reynold’s pressure, around a boundary
enclosing the agent as:

F⃗ = − <

∮
p2n⃗dS > − <

∮
ρo(n⃗.v⃗1)v⃗1dS >, (3.5)

where n⃗ is an outward normal to the surface of the agent and S defines the
boundary enclosing the agent [152]. The first term in the R.H.S. of (3.5) de-
scribes the microstreaming component whereas the second term describes
the vibrations induced in extended agents that can be remotely actuated
as swimmers [94] (Section 3.4.1.1). Autonomous agents with trapped air
bubbles encounter radiation forces acting on the bubbles, known as Bjerk-
nes forces, that translate them in the direction of sound propagation [167].
In their case, stable oscillations of bubble at high frequencies induce a mi-
crostreaming flow (< v⃗2 >) around them analogous to the case of extended
swimmers [153]. Agents with one side of the bubble exposed to the fluid
produce asymmetric microstreaming around them which imparts a propul-
sive force in the direction opposite to the flow [168]. These bubble-powered
agents propel at their resonant frequencies (fo) dependent on the prede-
fined geometry of their air-filled cylindrical cavities, and can be expressed
as:

fo =
1

2π

( γPo

ρo(L− Lb)Lb

)
, (3.6)
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where Po is the ambient pressure in the liquid, γ is the adiabatic index, Lb is
the length of the trapped bubble and L is the total length of the cylindrical
cavity [158]. Lastly, the sound scattered from nearby bubbles or particles
can exert a secondary radiation force on the agent which enables them
to carry other objects (Section 3.4.1.2). Hereon, we investigate different
acoustic manipulation strategies with regards to the aforementioned theory
of radiation and streaming-induced forces.

3.3 Passive agents and actuation strategies

Passive actuation strategies comprise of off-board powering methods to en-
ergize the target agent that either remains inactive or does not contribute
to their actuation process. These strategies either create pressure distur-
bances in the medium to trap the agents, or exert forces on them based
their relative acoustic contrast to the medium. The target agents usually
comprise of microparticles, cells and biological specimens like Zebrafish em-
bryos, pollen grains and immobilized Caenorhabditis Elegans. Since these
agents lack the autonomy in their physical manipulation, the burden of ma-
nipulation entirely lies on the actuation system. Hence, we explore passive
acoustic manipulation strategies where the innovation revolves around the
following factors:

� Instrumentation, system integration and programmability of acoustic
actuation units;

� Design and synthesis of the target workspace for manipulation;

� Numerical modeling of sound-fluid interactions occurring at inter-
faces.

Based on the role of the aforementioned factors in determining the actu-
ation principle, we classify our manipulation strategies into three major
areas. Firstly, we cover acoustic levitation or tweezing of micro-agents in a
bounded medium based on BAW or SAW [169]–[190]. Here, we divide SAW
based tweezers into two sub-categories where we first discuss the devices
that operate on static or enclosed reservoirs as the target workspace i.e.,
SAW-I devices [184]–[190]. Secondly, we delve into microfludic SAW devices
i.e., SAW-II, where an external flow in microchannels enables a flow-guided
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patterned segregation of different target agents [87], [191]–[193], [193]–[212].
Lastly, we discuss acoustofluidic devices called streaming-driven tweezers,
where acoustically-driven flow enables both fluid manipulation and trans-
port of agents trapped in streaming-induced fluid oscillations [38], [89],
[213]–[225].

3.3.1 Acoustic tweezing in enclosed workspace

The most primitive idea to exploit acoustic energy for manipulation is to
suspend particles[169] and droplets[172] above an acoustic transduction
platform and maneuver them as they levitate in the air. The principle
of operation here is to apply gradient forces to trap the target agents in
a bounded workspace, which can be both air and liquid medium. Given
that gradients forces are dominant in Rayleigh regime, i.e., ka<<1, agents
in the size range 1µm-1mm can be manipulated with systems operable
at frequencies >40kHz. Based on the agent size and target application,
the manipulation techniques can be broadly classified as BAW and SAW-I
tweezing, respectively. Generally, BAW tweezers employ standing waves
or focused traveling waves from multiple sound sources to levitate objects
in air [173], [174], [179]. In addition, there exist BAW based resonant
fluid chambers where standing waves are used for bulk patterning of micro-
agents[171]. SAW-I tweezers on the other hand, operate on bounded fluid
reservoir whereby incoming sound waves are coupled from one or multiple
sound sources into the fluid via a shared substrate [164], [184]–[186]. In both
techniques, the design and distribution of acoustic transducers play a cru-
cial role to ascertain controlled manipulation of the target agents. BAW de-
vices generally employ array of commercially-available cm-scale piezoelec-
tric transmitters [169], ceramic sheets [171] or metallic transducers [170],
[226] for long range transport of mm-sized agents. SAW-I devices often
require planar micromachined transducers synthesized using photolithog-
raphy, and are aimed at tissue engineering and lab-on-a-chip applications
[91]. The distribution of transducers varies from rectangular[164], [169]
to circular [178], [180], [188] morphology to trap particles at desired focal
points like an optical lens. Owing to this functional similarity with optical
tweezers, this class of manipulation devices are referred as acoustic tweezers
[42], [164], [179].
Acoustic tweezers have been employed in numerous applications like crys-
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Figure 3.3: Different bulk acoustic manipulation methods: (a) Two-sided
configuration-based on planar arrangement of transducers (Image permis-
sion obtained from Ochiai et al. [169] Copyright cO 2014, PLoS One.) (b)
One-sided transducer configuration with planar and spherical arrangement
of transducers (Image permission obtained from Marzo et al. [179]. Pub-
lished by Nature Communications, under the Creative Commons (CC-BY)
license.)

tallography[227], cell cultures [226], contactless micro-mixing of droplets[172]
and bio-printing[164] to name a few. Hereon, we discuss acoustic tweezing
methods employing BAW and SAW that are confined to manipulation of
agents in a enclosed workspace, which consist of an air-filled space or a
bounded fluid reservoir. We focus here on the requisite instrumentation
in terms of different configurations of transducers and the desired pressure
field available for manipulation.

3.3.1.1 Bulk acoustic manipulation

BAW tweezers are devices that are designed to manipulate 100µm-1mm
sized particles, typically in air, with the operating frequencies of the trans-
ducers in the range of 500Hz-100kHz [154], [172], with the exception of
BAW resonators that operate at MHz frequencies [171]. BAW tweezers
hold the ability for long distance transport (up to 100a) and assembly of
macro-scale payload using multi-transducer arrays [169], [183]. The central
idea with the instrumentation here is to develop reconfigurable devices that
provide a dynamic 3-D pressure field with the ability for spatial modulation
of acoustic trap. Such a dynamic field enables real time spatial maneuver-
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ing of acoustic traps based on frequency modulation[176], phase modula-
tion[177] or a combination of both [179]. The most ubiquitous of these
systems are the ultrasonic phased arrays which can levitate and maneuver
trapped agents across different focal points by varying phase difference be-
tween the transducers[169], [172], [183]. In terms of their configuration, the
transducer arrays can be single-sided or double-sided, with planar or spher-
ical morphology of transducer distribution. The double-sided configuration
is the most traditionally followed setup where a transducer and reflecting
substrate[172], [175] or mutually orthogonal transducers[169] form pressure
nodes between them (Fig 3.3a). On the other hand, the one-sided config-
uration typically consists of a planar, spherical or cylindrical arrangement
of transducers[179] (Fig. 3.3b) and Bessel beam manipulators[178] with a
focal point providing greater accessibility to the workspace. With the ad-
vent of rapid prototyping and fabrication techniques, the one-sided Bessel
manipulators have matured into more intricately designed monolithic trans-
ducers that function as acoustic vortex traps[180] and holographic lenses
[181].

3.3.1.2 Surface acoustic manipulation

The double-sided transducer configuration offers a confined volume which
presents a bottleneck for the targeted specimen to fit in the limited avail-
able space for manipulation. Whereas the one-sided configuration has the
advantage of a greater open volume for biomedical applications. Overcom-
ing this limitation, a double-sided cylindrical array of transducers has been
recently demonstrated as an end-effector of a robot to accomplish pick-and-
place tasks opening possibilities for a mobile and remote actuation[183]. For
both the configurations, the spherical morphology of transducer array offers
a higher acoustic trapping force as compared to the planar array [173].

Furthermore, the optimization strategies for phase adjustments in map-
ping the acoustic fields led to the evolution of acoustic tweezers as holo-
graphic devices that offer additional degrees of manipulation [174], [179].
With this speciality acoustic tweezers possess the ability to levitate, and
orient multiple agents simultaneously. Similar to the working principle of
their optical counterpart, the holographic acoustic tweezers offer a more
promising future for biological applications as they provide higher radia-
tion force while consuming less power[174].
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SAW-I devices operate at a higher and more extensive frequency range
compared to BAW devices i.e., 10kHz to 50MHz. Thus, they are able to
create a finer grid of pressure nodes to trap agents down to nanoparticles.
They comprise of planar pairs or array of transducers that typically enclose
a bounded medium over a shared substrate. This bounded medium may
comprise of a fluidic reservoir like PDMS microchannels [164], [184]–[186],
[188], or simply a clamped metal substrate such as Chladni plate [165],
[190]. The most prevalent SAW-I devices are fluidic tweezers that are typi-
cally composed of a pair of inter-digital transducers (IDTs) deposited over
a piezoelectric substrate like LiNbO3 (Fig. 3.4a). Akin to BAW devices,
SAW-I tweezers also exist as Bessel beam manipulators [185], [188], and
provide dynamic fields governed by phase or frequency modulation of dif-
ferent IDTs [184], [186]. SAW-I tweezers are essential for microbiology and
tissue engineering applications premised upon contactless handling of cell
cultures [164], [184], [185] and fragile entities like embryos [186].

Figure 3.4: Different surface acoustic manipulation methods: (a) A surface
acoustic tweezer based on a concentric network of miniaturized inter-digital
transducers to generate micro-traps for particle manipulation. Here recon-
figurable acoustic traps can be produced by activating any two opposite
pairs of inter-digital transducers. (Image permission obtained from Tian et
al. [184] Copyright cO 2019, Science Advances.) (b) A programmable digi-
tal acoustofluidic pump for droplet manipulation. (c) Time-lapse trajectory
assumed by a droplet upon selective actuation of inter-digital transducers.
Scale bar is 5mm. (Image permission obtained from Zhang et al. [186]
Copyright cO 2019, Lab on a Chip.)

In addition to gradient forces, SAW-I tweezers also capitalize on stream-
ing effects conditional to workspace geometry and acoustic wavelength as
discussed earlier. For instance, micro-particles on a vibrating Chladni plate
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experience both in-plane acoustophoresis and an out-of-plane motion ten-
dency owing to streaming-induced drag forces [165]. Interestingly, these
out-of-plane streaming forces can levitate the target agents thus enabling
2-D tweezers to perform 3-D manipulation [164]. Furthermore, this phe-
nomenon of streaming-induced acoustic traps have led to the development
of digital acoustofluidic devices whereby a carrier droplet can be maneu-
vered in a 2-D grid driven by hydrodynamic acoustic traps [186], [189].
A variety of SAW-I tweezers for droplet manipulation has been discussed
elsewhere [159].
Recently, more programmable configurations of SAW-I devices have been
reported that enable precise path planning of target agents based on mul-
tiplexing actuators[184], [186]. With advancements in photolithography,
such a multi-nodal inter-digital transducer based network has been demon-
strated as an acoustofluidic micro-pump (Fig. 3.4b and 3.4c). As SAW
devices overlap with microfluidic tweezers, we treat them as a separate
sections where a continuous sheath flow in microchannels replenishes the
target agents for manipulation.

3.3.2 Microfluidic tweezers

SAW-II devices integrate microfluidic technologies with acoustic actuators
where an external fluid flow enables continuous batch processing of micro-
agents dissolved in solvents. These devices can be further classified into
standing surface acoustic wave-based (SSAW) and traveling surface acous-
tic wave-based tweezers (TSAW) based on their ability to provide gradi-
ent (ka<<1) or scattered radiation forces (ka>1), respectively. Similar
in working principle to SAW-I devices, SSAW tweezers consist of double-
sided IDTs enclosing a microchannel, bonded together on a substrate (Fig.
3.5a). Their operating frequencies are in the range of 100kHz-100MHz [191].
TSAW tweezers on the other hand, can operate with a one-sided IDT, usu-
ally with a curved morphology, adjacent to a microchannel (Fig. 3.5b)
[192]. Their curved transducers provides the ability to focus sound waves
on to a target agent as they propagate, and hence require a higher opera-
tional frequency of 100MHz-1GHz [193]. A detailed account of various IDT
morphology and their functionalities is presented elsewhere [194]. The tar-
geted applications of SAW-II devices include cell sorting [191], [195]–[197],
patterned tissue culturing [198], droplet microfluidics [199], [200],
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Figure 3.5: Different microfluidic tweezers based on (a) Standing surface
acoustic waves (SSAW) with a double-sided inter-digital transducers for
micro-particle separation (Image permission obtained from Shi et al. [191]
Copyright cO 2009, Lab on a Chip.), (b) Traveling surface acoustic waves
(TSAW) with a focused one-sided inter-digital transducers for separation
of three different agents (Image permission obtained from Destgeer et al.
[192] Copyright cO 2017, RSC Advances.), and (c) A combination of stand-
ing surface acoustic wave (SSAW) and traveling surface acoustic wave
(TSAW) tweezer with a double-sided configuration used for a two-step pro-
cess of particle patterning followed by their separation (Image permission
obtained from Wang et al. [202] Copyright cO 2017, Sensors and Actua-
tors B: Chemical.). SSAW operate via linear inter-digital transducers pairs
whereas TSAW are generated using focused inter-digital transducers. (d)
Combined application of acoustic streaming and radiation forces for focus-
ing nanoparticles using one-sided curved inter-digital transducers (Image
permission obtained from Collins et al. [193] Copyright cO 2017, Lab on a
Chip.).
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separation of microparticles from biological fluids [87], [201]–[204], filtration
of bio-organisms[205]–[209] to name a few.

The principle of operation for both SSAW and TSAW is premised upon
the acoustic contrast of the target agents with respect to the fluid. Specif-
ically, SSAW devices provide patterned segregation of agents based on dif-
ferences in density in a multi-component fluid in presence of a sheath flow
[191], [196], [198]. Likewise, TSAW devices are employed as a more focused
cell sorting technique in a sheathless manner, thus preventing any unde-
sired dilution of the carrier fluid [197], [210]. Additionally, TSAW devices
have also been proven to be an effective tool to generate and channelize
more compressible agents like droplets [200]. In comparison, SSAW de-
vices possess excellent segregation ability while the TSAW devices provide
a natural flow focusing ability to manipulate both the agents and the fluid
[149]. Hence, various multi-stage SAW-II have been pursued as a two-step
solution for high throughput agent segregation [197], [203], [211]. These
SAW-II devices either consist of two stages each of SSAW[211] and TSAW
tweezers[197], or a combination of both the device types (Fig. 3.5c).

In recent years, many SAW-II devices have been commercialised into
industrial products like Ascent Bio-NanoTM [207] and AcouSortTM [203],
[208]. A commonly reported configuration of AcouSortTM device enables
segregation of bio-analytes from blood plasma in a multi-step fashion[203],
[204], [208]. Recently, a variant of this aforementioned device has been re-
ported that compensates for undesired streaming occurring in microchan-
nels by optimizing its co-flow during the segregation [208]. On the other
hand, various other SAW-II devices also capitalize on streaming effects[193],
[206], [212]. They generate acoustically-induced vortices for manipulation
using focused IDTs (Fig. 3.5d). Next, we discuss acoustofluidic streaming-
driven devices that explicitly generate streaming-induced vortices for flow-
assisted micromanipulation.

3.3.3 Streaming-driven acoustic tweezers

Many of the previously discussed devices harness streaming phenomenon
as a secondary source of actuation for micromanipulation. Some promi-
nent examples include droplet microfluidics[186], Chladni plates[165], fo-
cused TSAW tweezers[199], [212], [228] and acoustophoresis in microchan-
nels [161]. Streaming-driven acoustofluidic tweezers are devices that are
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designed to exploit acoustic streaming to manipulate both the surround-
ing medium and agents immersed in it. These devices typically comprise
of a microfluidic workspace with protruding vibrational structures on its
boundaries, bonded on a shared substrate with a transducer. These vi-
brating structures produce the streaming-induced vortices that create an
oscillatory fluid flow in bulk of the microchannels [162]. In contrast to
SAW devices, streaming-driven tweezers rely on the workspace design more
than that of the transducers. As a result, the scope of innovation in these
devices shifts from sophisticated IDTs to construction of these specialized
microchannels. Overall, these devices employ commercially available piezo-
electric transducers that operate in the range of <100kHz to manipulate
nm–µm size particles. Important applications of streaming-driven tweezers
include transport of cells [213], pollen grains [215], manipulation of bio-
organisms [89], [214], micro-mixing [166], [216], pumping [155], [217]–[219]
and enrichment of fluid mixtures [220], [221].

Figure 3.6: Different streaming-driven acoustic tweezers devices: (a)
1st generation streaming-driven devices that consists of microchannel
workspace with symmetric air-filled side-wall cavities for micromanipula-
tion of a C. Elegans worm. (Image permission obtained from Ahmed et
al. [214] Copyright cO 2016, Nature Communications.) (b) 2nd generation
streaming-driven devices that consist of tilted protrusions for bi-directional
transport of micro-agents (Adapted with permission from Mohanty et al.
[38] Published by AIP Advances, under the Creative Commons (CC-BY)
license.)

The vibrational structures in streaming-driven devices comprise of ei-
ther sharp protrusions [38], [155], [221], [222] or air-filled cavities [214],
[215], [218]–[220] indented at the boundaries of the microchannel. These
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structures can be incorporated in the bulk [166], [216], [223] or side-walls
[89], [214] of the channels to generate the requisite streaming effects. Broadly,
streaming-driven devices exist in two major variants. The first genera-
tion of devices incorporate symmetric vibrational structures (Fig. 3.6a).
These devices are primarily intended for localized mixing of fluids [166],
[221] or studying morphology of bio-species [89], [214], [215]. Here, the
symmetrically-indented structures to the microchannel walls provide counter-
flowing vortices with no net directional flow in the channel. Whereas the
second generation streaming-driven devices introduce an asymmetry in the
design and distribution of vibrational structures to enable long-range trans-
port of agents and fluids (3.6b). These devices contain tilted side-wall pro-
trusions [38], [155], [222] and bubble columns [219], [220] that offer a more
directional fluid transport for micro-pumping applications. Furthermore,
frequency-selective vibration of these tilted structures enable bi-directional
steering of target agents inside these channels [38], [218].

Recently, streaming-driven devices have incorporated long microfluidic
trails as an extensive workspace [219]–[221], and use of active tethered
components inside the channel for higher volumetric resolution [217], [224].
Many of these devices have been synthesized with periodic cyclic microchan-
nel trails that facilitate multi-stage treatment of fluid samples for their
enrichment [219], [220] and purification [221]. On the other hand, a sophis-
ticated assembly of IDTs within the workspace streaming-driven tweezers
has been reported to achieve a pumping precision of nL/sec [217]. In ad-
dition to these developments, streaming-driven devices have also been en-
gineered with dynamic components such as acoustofluidic gears or rotors
[223], [225]. The fabrication strategy behind these acoustically powered
gears later formed the basis for untethered micromachines based on acous-
tic streaming principles.

3.4 Active agents and actuation strategies

Previously described actuation methodologies apply on passive target agents
that do not possess any autonomy for self-propulsion. Additionally, these
passive agents lack the ability to cope with unpredictable conditions that
are likely to be encountered in in-vivo operations like fluctuations in pres-
sure or fluid flow in their surrounding workspace. As a result, the collective
burden of manipulation falls upon the accuracy of the actuation system and
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pre-existing knowledge of the workspace. This limitation makes the actu-
ation process less compatible to in-vivo studies and can be overcome with
either designing agents with an on-board actuation unit or devising actu-
ation strategy to be agent specific. Addressing such concerns, this section
describes autonomous propulsion of active micro-agents, namely:

� Self-propelling micro-agents based on standalone acoustic vibratory
units [96], [229]–[241].

� Hybrid acoustic micro-agents that function in tandem with magnetic
and chemical actuation units [84], [95], [97], [98], [242]–[252].

The challenges associated with actuating these micro-agents shift from in-
strumentation and workspace design, towards synthesis and functionaliza-
tion of the agents. Specifically, the photolithography techniques used in
synthesis of IDTs mentioned earlier, have now been capitalized to design
and develop multi-component artificial agents. Hereon, we survey different
designs of active micro-agents with focus on their fabrication process and
propulsion mechanism.

3.4.1 Self propelling acoustic micro-agents

Self-propelling micro-agents are specifically designed with geometrical shapes
to enable their acoustic steering or functional units that vibrate to assist
their locomotion. These micro-agents exist in diverse size and morphology,
from nm-sized cylindrical rods to mm-sized assembly of vibratory micro-
cavities. We classify these agents based on the underlying physical mecha-
nisms, a majority of which are based on the streaming-induced forces (Fig.
3.2e and 3.2f). Specifically, they comprise of metallic nanorods [229]–[237],
flagellated micro-swimmers [94], [156], [238] and bubble-powered micro-
propellers [93], [96], [158], [239]–[241], [253]. Generally, these agents are
actuated using commercially available piezoelectric transducers attached to
a shared substrate that leaks sound waves into the medium in which they
are immersed. Herein, we first describe the nanorods that rely partly on
MHz range passive acoustic trapping while their directional self-propulsion
is aided by their shape anisotropy. Thereafter, we subsequently delve into
the other two micro-agents that contain self-actuating vibratory compo-
nents tunable to kHz range frequencies.
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Figure 3.7: Different kinds of self-propelling acoustic micro-agents: (a)
Acoustically trapped metallic nanorods undergo dynamic self-organization
(Image permission obtained fromWang et al. [229] Copyright cO 2012, ACS
Nano.). (b) Rotational motion of a flagellated microswimmer (marked by
red arrow) in response to sound waves (Image permission pending from
Kaynak et al. [156] Copyright cO 2017, Lab on a Chip.). (c) Rotational
motion of a bubble-powered micro-propeller showing two bubble columns
(Image permission obtained from Ahmed et al. [93] Published by Nature
Scientific reports, under the Creative Commons (CC-BY) license.).

3.4.1.1 Metallic micro and nanorods

One of the first self-propelling agents capitalized on autonomous motion
of axis-symmetric metallic micro- and nano-rods while they are acousti-
cally levitated [229]–[235]. These micro-agents are made up of a single[230]
or two dissimilar metals [229], [231]. The actuation strategy applied here
traps these nanorods in a nodal plane, while the in-plane acoustic stream-
ing effects contribute to their propulsion [236], [237]. The in-plane forces
acting on these nanorods, arise owing to a heterogeneity in their profile,
either in terms of density of materials[229], [231] or shape anisotropy[231],
[232]. Furthermore, the secondary forces acting on these rods can also en-
able their dynamic self-organization in linear or circular arrangements [229]
(Fig. 3.7a).

69

3



i
i

“Report” — 2021/11/29 — 16:36 — page 70 — #86 i
i

i
i

i
i

3. Contactless acoustic micro/nano manipulation:
A paradigm for next generation applications in life sciences

These micro-agents are synthesized using template-based electrodeposition
as cylindrically grown rods. Following their synthesis, they can be loaded
with enzymes[234], proteins[233], cells[235] and dyes[233], [235], which also
enables their real time fluorescent monitoring. Owing to this complimenta-
rity with funtionalization, nanorods have found a gamut of biomedical ap-
plications like intra-cellular delivery [230], [234], micro-RNA sensing [233]
and toxin removal in blood samples [235]. Despite their promising in-vivo
applications, metallic nanorods often require them to be accurately posi-
tioned at the standing wave nodes. This poses difficulty for the nanorods
to be employed in in-vivo studies as they are less autonomous compared to
other active micro-agents.

3.4.1.2 Flagellar acoustic microswimmers

Flagellar microswimmers have been designed to reciprocate the streaming
effects of indented protrusions like in the case of streaming-driven tweezers.
These swimmers comprise of an acoustically resonant flagellum that mim-
icks the flagellar dynamics of various biological and magnetic microswim-
mers during their motion [238]. In addition to acoustic streaming, the
propulsion mechanism for these swimmers relies on induced structural vi-
brations in their flagella in response to incoming sound waves. These vi-
brations are attributed by the heterogeneous construction of the swimmers,
which further amplify the microstreaming effects around the tip of their
flagella[94]. Akin to metallic nanorods, the heterogeneity in these agents
can be introduced with dissimilar material composition[94] or asymmet-
ric shape of the flagellum [156]. These microswimmers can be synthesized
using electrodeposition[94] or traditional UV lithography [156]. Several de-
sign variants of the aforementioned swimmers have shown their steerability
(Fig. 3.7b) [156]. However, a single acoustic microswimmer capable of both
translation and rotation is yet to be realized. Moreover, as these swimmers
rely on effective coupling of surface acoustic waves to induce structural
vibrations, their applications have been limited to microchannels.

3.4.1.3 Bubble-powered micro-propellers

Similar to vibrating protrusions, the microstreaming effects around oscil-
lating bubbles described in Section 2, have been exploited to design self
propelling agents [93]. In this case, the micro-agents are powered by bubble-
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trapped columns, which are designed as open cavities of predetermined ge-
ometry, that resonate to specific acoustic frequencies. Analogous to flagellar
acoustic swimmers, the shape asymmetry in terms of the position and size
of cavity in these micro-propeller attributes to steering capability [93], [239].
Additionally, actuation of bubble-powered micro-propellers can be selective
to multiple frequencies owing to the presence of multiple cavities. As a re-
sult, the bubble-powered propellers can effectively perform both translation
and rotational motion [239], [240] (Fig.3.7c). Alternatively, some instances
of bubble-based propellers have been steered with the application of radi-
ation forces using focused ultrasound transducers [253].
The traditional protocol for synthesis of acoustic micro-propellers consists
of a standard 2-D photolithography followed by their development to obtain
the micro-agents of a predefined cavity size [93], [239], [240], [253]. This is
followed by the surface treatment of agents to nucleate air bubbles inside
their cavities once they are immersed in the fluid for operation. With the
development of maskless 3-D nanoprinting, more complex and intricate ge-
ometries in the propeller designs have been reported [253]. Subsequently,
larger prototypes of propellers came into existence with multiple micro-
machined cavities that offer higher degrees of mobility [96], [240], [241].
As these large propellers could be driven at kHz frequencies (refer (3.6)),
they can be visualized using medical ultrasound (US) systems that oper-
ate at MHz frequencies. Recently, one such propeller has been reported to
be both acoustically-actuated and tracked under ultrasound guidance [240].
While many bubble-based propellers have achieved frequency selective steering,
standalone acoustic actuation does not always provide adequate frequency
range for both translation and rotation. Despite a large variance in bubble
column length in many such propellers, only a narrow range of distinctly
operable acoustic frequencies are achieved [239], [240]. This calls for hybrid
actuation approaches that enable independent directional control for these
propellers, as will be discussion in the next section.

3.4.2 Hybrid actuation strategies

Various hybrid actuation strategies combine acoustics with other physical
mechanisms to impart directional navigation to the agents or control multi-
ple agents while they are acoustically energized. In this category, we discuss
strategies where acoustic manipulation has been applied in tandem
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Figure 3.8: Different magneto- and chemo-acoustic hybrid actuation strate-
gies: (a) Combined configuration of Helmholtz coils with ultrasound phased
array for magnetically-guided acoustic tweezing. The setup shows various
components that enables closed loop assembly of magnetic agents (Image
permission obtained from Youssefi et al. [242] Copyright cO 2019, IEEE
Robotics and Automation Letters.). (b) Bubble-powered magneto-acoustic
propellers with the ability to climb a 3-D nano-printed staircase (Image
permission obtained from Ren et al. [97] Published by Science Advances,
under the Creative Commons (CC-BY) license.). (c) Ultrasound triggered
vaporization of encapsulated fuel enabling a ballistic microcannon. Scale
bar is 20µm. (Image permission obtained from Soto et al. [249] Copyright
cO 2016, ACS Nano.).
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with two commonly employed mechanisms namely, magnetic [84], [95], [97],
[98], [242]–[247] and chemical [157], [248]–[252] means of actuation.

3.4.2.1 Magneto-acoustic actuation

Magnetic actuation has been the most ubiquitously employed technique for
contactless manipulation across a wide size range of target agents. Like-
wise, acoustic manipulation methods under magnetic guidance find diverse
strategies like assembly of magnetic agents [242], self-propelling acoustic
agents [84], [95], [97], [98], [243]–[245], bio-hybrid agents [247] and collec-
tive behavior of microparticles [246]. The principle of actuation in all these
strategies employs acoustic forces primarily to either levitate or propel the
agents in presence of an applied magnetic field. With regards to levita-
tion, a BAW tweezer has been combined with a Helmholtz magnetic coil
setup to demonstrate multi-component assembly of mm-sized objects and
droplets [242]. This combined actuation setup (3.8a), supplies radiation
forces to levitate magnetic agents, which can also orient themselves under
magnetic guidance. Further, the previously discussed self-propelling agents
like metallic nanorods [243]–[245] and bubble-powered micro-propellers [84],
[95], [97], [98] have been re-engineered to accommodate magnetic compo-
nents during their synthesis. In the former case, tri-metallic nanorods [243],
[244] and nanoshells[245] have been developed which utilize the streaming
due to their anisotropic profile along with magnetic guidance for directional
motion. While on the other hand, the bubble-powered magneto-acoustic
propellers evolved to provide advanced modes of locomotion aided by mag-
netic steering [84], [95], [97], [98]. Specifically, they have been demonstrated
to navigate complex trajectories[95] and climb along surfaces [97], [98] with
promising potential for bulk actuation (Fig.3.8b). In addition, they can
also perform pick-and-place operations capitalizing the secondary radia-
tion forces to trap and eject particles [97].
In terms of biological applications, many of the magneto-acoustic micro-
agents have been used for transport of cells [97], [244], bacteria [243] and
drug delivery to cancerous cells[245]. An interesting bio-hybrid actuation
strategy involves functionalized magnetic Red Blood Cells, that can nav-
igate through various biological media in presence of both magnetic and
acoustic fields [247]. Another bio-inspired approach mimicks collective be-
havior of neutrophil cells in form of microparticles that agglomerate under
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magnetic field, and can be maneuvered in vasculatures aided by streaming
effects [246]. When the magnetic field is switch off, this magnetically trig-
gered formation can disembark to release an encapsulated drug at the target
site. Recently, a bubble-powered multi-cavity propeller has also shown its
ability for targeted drug delivery under combined magneto-acoustic guid-
ance. Aside from the bubble columns for acoustic propulsion, this propeller
also consists of a drug-filled cavity that can be triggered to release its con-
tents at specific frequencies [84].

3.4.2.2 Chemo-acoustic actuation

Many prevalent strategies of chemotaxis have been combined with acoustics
either as a triggering mechanism for propulsion [248], [249], or a guiding
force for navigation and organization of agents [250]–[252]. The first tech-
nique utilizes acoustic excitation of agents to catalyze ejection of chemical
fuel as a microscale ballistic tool [248], [249]. In this strategy, the agents
are synthesized with an encapsulated emulsion that vaporizes on appli-
cation of focused ultrasound pulse and releases the carrier particles (Fig.
3.8c). Whereas the second technique utilizes the acoustic self-propulsion of
metallic nanorods, to achieve bi-directional motion induced by their chem-
ical reaction in the surrounding medium [250], [252]. The nanorods used in
this approach act as catalyst to the surrounding fluid, whereby their chemi-
cal reaction yields an electro-osmotic flow which moves them forward [252].
Alternatively, the self-propulsion of chemical nanorods has been demon-
strated with reversible swarm control triggered by acoustic radiation forces
[251]. A more detailed account of chemically fueled acoustic agents has
been reported previously [157]. However, limited clinical applications of
chemo-acoustic agents exist as their dependence on a chemical medium or
fuel does not allow their invasive operation.

3.5 Future considerations on emerging technolo-
gies

So far we have surveyed different contactless acoustic actuation strategies
and described the recent advances in the state-of-the-art techniques. The
importance of acoustic micromanipulation in life sciences can be deciphered
from its versatile applications in biology and medicine. These technologies
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have the potential to serve as lab-on-chip based diagnostic platforms, and
to be utilized for minimally-invasive targeted interventions. With their
dual advantage of both particle and fluid manipulation, acoustic tweezers
exhibit diverse configurations for label-free handling of both sensitive bio-
logical agents and solvents. Acoustically-triggered self-propulsion of agents
provide autonomous means of actuation, thus paving way for targeted mi-
crorobotic applications. Although specific to their application, both pas-
sive and active actuation technologies can be vastly enhanced to extend
their outreach towards translational clinical studies [42], [149], [154], [160].
Firstly, acoustic tweezers have limited ability to transmit acoustic forces
across tissues and in heterogeneous media like the blood plasma. In addi-
tion, while a majority of tweezers can accurately deploy multiple agents at
their desired location, they seldom have the ability to trigger any functional
response from the agents. These limitations necessitate improvements in
the instrumentation and application strategy of tweezers. Acoustic tweez-
ers can be employed with specialized agents which can be both maneuvered
to a target site, and triggered to carry out additional functions such as drug
delivery and diagnosis. Further, the tweezers may also act on autonomous
agents and deploy them closer to the target site from where they can self-
propel more reliably. On the other hand, while actuation of autonomous
agents offers intelligent and agent-selective strategies, their standalone op-
eration is less effective. Therefore, the collective action and 3-D actuation
of these agents are desirable for targeted drug delivery. Besides these fac-
tors, visualization of these micro-agents under in-vivo conditions calls for
clinically-compliant imaging techniques, most notably medical US. In this
section, we evaluate the aforementioned criteria and propose research di-
rections that could precipitate additional innovations in the existing tech-
nologies.

3.5.1 Instrumentation and operational efficacy of tweezers

Among acoustic tweezers, BAW devices are typically air-borne systems
that manipulate larger agents (mm-scale) compared to SAW devices that
operate on micro-particles mostly in fluids. BAW tweezers offer tremendous
scope for integration with robotic platforms for navigation and visualization
of agents across a large workspace [183]. Single-sided BAW tweezers may be
interfaced to a programmable robotic[183] or haptic assembly[254] and ma-
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neuvered around a surgical site to perform targeted operations. Further,
the instrumentation of BAW tweezers has evolved from static devices to
holographic transducer elements for generation of dynamic high-resolution
acoustic traps. Besides the miniaturization of transducers, research direc-
tions on use of holographic spatial sound modulators (SSM) can substan-
tially enhance resolution of acoustic traps [255], [256]. This technology
holds the potential for simultaneous amplitude and phase modulation of
acoustic beams using masks with sub-wavelength features.

On the other hand, performance of SAW tweezers depends on the de-
sign of IDTs and their ability to couple acoustic energy via piezoelectric
substrates. The methods of generating surface acoustic traps have evolved
to their phase- and amplitude- controlled re-configurable distributions us-
ing multiple concentric IDTs[184]. In this regard, a prospective research
direction capitalizes on deep learning methods to generate spatially non-
uniform acoustic field distribution for any given workspace design [257].
These approaches broaden the scope for SAW devices to manipulate target
agents in dynamic patterns conformable to non-conventional microchannel
geometries. Importantly, miniaturization and integration of SAW devices
with flexible substrates and electronics can vastly extend their outreach
towards in-vitro applications [254]. In several instances, SAW technologies
have been translated to wearable electrodes that enables deep penetration
of acoustic waves to impact neurological studies in animal trials [258].

3.5.2 Design and functionalization of autonomous agents

In case of autonomous agents, the reliable operation and ability to carry
payload play a major role for their successful deployment in biological ap-
plications. Among these agents, bubble-powered propellers became pop-
ular due to their ease of actuation and convenient fabrication protocol.
These micro-agents gained a huge impetus due to the developments in 3-D
nanoprinting technology which led to a wave of eclectic propeller designs
[97], [240], [253]. The next generation of these micro-propellers may con-
sist of larger arrays of acoustically-resonant cavities that can offer multiple
degrees-of-motion. Alternatively, a different process flow can be pursued to
achieve batch fabrication of much smaller nano-propellers that are equally
adept at multi-modal locomotion [99]. Furthermore, in order to overcome
bubble instability due to high-frequency oscillations, innovative measures
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are required in both the design and surface treatment of the propeller cav-
ities. In this regard, secondary structures in the propeller designs can
contribute additional surface tension at the bubble interface and impart
longevity to their operation [98].

Aside from their synthesis, micro-agents can be functionalized to carry
and release drugs or other agents for targeted therapy. In this regard, hybrid
actuation strategies can play a crucial role for otherwise non-functional bio-
logical agents, as their acoustophoretic motion can be more directional un-
der magnetic or chemical guidance [259]. Various chemo- and bio-functionalized
metallic nanorods have been pursued for localized delivery of cells, drugs
and RNA strands. Similar functionalities can be attributed to bubble-
powered propellers, which can also utilize secondary radiation forces to
carry and release a much heavier payload [97], [99]. In addition to mi-
crostreaming around bubble columns, other alternative means to harvest
acoustic forces on bubbles may be exploited as drug release or actuation
mechanisms. Firstly, vaporization of carrier droplets triggered by pulsed
ultrasound can serve as a method to release drugs encapsulated inside the
propellers [84], [260]. Secondly, mimicking US imaging contrast agents,
non-spherical modes of bubble oscillations may be exploited to facilitate
directional release of drugs coated on the bubble interface of these pro-
pellers [261]. Although various such drug-coated micro-agents have been
standalone tested in 2-D microchannels, their limited ability to navigate
3-D workspaces impedes their progress towards in-vitro clinical trials.

3.5.3 3-D micromanipulation of target agents

Various clinical scenarios require the actuated agents to maneuver through
obstacles, cluttered environments, and uneven surfaces like arteries which
demand their 3-D manipulation. Primarily, BAW tweezers are the only
qualified tools that are explicitly designed for bulk actuation of agents. Al-
though SAW tweezers rely on surface transmission of acoustic energy, they
can be smartly adapted to perform 3-D or upstream actuation of agents
against gravity. Conventional SAW based strategies may incorporate a
more realistic workspace architecture that emulate tubular biological vas-
culatures[262], [263]. A previously suggested method of designing flexible
transducers or piezoelectric substrate may allow SAW devices to be at-
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tached to these tubular microchannels [254]. Moreover, next generation
of streaming-driven tweezers may be envisioned with 3-D topographical
features that allow streaming-induced migration of agents along sophisti-
cated contours that imitate side-walls of blood capillaries [213]. Similar to
passive agents, many autonomous propellers have been shown to ascend
obstacles and curved surfaces. However, in most cases their 3-D actuation
of agents is partly aided by hybrid actuation strategies [97]–[99]. A major-
ity of the reported strategies of self-propulsion show minimal dependency
on instrumentation. This leaves enormous scope for collaborative studies
employing acoustic tweezers for more controlled two-step actuation of au-
tonomous agents. In this regard, these agents can be initially steered to
deep seated locations in artificial phantoms or tissues using focused acous-
tic beams [261]. Thereafter, the agents can exploit their self-propulsion to
reach nearby targets in an overall semi-autonomous fashion.

3.5.4 Ultrasound-based imaging of micro-agents

Another important aspect imperative to clinical application is imaging of
these agents in environments opaque to camera-based vision. Most of the
actuation strategies reported so far are limited to traditional microscopy
and are less suitable for noninvasive studies. With prospects of homoge-
neous actuation and surveillance, US imaging systems (MHz-GHz range)
offers a suitable alternative for tracking micro- and nano-agents. The trans-
ducer arrays in BAW tweezers can be combined with commercially available
US imaging probes for synchronized actuation and imaging of agents in
biological tissues [43]. We envision the next generation of BAW devices to
inherit features of US imaging probes in order to transmit steerable acous-
tic beams inside the human body. Moreover, employing such specialized
US probes on shared basis for actuation and tracking agents can open up
opportunities for closed-loop studies in biological specimens. Alternatively,
some of the reported technologies used for BAW tweezers may also serve
as imaging elements for acoustic holographic displays [256], [264]. Among
autonomous agents, acoustic micro-propellers complement US imaging sys-
tems as coated gas bubbles are already in practice as contrast agents. In
this context, these bubble-powered propellers may be designed to resonate
at acoustic frequencies non-interfering with that required for US imag-
ing. As a result, synchronized use of imaging probes and actuators can
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also be employed here to achieve ultrasound guided closed-loop servoing of
these agents. However, the challenges that undermine US-based servoing
of micro-agents is the resolution limit of the imaging probes. Although
US imaging probes (GHz range) may even detect up to nanoparticles in a
noise-free environment, the tracking accuracy is noise-prone and thus com-
promised during a real-time clinical operation. One of the ways to overcome
this limitation is to deploy groups of multiple agents that can easily be de-
tected as a collective entity.

3.5.5 Multi-agent manipulation

Collective actuation of multiple agents can boost the throughput in clinical
applications compared to their standalone operation. It offers many advan-
tages such as higher therapeutic dosage and convenient clinical detection.
With the ability to handle multiple agents, various acoustic tweezers can
pattern or segregate agents with different acoustic properties. Yet many
of these tweezers either cannot differentiate between similar agents, or are
unable trigger a coordinated response from a specific type of agents. Here,
advanced control strategies like iterative algorithms[174] and reinforcement
learning[190] can be useful for agent-selective actuation. Nonetheless, the
absence of external stimulus from the participating agents can make these
advanced strategies less effective. Consequently, the passive collective actu-
ation techniques may either lead to an over-actuated hardware or demand
high computational power. Again, this provides opportunity for tweezers to
collaborate with autonomous agents for a more controlled collective manip-
ulation. Several instances of metallic nanorods and magnetic nanoparticles
have shown swarming ability when triggered by US. More interesting strate-
gies for swarm manipulation may be devised based on secondary acoustic
forces acting on bubble-powered propellers. Specifically, a single propeller
can potentially capitalize on secondary radiation forces to attract or repel
multiple neighboring agents [99]. Prospective mechanisms may involve large
formation of agents based on these secondary forces, that can be further
maneuvered as a swarm using other hybrid mechanisms [263]. Emerging
strategies may extend to well characterized agent-agent interactions that
enable complex formations of autonomous micro-agents. Such dynamic
formations might mimick the state-of-the-art magnetic swarms that can
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organize themselves as clusters and disembark into isolated agents upon
removal of acoustic forces [265].

3.6 Conclusions

This chapter presents a panoramic view of acoustic micromanipulation
methods targeting agents that range from mm-size size bio-organisms, micro-
robots, and up to nanoparticles. Herein, we entail an eclectic set of devices
that enable sound waves to trap these agents or transport them along mi-
crochannels, and different autonomous agents with self-propulsion ability.
This report describes the governing physics, instrumentation, design, syn-
thesis and control aspects for both the actuation platform and the target
micro-agents. We finally aim to promote greater utility of acoustics in life
science applications and stimulate collaborative research across different
biomedical technologies premised on acoustic actuation.

We envision acoustic tweezers as diagnostic equipment, and self-propelling
agents as microrobotic tools for prospective clinical applications. Notably,
BAW tweezers are adept at automated manipulation and offer tremen-
dous scope for integration with conventional robotic or haptic platforms.
On the other hand, SAW tweezers provide a much higher resolution for
localization and are important for cell patterning and tissue cultures. Var-
ious SAW devices have the potential to be commercialized into flexible
diagnostic platforms that may be transformed into wearable devices. A
collaboration between different SAW and streaming-driven tweezers can
push the boundaries of their traditional usage in microfluidics, to design of
acoustically-driven surgical devices [266]. Lastly, we discuss self-propelling
micro-agents with on-board vibrational units designed to resonate at spe-
cific acoustic frequencies. Besides their acoustic propulsion, these agents
can join forces with other physical mechanisms like magnetism to allow for
hybrid actuation. Offering prospects of swarm control and detection under
medical US, these agents are a promising tool for minimally invasive inter-
ventions. Nevertheless, the full potential of clinically-relevant micro-agents
has not yet been realized with combined studies on acoustic actuation and
imaging of these agents under in-vivo conditions. A futuristic surgical suite
may combine several of these techniques, where autonomous micro-agents
are deployed through a lumen using a streaming-driven tweezers at the
target site while their swarms are maneuvered using BAW tweezers.
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Bi-directional transportation of micro-

agents induced by symmetry-broken acous-

tic streaming

Note: Following chapter is adapted from the article “Bi-directional trans-
portation of micro-agents induced by symmetry-broken acoustic streaming”
by S. Mohanty, U. Siciliani de Cumis, M. Solsona, and S. Misra (2019)
published in “AIP Advances”, volume 9, issue no. 3, pages 035352.1-
035352.5

Abstract

We show that vibrating protrusions inside a microchannel are capable of
steering fluid away from their relative orientation. This phenomenon is
brought forth by symmetry-broken design of these protrusions. Vibration
of these asymmetric protrusions is reciprocated in the streaming effect at
the boundary layers of the channel thus inducing a net fluid flow. Addi-
tionally, we show that the flow direction is sensitive to switching acoustic
frequencies. This acoustically-induced flow has the potential for trans-
portation of nanoparticles as well as complex micro-structures. We hereby
demonstrate this utility for contactless actuation of flagellar micro-agents
as a foreground towards targeted drug release.
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4.1 Introduction

Contactless manipulation of artificial and bio-hybrid micro-agents has emerged
as an inter-disciplinary field of great interest, providing impetus to potential
applications in life sciences [9]. Current state-of-the-art spans a plethora of
contactless actuation mechanisms exploiting magnetism [81], [127], [132],
[267]–[269], optics [270], acoustics [93], [94], [156], [179], [223] and chemical
principles [81]. The most ubiquitously employed method is micromanip-
ulation with magnetic fields, which requires micro-agents to be magnetic.
However, downsizing these agents further presents difficulty in fabricating
them with sufficient magnetic volume [81], [267], [269]. Correspondingly,
the induced magnetic forces are lower in comparison to the drag forces
thereby making their standalone transport less effective. Alternatively, ap-
plication of acoustics for micromanipulation has garnered attention owing
to its clinical compliance [271], [272] and complimentarity to ultrasound
imaging modality [111], [153], [273], [274]. Traditionally, it has found usage
in acoustic tweezers [275]–[277], bubble-based cavitation [93], [95] and ac-
tuation of mobile microswimmers [94], [156]. Besides these, it has been no-
toriously capitalized for generating micro-vortices in confined microsystems
premised upon the sound-fluid interaction [155], [162], [212]. This localized
vorticing has been attributed to steady streaming generated by oscillating
sharp geometries, as these scatter sound waves into the surrounding fluid
[162], [278].

An eclectic mix of microchannel designs have incorporated micro-structures
on their side walls enabling boundary driven streaming to serve as micro-
mixers [162], [279], [280] and transport of biological species [214], [215].
Numerical investigations of these designs classify boundary-driven stream-
ing as the causal force behind bulk streaming in these microchannels [161],
[162], [222], [281]. The most commonplace of these designs contain periodic
arrays of sharp protrusions on their side walls, which upon their vibration
exhibit symmetrical vorticing around them. This leads to equi-intensity
counter-flowing fluxes around these protrusions, with no net displacement
of fluid in the bulk of the channel thus making them suitable for mixing
[162], [280]. In contrast, by varying orientation of these protrusions it is
possible to introduce an asymmetry which causes an imbalanced vorticing
near the boundary layers, thus inducing a net flow [155]. Although the
novelty of tilting the protrusions to generate flow has been demonstrated
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Figure 4.1: (a) An illustration of symmetry-broken acoustic streaming
around microchannel protrusions. (b) Schematic of the workspace describ-
ing wave propagation. (c) A micrograph of sperm inspired micro-swimmer
used for experiments.

in the past [155], [222], the ability to control this flow with regards to ex-
citation or design has not been explored yet. Moreover, this induced flow
is accompanied with continuous displacement of carrier fluid which is not
always desirable for micromanipulation. On the other hand, while direc-
tional flow control by tuning excitation has been reported recently [282],
it is limited to low acoustic frequencies in sub-kHz range, thus providing
scope for design compliant to higher frequencies.

In this chapter, we report that tilted microchannel protrusions are capa-
ble of producing a net flow in opposite direction relative to their orientation.
This acoustically induced flow originates from dominant one sided vortic-
ity around these protrusions due to asymmetric near boundary stream-
ing around them as shown in Fig.4.1(a). In addition, we establish that
frequency-selective excitation of microchannels can induce a flow in both
directions, complimentary to that reported previously [155]. This ability is
also exploited for driving sperm-inspired artificial micro-swimmers inside
the channel as depicted in Fig. 4.1(c). We fabricate our microchannels
based on designs predicted by computational results and describe their ac-
tuation for certain characterized frequencies.
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4.2 Materials and methods

4.2.1 Description of setup and fabrication details

In order to prepare our microchannels, we followed the traditional PDMS
(polydimethylsiloxane) based fabrication procedure by pouring a solution
of PDMS mixed with curing agent (Sylgard 184) in 10:1 ratio over SU-8
molds of requisite design negatives on a Si wafer. The resulting single layer
of cured PDMS was punched with inlets/outlets and plasma bonded over
a glass substrate. We then glued a piezoelectric transducer (Pz27, Meg-
gitt FerropermTM ) adjacent to the channel on the glass substrate using a
two-component epoxy resin (Araldite, ARA400007) as shown in Fig.4.1(b).
This acted as our source of excitation which was interfaced with a signal
generator (33510B, Keysight), while the acoustic power was further en-
hanced up to a maximum of 50V by a custom built high voltage amplifier
(1MHz bandwidth).

4.2.2 Electro-mechanical characterization of transducer

We determined the operating frequencies of the transducer by performing
its electro-mechanical characterization in subsequent steps. Since piezo-
electrics harmonize to their resonant frequencies [283], [284], we measured
the impedance spectrum of our transducer using an Impedance Analyzer
(Agilent, HP4294A) for preliminary inspection of these frequencies as de-
scribed in Fig.4.2(a) and (b). We then measured vibration occurring at
these frequencies in our workspace using Laser Doppler Vibrometer (Poly-
tec, OFV-5000) on the surface of transducer, and compared them with that
on the glass substrate close to the transducer as shown in Fig. 4.1(c). This
dual confirmation was necessary as resonant harmonics of piezoelectrics
could potentially shift due to acoustic loading [284]–[286]. Moreover, the
relative strength of vibrations also provided a suitable operating range to
ensure sufficient acoustic power transmission to our workspace.

4.2.3 Numerical computation of streaming-driven flow

The physics behind generating a directional flow was conceived from com-
putational modeling of acoustic streaming, as investigated in several re-
ports [161], [162], [278], [280], [281]. It has been notoriously described as
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Figure 4.2: Electro-mechanical evaluation of harmonic modes of transducer
(Pz27, Meggitt FerropermTM ): (a-b) Impedance characteristics of trans-
ducer showing isolated resonant harmonics marked by the (a) characteris-
tic impedance dip and (b) phase jump at corresponding frequencies. (c)
Mechanical deflections measured by the vibrometer (normalized over a dis-
tribution of 9 points on the transducer) for the frequency range depicted
in (a) and (b).

steady flow generated as fluid’s inertial reaction to absorption of sound
waves, occurring predominantly at physical boundaries [162], [278], [280].
A common strategy to simplify its computation is by separating the time-
scales of sound propagation through the medium and fluid’s response to it
[161], [162], [287]. Going by this principle, we defined our study based on
the boundary conditions and governing formulations comprehensively de-
scribed by Muller et al. [161]. In this approach, we performed simulations
(COMSOL MultiphysicsTM ) on a parametric variation of microchannel de-
signs, which worked as our computational domain to study the influence
of different geometrical parameters. We simulated our designs with the
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Figure 4.3: (a-c) Summary of simulation study: (c) A close-up of simu-
lated fluid velocity profile across the channel (described in Fig.4.1(a)). The
white arrows depict the streaming direction and fluid velocities are further
resolved into vx and vy components, which are analyzed along a central
parting line (in red). (a) A comparative fluid flow profile for two channel
designs of width 800µm and 500µm. For similar magnitudes of oscillatory
vy component, the two channels exhibit a contrasting flow profile with vx
having a positive offset in case of 500µm, and a negative offset for the
800µm wide channel. The two flow regimes are indicated with arrows. (b)
Regime diagram of vx and vy for the parametric study based on design
variations with respect to (I) channel width, W (at 50kHz), (II) protrusion
angle, α (at 50kHz) and (III) frequency of acoustic excitation (W=800µm,
α=60o). (d) Time-lapse image illustrating reverse flow observed with blue
fluorescent tracer particles, W=800µm (Video 1). (e-f) Frequency-based
bi-directionality observed with yellow fluorescent tracer particles illustrat-
ing :(e) Reverse flow at 41kHz (Video 2) and (f) Forward flow at 4kHz
(Video 2).
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intuitive notion that tilting their side-wall protrusions could effectively ori-
ent the steady flow, while varying the channel width could influence the
region where it occurs. For any given orientation of protrusions across the
channel, the overall flow profile is oscillatory but as they come closer, a
steady offset appears in the middle of the channel. This offset corresponds
to a steady flow of the fluid in the direction pointed by the protrusions.
We denote this case as forward flow. However, when the separation across
the channel increases, the steady flow develops in the opposite direction to
their orientation, a case that we define as reverse flow. This happens when
protrusions across the channel are far enough allowing the boundary-driven
streaming to attenuate sufficiently and thereby sustain a steady flow in the
middle of the channel as shown in Fig. 4.3(c). Further, to homogenize our
framework, we simulated the channel described in Fig. 4.1(a) at a con-
stant acoustic excitation frequency of 50kHz. Thus, for this frequency, Fig.
4.3(a) represents the flow profile of two contrasting observations described
above for two different channel widths. Additionally, to effect eliminate
the influence of geometry, we varied the protrusion angle (α) and channel
width (W) in Fig. 4.1(a) separately, keeping other parameters constant.
We summarize our findings in a regime diagram shown in Fig. 4.3(b) to
find the optimal channel design to establish reverse flow. Firstly, we ob-
serve a crossover region for W=600µm where the flow switches from forward
to reverse regime for wider channels as shown in Fig.4.3(b)-I. Secondly, in
Fig. 4.3(b)-II we observe that for W=800µm, tilting the protrusions be-
yond a threshold (α=60o) decreases the reverse flow magnitude. Although
it wasn’t possible to perform these simulations for varying frequencies ow-
ing to computational limitations, we narrowed down to a lower frequency
range as shown in 4.3(b)-III. For the design in Fig. 4.1(a) (i.e. W=800µm,
α=60o), it was observed that the reverse flow component increases with
frequency up to a threshold beyond which it decreases.

4.3 Results and discussions

In order to gain deeper understanding of the simulations, we performed
experiments to test the directional flow inside the microchannel referred to
in Fig.4.1(a) for two different widths i.e. 600µm and 800µm. Firstly, in
case of 800µm wide channel, we excited an aqueous solution of fluorescent
particles (2.5µm blue alignment beads, AlignflowTM ) in this channel to an
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operating frequency of 41kHz, subjecting them to varying acoustic power
(Fig. 4.3(d),Video 1). At low power we observed a forward flow close to the
protrusions, while the central region away from them exhibits a reverse flow
which further intensified as we gradually increased the power. Similarly,
we excited the blue tracer particles in 600µm wide channel at 41kHz and
observed that the reverse flow prevails but in a much narrower region (Video
1). This is in agreement with the crossover regime observed in Fig.4.3(b).
Further, to test the influence of acoustic wavelength on the behavior of this
flow, we operated the channel to frequencies characterized earlier in Fig.
4.2(a)-(c). As can be seen in Fig. 4.3(f) (Video 2), we began by exciting
particles (2.5µm yellow alignment beads, AlignflowTM ) to a frequency of
4kHz to observe a predominantly forward flow, extending throughout the
channel. When the excitation was turned off, a strong back-flow of water
suggested a net displaced liquid. This abides with a similar observation
reporting pumping functionality of microchannel at 6.5kHz [155]. Whereas
exciting the channel to higher frequencies of 30kHz and 41kHz, resulted in
a reverse flow in the middle of the channel as was also observed by the
general trend in regime diagram around these frequencies as shown in Fig.
4.3(b). Although the flow observed for the case of 30kHz was much lower,
this conformed to the lower acoustic power at this frequency as observed
earlier in Fig. 4.2(c).

However, there was a significant reverse flow observed at 41kHz in the
bulk of the channel. This could also be related to the fact that sound
waves attenuate at shorter distances for higher frequencies thus confining
their boundary-driven streaming [288]. Secondly, we also observe that the
relative size of counter-rotating vortices differ for 4kHz and 41kHz as can
be seen in Fig. 4.3(e) and (f). In case of 4kHz, the lower vortex is larger
and clockwise thus pulling the fluid along the protrusions. While for the
41kHz case, the upper vortex is larger and counter-clockwise pushing the
water away from the protrusions. Moreover, the limited back-flow of water
for higher frequencies was in contrast to the pumping utility referred to
earlier[155], as despite of the reverse flow observed in the bulk, the forward
flow around the protrusions conserved the net flow. Hence, operating the
channel under reverse flow conditions was considered more suitable for
micromanipulation due to its ability to generate a confined flow with little
displacement of fluid.

Thereon, we investigated the utility of these two flow regimes through
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Figure 4.4: Time-lapse sequence showing motion of micro-agents in the
microchannel to acoustic excitation. (a) A dyed PDMS fragment (inscribed
in white box ) at a frequency of 41kHz (Video 3, Multimedia view). (b) A
sperm-inspired swimmer (inscribed in box ) to a frequency of (b) 41kHz
(Video 4) and (c) 4kHz (Video 5).
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manipulation of micro-swimmers. We first performed a preliminary test
where we stained PDMS fragments of roughly 100µm size with blue fluo-
rescent particles and injected them into the channel. Fig. 4.4(a) captures
trail of a dyed PDMS fragment traversing along the reverse flow in the chan-
nel when excited at 41kHz (Video 3). We subsequently performed experi-
ments with our sperm-inspired swimmer of length 100µm in the presence
of tracer particles. It has been reported previously that streaming fluxes
around the flagellar appendages of micro-structures can trigger a beating
motion thereby causing them to swim [94], [156], [223]. We thus based our
micro-swimmers on a sperm-inspired design as shown in Fig.4.1(c). Our
micro-swimmers were made of IPL-780 (Nanoscribe GmbH) and fabricated
using Direct Laser Writing technique [267], [269]. Firstly, a 100µm swimmer
was injected into the channel, which was excited at 41kHz, whose motion is
described in Fig. 4.4(b) (Video 4). Contrary to the previous observation,
the drift caused by acoustically induced flow occurs in tandem with the
flagellar beating which helps the swimmer to steer through the channel.
Further, we excited a 100µm swimmer at 4kHz under forward flow condi-
tions, as can be seen in Fig. 4.4(c) (Video 5). The flagellum here exhibits
stronger beating as being close to the protrusions where the oscillatory flow
is dominant.

4.4 Conclusions

In conclusion, we demonstrate a unique phenomenon where acoustically
exciting protrusions in a microchannel generates a flow opposite to their
relative orientation, which we denote here as reverse flow. Additionally, we
demonstrate that this reverse flow in the middle of the channel occurs in
tandem with forward flow close to the protrusions which conserves the net
flow. We use a simplistic approach to computationally model the governing
acoustofluidics to find suitable design metrics for constructing our channel.
In the future, this study could incorporate geometrically more complex
designs of side wall protrusions to produce the same effect. We further
experimentally observe reverse flow to dominantly occur at high frequen-
cies, and the forward flow at just below ultrasound range. This also makes
the reverse flow regime more convenient for operation at higher power as
the frequencies lie in inaudible range for human hearing. Improving the
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tunability of designs with respect to acoustic frequencies could accommo-
date more operating points for forward flow regime. Finally, we exploit
this effect for micromanipulation within the channel, which can be useful
for applications requiring contactless delivery of micro-agents. Deeper un-
derstanding and control of their acoustic excitation can provide scope for
maneuvering them by multiplexing between the variable flow regimes.
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5
SonoTweezer: An acoustically-powered

end-effector for underwater

micromanipulation

Note: Following chapter is adapted from the article “SonoTweezer: An
acoustically-powered end-effector for underwater micromanipulation” by S.
Mohanty, R. Fidder, P.M. Matos, C.M. Heunis, M. Kaya, N. Blanken,
and S. Misra (2021), Under review in “IEEE Transactions of Ultrasonics,
Ferroelectrics and Frequency Control”.

Abstract

Recent advances in contactless micromanipulation strategies have revo-
lutionized prospects of robotic manipulators as next-generation tools for
minimally-invasive surgeries. In particular, acoustically-powered phased
arrays offer dexterous means of manipulation both in air and in water.
Inspired by these phased arrays, we present SonoTweezer: a compact, low-
power and lightweight array of immersible ultrasonic transducers capable
of trapping and manipulation of sub-mm sized agents underwater. Based
on a parametric investigation with numerical pressure field simulations, we
design and create a 6-transducer configuration, which is small compared
to other reported multi-transducer arrays (16-256 elements). Despite the
small size of array, SonoTweezer can reach pressure magnitudes of 300kPa
at a low supply voltage of 25 V to the transducers, which is in the same order
of absolute pressure as multi-transducer arrays. Subsequently, we exploit
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the compactness of our array as an end-effector tool for a robotic manipu-
lator to demonstrate long-range actuation of sub-millimeter agents over a
hundred times the agent’s body length. Furthermore, a phase-modulation
over its individual transducers allows our array to locally maneuver its tar-
get agents at sub-mm steps. The ability to manipulate agents underwater
makes SonoTweezer suitable for clinical applications considering water’s
similarity to other biological media e.g., vitreous humor, blood plasma. Fi-
nally, we show trapping and manipulation of micro-agents under medical
ultrasound imaging modality. This application of our actuation strategy
combines usage of ultrasound waves for both imaging and micromanipula-
tion.

5.1 Introduction

In recent years, diverse clinical applications have advanced owing to the
dexterity and precision of contactless micromanipulation methods that en-
compass robotics and microsystem technology [289]. Further, the clinical
compatibility with magnetic resonance (MR) and ultrasound (US) imaging
have favored the outreach of magnetic and acoustic methods for remote ma-
nipulation [54], [290]. With the ability to manipulate agents across different
length scales, acoustically-powered devices facilitate the most diverse appli-
cations, from lab-on-a-chip diagnostics, to minimally-invasive surgeries [59].
These devices, commonly known as acoustic tweezers, consist of multiple
piezoelectric transducers that generate pressure fields to trap and manip-
ulate agents [291]. The ability to generate and steer such pressure fields
enables these tweezers to perform sophisticated interventions such as med-
ical expulsive therapy, in a minimally-invasive manner [43].

Among acoustic tweezers, many ultrasonic phased arrays have been
reported for mid-air levitation of millimeter-sized agents [173], [179], [292]–
[294]. These arrays exist in various morphologies of transducers and phase
distribution across transducers, which enables spatio-temporal modulation
of pressure fields around them [179]. Moreover, the inexpensive, modular
and accessible hardware components in such arrays have paved the way for
many open-source research systems [173], [179], [294]. Despite the ubiquity
of the phased arrays, the majority of them are airborne systems. Previ-
ously, the acoustic tweezers for waterborne applications have been either
limited to 2-D microchannels [91], or enclosed volumes inside bulk resonant
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chambers [295]. In the case of microchannels, the tweezers are confined
to surface manipulation of micro-agents [59]. Contrarily, acoustic resonant
chambers operate only on bounded fluid reservoirs with limited arrange-
ment patterns of target agents.

Figure 5.1: The schematic depicts a robotic manipulator carrying
SonoTweezer as an end-effector for manipulation of agents immersed in a
water-filled container. (a) Shows a close-up of SonoTweezer with the trans-
ducer heads labelled with color schemes (red for 0◦ and blue for 180◦) that
describe the phase of the emitted wave, and (b) shows a 2 mm Polystyrene
agent trapped at SonoTweezer’s focal point.

As most in-vivo clinical applications require instrumentation that is
compatible with biological media like blood plasma and vitreous humor, a
new kind of waterborne tweezers have emerged as a potential solution [43],
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[296]–[300]. The phased arrays for airborne applications described ear-
lier, are realized with immersible high-frequency transducers that generate
steerable acoustic beams to trap and maneuver agents in an open workspace
underwater. As a result, these immersible phased arrays can manipulate
sub-mm to micro-scale agents in deep-seated tissues of the body thereby,
making clinical operations less invasive [43], [297], [300].

However, the integration of these immersible arrays into clinical systems
is limited for a couple of reasons. First, these arrays often require a large
number of sophisticated transducers that are high-end commercial prod-
ucts such as systems developed by Verasonics Inc. [43], Imasonic SAS [297]
and Phillips B.V.[299]. Further, the overall cost in such a system integra-
tion is also burdened by the expensive peripheral equipment employed for
functions such as pressure amplification and data acquisition. Moreover,
the large number of transducers add to the overall size and weight of such
a system. Hence, it becomes difficult to interface such large transducer ar-
rays with other automated equipment, such as robotic manipulators, that
could be useful for clinical applications [301], [302]. Besides, various clinical
applications require the usage of micro-agents to perform operations such
as targeted therapy and drug delivery [289]. For such clinical applications,
the large size of such transducer arrays makes it challenging to reliably lo-
cate sub-mm agents in their target workspace that spans a few centimeters
[303].

Contactless manipulators are not only used as standalone devices, but
also as auxiliary tools to minimize interventions during clinical opera-
tions [183], [304]–[309]. Notably, robotic manipulators with magnetic end-
effectors can perform clinical operations such as catheterization under ex-
vivo conditions [305]. However, such robotic systems mostly utilize bulky
permanent magnets or electromagnets that restrict the payload carrying
capacity of the manipulator [306], [307]. Furthermore, the high magnetic
fields generated by these systems (up to 2 0mT) may interfere with auxiliary
electronic components employed during the clinical operation [308]. Alter-
natively, ultrasonic phased arrays possess a lightweight and non-interfering
hardware. Thus, these phased arrays can be a safer substitute for magnetic
coils as an end-effector for robotic manipulation.

Recently, airborne phased arrays mounted on a robotic manipulator
have demonstrated pick-and-place of millimeter-sized agents over long dis-
tances[183], [309]. This provides an opportunity to redesign immersible
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phased arrays as end-effectors suitable for micromanipulation in biological
media.

Figure 5.2: (a) Transducer and array geometry: Euclidian distance d and
angle θ of each transducer with respect to the observer point i.e., the micro-
agent. The agent is at a distance r with respect to the Origin O, situated
at the center of the array, and at a distance di from every i -th transducer.
θi is the angle between the outward normal vector, ni from the piston’s
surface and vector along di from each transducer. (b) The phase at which
every i -th transducer emits is φi. Here, the phase distribution of the array
is in twin trap configuration with half of the transducers in anti-phase to
the other. (c) Transducer array parameters. R denotes the radius of the
hemispherical array and α is the angle between the central axis and the
circular ring of transducers. The transducers are aligned in such a way
that the geometrical focal point of the cap aligns with the desired trapping
position, referred to as focal trap.

In this chapter, we present SonoTweezer, a compact and lightweight
acoustic tweezer that addresses the limitations of the aforementioned phased
arrays and is compatible with integration into robotic systems. SonoTweezer
is an array of six immersible waterborne transducers in a close-packed spa-
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Table 5.1: Initial parameters for the transducer array

Variable Ultraino SonoTweezer Units Definition

c0 343 1510 m/s
Speed of sound in medium

(25oC)

ρ0 1.18 997 kg/m3 Density of medium

cp 900 2350 m/s
Speed of sound in agent

(25oC)

ρp 29 1050 kg/m3 Density of agent

rp 500 250 µm Radius of spherical agent

Nt 44 6 – Number of transducers

R 61 20 mm
Radius of hemispherical

array cap

α 15 30 o Transducer angle (Fig. 5.2c)

f 41 1000 kHz Center frequency of transducer

a 4.5 6.5 mm Radius of transducer

p0 0.17 73
Pa·
m/V

Normalized Pressure
constant (5.4)

tial configuration which can trap milli- to micro-sized agents at their focal
point (Fig. 5.1). With this compact design, we achieve comparable pressure
magnitudes for manipulation with lower power requirements in contrast to
other waterborne arrays.

We first investigate various design metrics of SonoTweezer based on
numerical computations and validate the resultant pressure fields with
hydrophone measurements. Secondly, we demonstrate trapping and lo-
calized manipulation of micro-agents (size∼L) with manually-controlled
motion of SonoTweezer under both optical and US imaging. Lastly, we
mount SonoTweezer to a robotic manipulator (UR5, Universal Robots,
Odense, Denmark) and demonstrate long-distance (∼100L) manipulation
of the agent under water. Thus, the compactness of SonoTweezer enables
a robotic manipulator to move micro-agents in liquids across distances of
up to two orders higher than their body length in a contactless manner.

5.2 Materials and methods

In this section, we discuss the design, trapping strategy, modeling and ex-
perimental validation of SonoTweezer. First, we present the theory of radi-
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ation forces followed by simulation of acoustic pressure fields generated by
a hemispherical array of transducers. Next, we measure the pressure gener-
ated by our chosen immersible transducer for an estimate of its maximum
pressure and its focal point. Then, we compute the acoustic fields and the
resultant forces on a target micro-agent with our model and evaluate various
design parameters for the construction of our array. In addition, we vali-
date our computational model by reproducing the acoustic field generated
by Ultraino [310]. Finally, we experimentally characterize SonoTweezer
and measure the overall pressure distribution around the array to compare
the pressure magnitudes achieved with the simulations.

5.2.1 Modeling of acoustic forces

The propagation of sound waves through a liquid subjects the agents im-
mersed in it to acoustic radiation forces [59]. For agents (size∼L) that
are significantly smaller than the acoustic wavelength (λ) i.e., λ >> L,
radiation forces (Frad ∈ R3) acting on them can be written as gradient
forces. The radiation force on a small, spherical particle of radius (rp) can
be expressed as

Frad = −∇U, (5.1)

where U is known as the Gor’kov potential [20]. Assuming a low-amplitude,
sinusoidal pressure variation in an inviscid medium, U can be expressed as

U = 2ν(∥P∥2)− 2ξ

(∥∥∥∥∂P∂x
∥∥∥∥2 + ∥∥∥∥∂P∂y

∥∥∥∥2 + ∥∥∥∥∂P∂z
∥∥∥∥2
)
, (5.2)

where P is the complex acoustic pressure amplitude at a point in the field,
and the || denotes its absolute value. Also, ν and ξ are constants that
describe the acoustic contrast of particle relative to the medium such that

ν =
πr3p
6c20ρ0

K1 =
πr3p
6

(
1

c20ρ0
− 1

c2pρp

)
,

ξ =
r3p

16πf2
0ρ0

K2 =
r3p

8πf2
0

(
ρp − ρ0

ρ0(ρ0 + 2ρp)

)
,

(5.3)

where rp is the particle radius, f is the frequency of sound, c is the speed
of sound, and ρ is the density (the subscripts p and 0 denote the particle
and medium, respectively). Here, K1 and K2 describe the relative acoustic
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contrast [20] such that, K1 = 0.6 and K2 = 0.03 calculated with the prop-
erties of the medium and the particle (Table 5.1). A derivation of (5.2)
from the original form of Gor’kov potential is described in Appendix B.

Next, we approximate the acoustic pressure generated by our immersible
transducers with a flat piston source model [311]. Given the number of
transducers (Nt) in a hemispherical array, assigned with a normalized pres-
sure constant (p0), the overall pressure field can be computed based on
the superposition principle [294]. Here, the normalized pressure constant,
p0, is the transducer amplitude (in Pa) normalized to the distance of mea-
surement location from transducer (d) and the applied supply voltage (V ),
described later in Section 5.2.3.1. For each i -th transducer, the pressure
response at any point

(
r = [x y z]T ∈ R3

)
with respect to the origin of the

frame
(
{O}

)
depends on its propagation distance from the transducer (di),

its angle of orientation, (θi), and corresponding phase delay, (φi). These
geometrical parameters are calculated with respect to the transducer nor-
mal, (n ∈ R3) as shown in Fig. 5.2a. Based on far-field approximation (i.e.,
d >> a2/λ2) and paraxial approximation (i.e., sin θ ≈ θ), the acoustic pres-
sure at point (r ∈ R3) as a result of superposition from (Nt) transducers
can be expressed as

P (r) =

Nt∑
i=1

poV

di

{
2J1(ka sin θi)

ka sin θi

}
ej(φi−kdi), (5.4)

where J1 is a first order Bessel function of the first kind, a is the trans-
ducer radius, k = 2π/λ is the wavenumber, and λ is the wavelength [294].
Furthermore, the phase distribution of the transducers (φ) determines the
manipulation strategy to trap the micro-agents. The most commonly used
strategies in phased arrays are referred to as twin trap and vortex trap.
Although vortex traps are more commonly employed, they could result
in rotational instabilities of the target agent which might eject the agent
out of its trapped location [312]. Hence, we choose the twin trap strat-
egy, which uses a convenient binary distribution, i.e., φ = 0o or 180o (Fig.
5.2b). Finally, we compute the acoustic pressure and the resultant radi-
ation forces on a target agent and evaluate the design parameters of the
array as described in Fig. 5.2c.
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5.2.2 Computation of acoustic forces

Based on (5.1)-(5.4), we developed a computational model to generate 3-D
acoustic pressure fields for our transducer array using matlab (R2021a,
Mathworks Inc., USA). We simulate the pressure field and corresponding
radiation forces on a target agent based on certain initial array param-
eters and physical properties of the agent and medium (Table 5.1). We
describe the measured value of po=73 Pa·m/V used in the simulations as
described in Section 5.2.3.1. Here, we first choose an initial trapping po-
sition of the array (r ∈ R3) and define a 3-D grid of 800 points each in
X,Y, Z around this position. Second, we define the transducer parameters
for our array (di, θi, φi) with respect to every point (r). Next, we calcu-
late the resultant pressure field over this grid using (5.4). Similar to arrays
like Ultraino [294], we show the pressure fields in two orthogonal 2-D slices
namely, X–Y and X–Z planes, respectively centered around z = Ri (Fig.
5.2c). In these planes, we compute the radiation forces on a target agent in
lateral and axial directions with respect to the array, represented as Frad,lat

and Frad,axial, respectively. Fig. 5.3 summarizes the keys results of our
computational study.

5.2.2.1 Simulation of SonoTweezer fields

First, we simulate the acoustic pressure field of Ultraino array in order to
validate our simulation model. Fig. 5.3a represents the simulated acoustic
pressure field in the X–Y and X–Z planes centered at the focal point of
the array along the Z-axis (Z = R). These central-axial pressure maps
of our array coincide with those reported in [294]. Importantly, we find a
double-lobed pressure maximum in both the planes separated by a pres-
sure minimum which is characteristic of the trapping region in a twin trap.
This replication study provides us with a ground truth to validate our com-
putational model using an existing array design with comparable pressure
magnitudes. Next, we simulate our waterborne transducer array with the
respective variables (Table 5.1) to locate its trapping region (Fig. 5.3b).
Similar to Ultraino, the pressure lobes of our array give rise to a large po-
tential field based on (5.2) and thus, large radiation forces (Frad ∈ R3) that
converge at the trap. We decompose and quantify these forces as axial and
lateral components namely, Frad,axial along the Z-direction, and Frad,lat
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along the X-direction (Fig. 5.3c). Moreover, as Frad,axial are the weakest,
and Frad,lat are the dominant features of a twin trap [298], we use their
respective maximum values of both to evaluate various design parameters
(R, α, Nt) of our array (Fig. 5.3b). For comparison with [294], we com-
pute the maximum value of these forces that Ultraino exerts on an expanded
polystyrene particle (dp = 1mm) as Frad,axial = 350 nN and Frad,lat = 2 µN.

For SonoTweezer, we calculate the trapping forces on a polystyrene
agent (dp = 0.5 mm) as Frad,axial = 5 nN and Frad,lat = 1 µN. Besides the
double-lobed pressure profile, we also encounter other side lobes around the
trapping region (Fig. 5.3b). We evaluate the trapping forces at these posi-
tions to be Frad,axial = 20 nN and Frad,lat = 0.5 µN, respectively (Appendix
B). The higher values of Frad,axial at these side lobes are due to the inclined
nature of these lobes whereby a lateral pressure component also contributes
to the overall force in axial direction. Nevertheless, the higher magnitude of
dominant Frad,lat at the double-lobed trap that at the side lobes suggests a
higher probability of trapping at the central pressure minima in the double-
lobed profile. Last, while a few micro-agents are occasionally trapped in
these side-lobes, we find that they are ejected as soon as SonoTweezer is
moved. Thus, only the agents trapped between the double-lobed profile
retain their position during our subsequent experiments.

5.2.2.2 Optimization of array parameters

We start our investigation with the minimum number of transducers (Nt)
required to construct our array (Fig. 5.3d). Here, we vary the cap ra-
dius (R) and transducer angle (α), in chosen combinations that the array
geometry allows, to evaluate the forces (Frad,axial, Frad,lat). We find that
increase in Nt leads to increase in Frad,axial and Frad,lat for decreasing R
(and increasing α). Although Nt = 8 gives the highest forces, Nt = 4 results
in the smallest array size. However, the trapping forces in case of Nt = 4
are an order of magnitude lower than Nt = 6. Hence, we choose six trans-
ducers for our array since it provides us the smallest configuration without
significant reduction in the forces i.e., in the same order of magnitude as
Nt = 8. Next, we vary combinations of R and α for Nt = 6 to estimate the
variation in these forces (Fig. 5.3e). First, we observe that an increase in R
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results in a decrease in both Frad,axial and Frad,lat. However, the measured
focal distance of our transducer is in the range of 20-30 mm (Fig. 5.4a),
we prefer R to be within this range. Second, both Frad,axial and Frad,lat

increase with α. For each case in Fig. 5.3e-(i) and (ii), R and α are varied
in specific combinations that are permitted by the array geometry. Thus,
for 20 mm ≤ R ≤ 30 mm, we have an allowed range of 35o ≤ α ≤45o.
Overall, based on the aforementioned findings, we choose the final array
parameters to be R = 27 mm and α = 43o.

Besides the acoustic forces, we also compute the net force imbalance on
the agent to overcome the effects of gravity and buoyancy i.e., Fnet=34 nN
(B). Although the theoretical computation suggests Frad,axial < Fnet, we
are yet able to trap various micro-agents with Nt=6 transducers (discussed
in Section 5.3.2). We explain these trapping experiments in contrast to
theoretical predictions with the limited validity of the Gor’kov theory. This
theory suggests that (5.2) is valid when agent size is significantly smaller
than the acoustic wavelength. In our case, owing to comparable agent size
to the acoustic wavelength for a 0.5 mm agent i.e., λ ∼ L, (5.2) does not
accurately account for the radiation forces [313]. Nevertheless, we proceed
withNt=6 as our design choice for SonoTweezer in subsequent experiments.

5.2.3 Characterization of acoustic pressure

In this section, we describe the acoustic pressure characterization of a single
immersible transducer (1 MHz, Imasonic, France), and that of the array
comprising of six such transducers. We use a fiber-optic needle hydrophone
(Precision-Acoustics, UK) mounted on a motorized stage to characterize the
transducers based on their burst-mode operation. An elaborate description
of the measurement setup and data processing can be found in Appendix B.

5.2.3.1 Measured pressure from a single transducer

The theoretical value of focal distance for a given transducer where it gen-
erates maximum pressure (Pmax) is given as [314]

Rth =
(2 · a)2

4λ
= 28mm. (5.5)
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Figure 5.4: Acoustic characterization of: (a) A single transducer, (b) an
array of six transducers i.e., SonoTweezer, and (c) SonoTweezer with phase
compensation. (a) Central axial pressure profile of a single immersible
transducer. Maximum pressure amplitude (∼ 73 kPa) occurs at 28 mm
from the center of the transducer (i.e., (X=0,Z=0)). Interpolated lateral
acoustic pressure profile in X–Y -plane at the focal point of SonoTweezer
i.e., R =27 mm: (b.II) without any phase compensation, and (c.II) after
phase compensation. The white line in both (b.II) and (c.II) indicates
the orientation of the axial plane shown in X–Z-plane. Interpolated axial
profile of the transducer based on lateral scans performed between Z = 22
mm and Z = 30 mm: (b.I) without any phase compensation, and (c.I) after
phase compensation. For (b) and (c), we drive our transducer(s) with a 1
MHz signal in burst mode (30 cycles) at V = 25 Vpp.

Based on Fig. 5.4a, Pmax occurs in the range 22 mm≤ Z ≤ 27 mm.
Hence, we choose do = R = 25 mm as our desired focal point and we
calculate the po using Eq. 5.4 as

po =
Pmax · do

Vo
= 73Pa ·m/V, (5.6)

where Vo = 25 Vpp is the driving voltage of the transducer.
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5.2.3.2 Scanned acoustic profile of SonoTweezer

In case of SonoTweezer, We first scan the pressure field in the X–Y plane
of the array for a range of values along the Z-axis centered around the
focal point (Fig. 5.4b-(II) and 5.4c-(II)). Second, we reconstruct the axial
pressure field in the X–Z plane based on the interpolated values of pressure
scans previously obtained in X–Y plane (Fig. 5.4b-(I) and 5.4c-(I)). Addi-
tional details on the pressure map interpolation is described in Appendix
B.

We initially find that the measured pressure profile in the lateral plane
has unequal magnitudes of the two central lobes which could make the
trapping of agents less efficient (Fig. 5.4b-(I)). We attribute this imbal-
ance between the pressure lobes to the undesired phase delays between the
transducers. Similar observations have been previously reported with im-
mersible tweezers at high frequency (> 1 MHz) caused by fabrication errors
or imprecision in positioning of the transducers [298], [315]. We account for
such undesired phase delays in our simulations by providing an additional
phase offset (∆φ) to the transducers. As described in Appendix B, such an
offset compensates for the additional distance sound waves travel owing to
the causes highlighted above.

Although we perform our trapping experiments with the initially ob-
served pressure profile (Fig. 5.4b), we later compensate for the imbalanced
pressure response of SonoTweezer based on phase adjustments of the trans-
ducers. In order to compensate for these imbalanced pressure lobes, we
measure the pressure map generated by each of the opposite pairs of trans-
ducers. Based on the measurements described in Appendix B, we estimate
an additional phase offset of (∆φ = 144o), that compensates for the imbal-
anced pressure lobes observed earlier with our measurements (Fig. 5.4c).

In our simulations, we account for such undesired phase delays by pro-
viding an additional phase offset (∆φ) to the transducers. As described in
Appendix B, such an offset compensates for the additional distance sound
waves travel owing to the causes highlighted above. In this manner, we
replicate the phase-distorted pressure field with unequal pressure lobes with
∆φ = 80o between the two sets of transducers (Fig. 5.4b). We later uti-
lize this phase-tunable adjustment of trapping region for sub-mm range
micromanipulation (Section 5.3.1).
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Figure 5.5: Experimental results of SonoTweezer showing phase φ manip-
ulation: (I) Time-lapse of a 0.5mm PS agent under two SonoTweezer φ-
distributions denoted by directional configurations D1(φred) and D2(φred)
that are a function of 60o ≤ φ ≤300o. D1 denotes transducers marked 1,2,3
with blue such that φblue=0o while D2 denotes transducers marked 2,3,4
with blue such that φblue=0o. (II) SonoTweezer configurations D1 and D2

where transducers are at φblue = 0o, and have a variable φred that ranges
from φred = 60o − 300o. Corresponding to this φ range, the simulated
pressure maps show the trapping position (green) in X − Y plane. Scale
bar is 1mm. (III) Extracted trapping positions of the agent over a grid of
resolution 0.1mm under D1(60

o ≤ φred ≤300o) and D2(60
o ≤ φred ≤300o).

Please refer to the accompanying Movie S1. The trapped positions are are
sampled is sampled every φred = 10o interval and discretized over a grid
due to the finite pixel size of the optical camera used.
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Nevertheless, we are able to achieve a trapping region between these
lobes with pressure magnitudes of up to 250-300 kPa. In comparison to this
value, previously reported waterborne tweezers reach pressure magnitudes
in the range 750 kPa-1 MPa [43], [297], [298]. Hence, the close-packed dis-
tribution of transducers in SonoTweezer enables us to achieve similar order
of pressure magnitudes with a low driving power i.e. 25 Vpp as compared
to other multi-transducer arrays.

5.2.4 Design and assembly of SonoTweezer

SonoTweezer comprises 6 immersible ultrasound transducers (13mm diam-
eter, 01480XCR01, Imasonic, France) assembled in a 3-D printed frame
made up of Acrylonitrile Butadiene Styrene (ABS) (Fig. 5.1). It is pow-
ered with a waveform generator (33510B, Keysight Inc., USA) that supplies
a 1 MHz continuous sine wave which is amplified using a voltage amplifier
(ESyLAB LM3325 8-channel [316]) up to 25 Vpp. Micro-agents for the
experiments are synthesized by grinding polystyrene pellets (430102-1KG,
Sigma-Aldrich, USA) with dry ice (-78oC) in a blender (Mia GY-701, Frei-
hafen, Germany) for 2 minutes. Polystyrene micro-agents in the 0.5 to 2
mm size range are collected by evaporating dry ice at room temperature
overnight [317]. Optical vision throughout the experiments is provided us-
ing two CMOS cameras (MC031CG-SY-UB and MQ013CG-ON, XIMEA,
Germany) attached to their respective lenses (M0814-MP2 (COMPUTAR,
USA) and LM12J5M2 (KOWA LENS, Japan)).

All the video processing is done in matlab. Additionally, localized ma-
nipulation of micro-agents is performed under Ultrasound (US) imaging and
acquisition system (L15 HD Scanner, Clarius Mobile Health, Canada) with
an imaging frequency of 14 MHz. For experiments with hand-held operation
of SonoTweezer, the array is placed in a cubical acrylic box of side 100mm.
Lastly, SonoTweezer is mounted on a robot manipulator [305](UR5, Uni-
versal Robots, DK) for the long distance manipulation experiments in a
storage box as workspace (570mm x 390mm x 280mm, IKEA).
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5.3 Results and discussions

We performed experiments in which we trap PS agents at the simulated
trapping point of SonoTweezer and manipulate them across distances un-
der manual movement of the array and when interfaced to a robotic end-
effector. We first demonstrate trapping and motion of agents local to its
focal point under phase-controlled manipulation. Second, we study the
stability of the acoustic trap for varying sizes of our agents. Third, we
demonstrate the motion of the trapped agents with handheld or manual
movement of the array under both optical camera and ultrasound (US)
imaging. Finally, we demonstrate motion of our trapped target agent un-
der open-loop manipulation of the robotic manipulator’s end-effector. Full
demonstrations of the aforementioned results are available in the Supple-
mentary (Movies S1-S4).
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Figure 5.6: Time-lapse images of a trapped 0.5 mm polystyrene agent that
translates under manual movement of SonoTweezer under (a) optical cam-
era and (b) Ultrasound (US) guidance (Please refer to accompanying Movie
S3). Each image shows the trapped position of PS agent circled with red.

5.3.1 Phase-modulated localized manipulation

Besides the ability of SonoTweezer to focus ultrasound waves to trap its
target agent, it can be further locally steered around the trapped position.
We accomplish this steering by providing an additional phase offset to the
transducers of our array that exist in the twin trap configuration, i.e.,
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φblue=0o and φred=180o (defined in (5.4), Fig. 5.1a). Specifically, φblue

is kept fixed while φred is varied between 60o-300o i.e., a deviation of 120o

from its mean position. We steer the trapped agent under phase modulation
in two different configurations that correspond to two different directions
of motion. These direction-specific configurations are denoted by D1(φred)
and D2(φred) based on the phases in which the transducers emit φred (Fig.
5.5-I). In each configuration, the simulated pressure lobes that trap the
agent shift from left to right in theX−Y plane as φ goes from 60o-300o (Fig.
5.5-II). Further, the motion of the agent is captured under combined optical
and US imaging (Movie S1). Fig. 5.5-III shows the different positions of
the trapped agents as it is steered along the two directions (D1 and D2)
for constantly changing φred. Based on both simulations (Fig. 5.5-II) and
experimental evidence (Fig. 5.5-I and III), we report that the agents can be
maneuvered over a distance of 1.5mm around its trapped position with sub-
mm steps. Thus, this phase-controlled manipulation gives SonoTweezer
additional freedom to perform fine spatial adjustments of its trapped agent
at a target site while the array can be moved with an external manipulator.

5.3.2 Effect of agent size on trapping stability

We investigate a range of agent sizes (dp=0.5-2 mm) for their stable trap-
ping and manipulation under slow movements (<5 mm/s) of SonoTweezer.
These differently-sized PS agents are first trapped and their stability is
tested under handheld motion of SonoTweezer. We observe that 0.5mm
agent remains stable at the trapping position and does not move from its
position relative to the array as the array is moved. In contrast, the 1-1.5
mm sized agents are less stable as they constantly oscillate at their trap-
ping position as the array moves (Please refer to accompanying Movie S2).
However, the 2 mm agents are extremely unstable around their trapping
position and eject out of their trap with a slight disturbance of the array.
The unstable nature of larger agents (>1.5 mm) at their trapping position
is due to the comparable size of the agent to that of the wavelength of
sound i.e., λ ∼ dp [59]. Besides, the oscillatory behavior of these agents
can also be attributed to non-uniform movement of SonoTweezer (1 mm/s-
4 mm/s), and non-spherical morphology of agents. Nonetheless, we hence
infer that while SonoTweezer can reliably trap and retain 0.5 mm agents, it
can also trap larger agents up to 1.5 mm agents to different degrees. Last,
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we demonstrate manipulation of SonoTweezer over a large square-shaped
trajectory of side 30 mm with a 0.5 mm agent trapped at its focal point
(Movie S2).

5.3.3 Acoustic manipulation under US imaging

Next, we demonstrate trapping and manipulation of a 0.5mm agent under
both optical camera and US imaging modality (Fig. 5.6a-b). Here, we em-
ploy the US imaging probe at a frequency of 14 MHz in order to adequately
distinguish sub-mm agents and to minimize any possible interference with
the emitted waves of SonoTweezer (1 MHz). However, it is noteworthy that
the pressure lobes of SonoTweezer appear as artifacts in the imaging field
despite it being orthogonal to the US imaging probe. We verified this obser-
vation with the manipulation of SonoTweezer in front of US imaging field
that confirmed these lobes to be the known cause of artifact (Movie S3).
Nevertheless, we could distinguish the agent from these artifacts based on
its visibly high-intensity footprint in the imaging field. With this example,
we demonstrate combined use of ultrasound waves for both imaging and
actuation of sub-mm agents which can be beneficial to clinical applications
that require targeted therapy under US imaging guidance.

5.3.4 Long-range manipulation with robotic manipulator

Finally, we interface SonoTweezer at the end-effector of a robotic manipu-
lator (UR5) to demonstrate micromanipulation over long trajectories (i.e.,
100-150 times the agent size). First, we trap a 0.5mm agent at the focal
point of the array while it is pointing downwards and immersed in water.
Second, we move the end-effector of the robot (1 mm/s) along 1-D (straight
line) and 2-D (L-shaped) trajectories with the trapped agent moving under
camera guidance (Movie S4). Last, we move the trapped agents over two
3-D trajectories with the robotic manipulator under the two optical cam-
eras that enable stereo imaging of the agent (Fig. 5.7b). Here, we test the
stability of the trap as the end-effector moves along X,Y, Z directions and
covers a total distance of 400mm till the agent ejects from the trap (Movie
S4). Then, we move the end-effector along an enclosed hexagonal trajec-
tory while the trapped agent remains trapped at the array’s focal point
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(Fig. 5.7c). This enclosed trajectory is shown under both the cameras that
record the end-effector time stamps (Fig. 5.7a).

5.4 Conclusions and future work

In summary, SonoTweezer is a compact, portable, low-power and relatively
inexpensive solution to state-of-the-art waterborne phased arrays that can
trap and manipulate sub-mm-sized agents. Broadly, SonoTweezer serves as
an example to design customized immersible tweezers with less transducers
(<10) based on the simulation and measurement approaches described in
this study (Appendix B). The small footprint and lightweight nature of
SonoTweezer facilitates its utility as a robotic end-effector tool for contact-
less micromanipulation over a large distance (>100 times the size of target
agent).

Besides as robotic end-effectors, the lightweight and portable nature
of SonoTweezer could be exploited as a haptic platform to perform pick-
and-place operation underwater. Alternatively, the phase-modulation over
its different transducers provides sub-mm steering of the trapping position
around a targeted site. This phase-modulation feature can be extended to
a sophisticated actuation scheme where each of the six transducers is inter-
faced to three synchronized power sources such as waveform generators. As
a result, φ offset combinations of all three sources can enable the trapped
agent to be maneuvered over a hexagonal grid spanned by three directional
configurations.

Besides the extensive phase-modulation scheme, various other consid-
erations must be addressed in order to assess feasibility of SonoTweezer
towards potential clinical applications. In particular, pressure fields of high
magnitudes (∼700 kPa - 1 MPa) would be necessary steer the trapped
agents through in-vivo tissues. Currently, as SonoTweezer is operated at
pressures <300 kPa (i.e., mechanical index <0.3 [43], [300] ), there is no
undesirable heating or cavitation effects observed for an operation time of
∼30 min.

However, exposure to such high pressure magnitudes of up to ∼1 MPa
can damage the surrounding biological tissues. Thus, with the safety
concerns, pulsed actuation schemes could be adopted as transducers of
SonoTweezer are driven at high powers [297]. Furthermore, materials rele-
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5. SonoTweezer: An acoustically-powered end-effector for underwater
micromanipulation

vant to clinical applications such as cells, drugs and microbes could be inves-
tigated for trapping in their native biological environments. Lastly, a com-
plete ‘Sono-clinical’ suite may combine closed-loop control of SonoTweezer
as a robotic end-effector to trap these biological agents under ex-vivo con-
ditions, and to manipulate them under US guidance.
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III
Magnetics and acoustics join forces

Bubble-powered microrobots guided via magnetic torques
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Preface

The combination of convenient magnetic steering and bubble-powered acous-
tic propulsion is used in Part III of this thesis to develop magneto-acoustic
microrobots. Borrowing the design inspirations from Chapter 3, this part
presents a class of hybrid magneto-acoustic microrobots where vibrating
bubbles are exploited for their propulsion. Further, the fabrication strategy
in the studies presented here makes use of nanoscale 3-D printing enabled by
Direct Laser Writing (DLW) technique. DLW provides a convenient means
to prototype extensive designs of microrobots with sub-micrometer features
in a single-step, as compared to the multi-step fabrication processes used in
Chapter 1. As a result, design and actuation of three different microrobots
are presented in Chapters 6 and 7, where different morphlogies of multiple
vibrating bubbles enables their distinct modes of self-propulsion.

Chapter 6 demonstrates two microrobots with axis-symmetric distribu-
tion of bubbles that vibrate to produce rotational motion. Due to their
similarity with gears and rotors, these microrobots are described as rota-
tional micro-propellers. The two micro-propellers are chemically-treated to
trap these bubbles at specific sites, referred as cavities, that are prototyped
with DLW as axis-symmetric repeating units. Thus, these multi-cavity ro-
tational micro-propellers are able to produce fast rotations that can be uti-
lized for spatial mixing of fluids. Lastly, the first of the two micro-propellers
undergo magnetic deposition and reinvented as hybrid propellers that can
be steered under uniform magnetic fields.

The fabrication strategy behind rotational propellers is utilized to demon-
strate the second magneto-acoustic microrobot in Chapter 7. This micro-
robot, known as CeFlowBot, makes use of an acoustically-powered pumping
mechanism based on arrays of bubble-trapped cavities as repeating units.
The orientation of these multi-cavity arrays replicate in both design and
working principle, the acoustically-powered microchannel presented in Part
II of this thesis. As a result, CeFlowBots move forward by continuous
pumping of fluid akin to cephalopods like squid, octopus, cuttlefish. Like
the rotational propellers, hybrid versions of CeFlowBots are also synthe-
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sized to show their navigation under magneto-acoustic fields.
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6
Acoustically-actuated bubble-powered

rotational micro-propellers

Note: Following chapter is adapted from the article “Acoustically-actuated
bubble-powered rotational micro-propellers” by S. Mohanty, J. Zhang,
J.M. McNeill, T. Kuenen, F.P. Linde, J. Rouwkema, and S. Misra (2021)
published in “Sensors and Actuators B: Chemical”, volume 347, issue no.
15, pages 130589.1-130589.7.

Abstract

Bubble-powered acoustic microsystems span a plethora of applications that
range from lab-on-chip diagnostic platforms to targeted interventions as mi-
crorobots. Numerous studies strategize this bubble-powered mechanism to
generate autonomous self-propulsion of microrobots in response to high fre-
quency sound waves. Herein, we present two micro-propeller designs which
contain an axis-symmetric distribution of entrapped bubbles that vibrate
to induce fast rotational motion. Our micro-propellers are synthesized us-
ing 3D Direct Laser Writing and chemically-functionalized to selectively
trap air bubbles at their micro-cavities which function as propulsion units.
These rotational acoustic micro-propellers offer a dual advantage of being
used as mobile microfluidic mixers, and as autonomous microrobots for
targeted manipulation. With regards to targeted manipulation, we demon-
strate magneto-acoustic actuation of our first propeller design that can be
steered to a desired location to perform rotational motion. Furthermore,
our second propeller design comprises of a helical arrangement of bubble-
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6. Acoustically-actuated bubble-powered
rotational micro-propellers

filled cavities which makes it suitable for spatial micro-mixing. Our acoustic
propellers can reach speeds of up to 400RPM (rotations per minute) with-
out requiring any direct contact with a vibrating substrate in contrast to
the state-of-the-art rotary acoustic microsystems.

6.1 Introduction

A myriad of biomedical technologies have evolved from contactless micro-
manipulation methods powered by external sources such as magnetism [65],
optics [39], acoustics [93] and chemical reactions [252]. These methods en-
compass both microrobotic applications such as targeted therapy [318], and
microfluidics diagnostic platforms [319]. Among these methods, magnetic
and acoustic means of remote actuation rose to prominence due to their
complimentary nature to existing medical imaging technologies like mag-
netic resonance (MR) [320] and ultrasound (US) systems [43]. Despite the
popularity of magnetically-actuated microsystems, it is challenging to fab-
ricate such systems with sufficient magnetic content at micro-nano scale
which limits the propulsive forces offered by their sub-components [112].
Additionally, some of these magnetic components either require bulky per-
manent magnets or electromagnets for actuation, or move with low speeds
owing to bandwidth-limited electromagnetic systems i.e., <150 Hz [80],
[321]. These limitations have precipitated a shift towards acoustically-
actuated microsystems as alternatives to other remote actuation techniques.

Owing to the biocompatibility of sound waves in in-vivo applications,
and their wide available range of operating frequencies (100Hz–1GHz), var-
ious techniques of acoustic actuation have been explored [59], [84], [322]–
[325]. These techniques encompass biological applications from tissue or-
ganization induced by standing waves [323], [324] to targeted drug delivery
[84], [325]. High frequency acoustic fields have been capitalized in form of
vibrating air bubbles [97], [158] and sharp protrusions [38], [223], [326] to fa-
cilitate movable components in microsystems such as propellers, gears and
mixers. Particularly, microsystems with entrapped air bubbles have proven
to be the most ubiquitous toolbox for acousto-fluidic platforms due to their
ability to produce localized fluid currents under acoustic excitation [327].
Another example of acoustically-actuated tools are the bubble-powered
micro-propellers. Such propellers hold the potential to remotely perform
targeted operations under inaccessible in-vivo conditions beyond the reach
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6.1 Introduction

Figure 6.1: Micrographs of (a) Type I propeller and (b) Type II pro-
peller. (c) Acoustic actuation test-bed comprising of a ring-type piezoelctric
transducer (Pz27, Meggitt, Denmark) bonded to a glass substrate with a
polydimethylsiloxane (PDMS) workspace on the opposite side. The test-
bed shows Type I propellers immersed in phosphate-buffered saline (1x-
PBS) solution mixed with polystyrene tracer particles (6µm diameter, Poly-
sciences Inc.) where inset describes the streaming pattern around the bub-
bles upon acoustic excitation. (d-e) Schematic of Type I and II propellers
with their respective dimensions, showing the cavity length (L), bubble
length (Lb), and angular tilt of the cavity to Type II propeller shaft (θ).
All the constituent cavities in both the propellers share the same dimen-
sion.

of tethered surgical instruments. These propellers typically comprise of
a one-sided entrapped bubble that vibrates to impart them a directional
self-propulsion for such targeted applications[93], [97]–[99], [253]. However,
these bubble-powered propellers consist of a single entrapped bubble where
longevity of this bubble limits the lifetime of the propeller. Furthermore,
many of these propellers depend on additional mechanisms for steering,
such as acoustic radiation forces [253] or application of magnetic torques
[95], [97]–[99]. Besides these propellers, only a few designs exist that can
rotate or steer themselves solely based on bubble-powered actuation [239],
[240], [253]. Such limitations call for alternate approaches for design and
operation of bubble-powered micro-propellers.

In recent years, the design and actuation strategy of many steerable
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6. Acoustically-actuated bubble-powered
rotational micro-propellers

acoustic micro-propellers have been inspired from the rotational motion of
gears and mixers. These propellers often consist of an axis-symmetric distri-
bution of acoustically-actuated components. Specifically, a series of multi-
cavity propellers have evolved to contain equal and opposite pairs of bubble-
entrapped cavities that facilitate multiple degrees of motion [239], [240],
[328]. However, these propellers are milli-scale and can be acoustically-
steered with slower rotational speeds i.e., <200RPM [239], [241]. Numerous
microfluidics platforms also utilize gears with axis-symmetric protrusions
or bubble-filled cavities that vibrate to achieve fast rotational speeds up to
1000RPM [223], [326], [329]–[331]. A disadvantage with such gears is that
their functionalities are confined to the microfluidic channels as the vibra-
tional units are tethered to the respective channel substrates. This lim-
itation affects the production costs and resuability of such microsystems.
In addition, the synthesis of such specialized microfluidic gears requires
sophisticated multi-step fabrication procedures. Such procedures often re-
quire more specialized equipment as compared to standard microchannel
synthesis. Importantly, a majority of these microfluidic gears are teth-
ered to their actuated substrates for their functionality [223], [241], [326],
[329]–[331]. This limitation presents an opportunity to redesign the bubble-
powered propellers to reproduce the same rotational motion in an unteth-
ered fashion.

Herein, we introduce two micro-propellers which comprise of an axis-
symmetric distribution of bubble-entrapped cavities that vibrate to pro-
duce rotational motion akin to a gear. Unlike the tethered gears, these
propellers do not require any direct contact with a vibrating substrate for
their actuation. We first present a simplistic gear-like propeller (Type I)
with a 2-D axis-symmetric distribution of cavities (Fig. 6.1a). Here, the
cavities produce propulsive forces at their open ends to produce a net force
moment for rotation. Furthermore, we functionalize the Type I propellers
with a magnetic layer to demonstrate their directional control under uni-
form magnetic fields. Contrary to other bubble-powered propellers, we
devise a hybrid actuation strategy whereby Type I propellers rotate un-
der acoustic fields and translate under combined magneto-acoustic fields.
Thereon, we extend this design approach to present a Type II propeller
(Fig. 6.1b) that comprises of a 3-D distribution of cavities arranged in
a helical fashion around a propeller shaft. The Type II propellers offer a
solution for spatial mixing as opposed to conventional 2-D design of micro-
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6.2 Material and methods

mixers and can reach comparably fast rotational speeds of up to 400RPM.
Thus, our bubble-powered micro-propellers provide an inexpensive solution
to previously cited tethered microsystems as mobile micro-mixers that can
be introduced and retrieved post-operation.

6.2 Material and methods

6.2.1 Experimental setup and fabrication details

Our micropropellers are composed of arrays of a cylindrical cavity enclosed
with a spherical cap of the same diameter and thickness. These cavities
form the building block of both Type I and Type II propellers which consist
of a circular and helical distribution of four and thirteen cavities, respec-
tively (Fig. 6.1d and 6.1e). Both the Type I and II propellers are monolithic
and are batch fabricated using Direct Laser Writing (DLW, Nanoscribe
GmBH) with IP-Dip as the photoresist. Full description of the process
parameters used for DLW printing and development is described in Ap-
pendix C. Additionally, a batch of metallic Type I propeller is synthesized
for magnetic steering experiments, where they are sputtered with a 240 nm
layer of NiFe followed by a 50 nm layer of Au. For both these batches,
the surface of the substrate containing the propellers is then activated in
an oxygen plasma (50 W) for 40s (Cute, Femto Science) prior to further
processing. Thereon, the substrate is treated with 10 µL of trichlorosilane
(PFOCTS, Merck) vapor at 55oC for 120 min in a closed chamber in or-
der to make them hydrophobic. This treatment ensures that the propellers
readily trap bubbles once introduced in water. Following this step, the
substrate is heated to 70oC for 15 min to get rid of the excessive layers
of trichlorosilane. The heating step prevents the bubbles to slip out of
the cavities. Lastly, the propellers are immersed in the acoustic actuation
test-bed described in Fig. 6.1c, where all the constituent cavities instanta-
neously trap bubbles. Acoustic actuation in our test-bed is enabled using
a programmable signal generator (33510B, Keysight) connected to an am-
plifier. Additional details for image acquisition and electromagnetic setup
for steering experiments are described in our prior work [112].
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rotational micro-propellers

Figure 6.2: (a) (I-III) Numerical computation of acoustic streaming around
propeller geometry at an acoustic frequency of 50 kHz. The red arrows rep-
resent particle velocity, black lines represent the streamlines and the color
legend represents acoustic pressure in the respective graphs. (I) Double-
loped streaming pattern around an isolated Type I/II propeller cavity. (II)
Near field view: Streaming pattern around the constituent cavities of the
Type I propeller interfere with each other owing to the close proximity of
the neighboring cavities. (III) Far field view: Resultant net flow generated
around Type I propeller shows a net flow in counter-clockwise direction.
Additional details on the frequency-dependency of the streaming profile of
Type I propellers is provided in Appendix C. (b) (I-III) Frequency char-
acterization of propellers and transducer. (I) Impedance characteristics
of piezoelectric transducer (Pz27, Meggitt, Denmark) (II) Frequency re-
sponse of Type I and II propellers performed at a constant input voltage
of 100Vpk−pk. Here the rotational response of propellers is reported in ro-
tations per minute (RPM). (III) Theoretical frequency for the propeller
cavity as a function of bubble length (Lb).
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6.2 Material and methods

Figure 6.3: Time-lapse image of a (a) Type I and (b) Type II propeller
showing rotational motion. Each time-stamp comprises of super-imposed
images of three successive positions of the propellers in the direction along
the arrows, respectively. (c) Characterization of Type I and Type II pro-
pellers with a power modulation at a resonant frequency of 41kHz

6.2.2 Working principle

6.2.2.1 Forces around the vibrating entrapped bubbles

A gaseous bubble immersed in water under an acoustic field experiences
two kinds of forces. It experiences radiation forces due to the incoming
sound waves, and the forces generated by oscillating fluid in the vicinity of
vibrating bubble interface [112]. The latter is caused by counter-rotating
fluid fluxes near the vibrating interface, known as acoustic streaming (Fig.
6.1c inset). Owing to the deformability of the bubbles, the radiation forces
acting on them can be classified as primary and secondary Bjerknes forces.
The primary Bjerknes forces act on the bubbles due to incoming sound
waves from the source of excitation, and are typically an order of magnitude
smaller than the streaming-induced forces and secondary Bjerknes forces
(SBF) [93], [97], [253]. In case of our propeller cavities, vibration of bub-
bles generate a streaming-induced flow away from the cavities caused by the
asymmetry of the entrapped bubbles. This net fluid flow that originates
from the vibrating air-fluid interface in the entrapped bubbles manifests
into a streaming-induced propulsive force (SPF) acting on each cavity. Fur-
ther, owing to the symmetric distribution of cavities in both the propellers,
they presume a position with all the cavities parallel to the substrate when

125

6



i
i

“Report” — 2021/11/29 — 16:36 — page 126 — #142 i
i

i
i

i
i

6. Acoustically-actuated bubble-powered
rotational micro-propellers

acoustically-actuated (Movie S1). On the other hand, while SBF typically
attracts bubbles to nearby surfaces, the presence of multiple entrapped
bubbles in our propeller makes them buoyant when actuated. Moreover,
since the SBF acts equally on all the constituent cavities when they are
parallel to the substrate, there is no net unbalanced force or moment that
imbalances the propellers from this position (Fig. 6.1c).

6.2.2.2 Computation of streaming patterns around bubble-powered
propeller

We evaluate the streaming behavior around our propeller cavities using a
computational model of a 2-D design of a Type I propeller. We adopted our
simulation environment (COMSOL Multiphysics) based on the separation
of time scales approach with a vibrating air-water interface [99]. First, we
validate our model with the simulation of a double-lobed streaming pattern
around a single isolated propeller cavity, as shown in Fig. 6.2a-I. Next, we
evaluate the streaming patterns around the Type I propeller as described
in Fig. 6.2a-II and 6.2a-III. It is noteworthy that the direction of fluid
flow around Type I propeller (counter-clockwise) is opposite to that of the
distribution of propeller cavities (clockwise). Here, these arrows signify
the reaction force exerted by a static propeller to the surrounding fluid
suggestive of an equal and opposite direction of action force acting on the
the propeller. We later find that this observation reciprocates in form of
the propeller rotation as seen experimentally (Movie S1).

6.2.2.3 Resonant frequency of bubble-powered propeller

In order to identify the operating frequencies of our propeller, we investi-
gate the acoustic resonance modes of its constituent bubbles. Tradition-
ally, bubble-entrapped cavities have been modeled as a damped harmonic
oscillator [158]. The resonant frequency (fres) for such a bubble-entrapped
cavity can be expressed as:

fres =
1

2π

(
κPatm

ρLb(L− Lb)

)1/2

(6.1)

where Patm, κ and ρ represent the ambient pressure in the bubble, adiabatic
index of air (<1.4) and density of the fluid (water), respectively. Given the
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6.3 Results and discussions

length (L) of our constituent cavity as 100 µm, we calculated the resonant
frequencies for a distribution of bubble lengths (Lb) (Fig. 6.2b-III). As Eq.
(6.1) in quadratic in Lb, the resonant frequency of the bubble is symmetric
about Lb = 50 µm. Thus, we explore a frequency range corresponding to
Lb = 50-90 µm, based on the expected performance in terms of bubbles
entrapment i.e. Lb >50µm. Theoretically, this distribution of Lb = 50-90
µm corresponds to resonant frequencies in the range of 38-63 kHz. This
range narrows down our investigation to the operating frequencies where
both the transducer can deliver, and our propeller respond to acoustic
power, respectively.

6.3 Results and discussions

6.3.1 Frequency characterization of transducer and micro-
propeller

We measure the resonant frequencies of the transducer in its impedance
spectrum over previously mentioned concerned range using the approach
described in our prior work (Fig. 6.2b-I) [38]. Here, we identify the reso-
nant peaks of our transducer at which it can deliver high acoustic power
and compare it with that of the propeller response at these frequencies.
Next, we experimentally characterize the rotational motion of both Type I
and II propellers in the same range of acoustic frequencies (Fig. 6.2b-II).
We observe that both the propellers show fast rotational motion at the res-
onant frequency (fres) of 41 kHz. Although a few instances of the propellers
also rotate at 55 kHz, their motion could be attributed to higher resonant
harmonics as reported with other bubble-powered propellers [99]. We also
observe a much wider spectral spread at 41kHz that theoretically corre-
sponds to a wide distribution of Lb=60-75 µm. Further, the precise value
of Lb is subjective to the different degrees of hydrophobicity in each cavity.
These minor differences in Lb may introduce anisotropy in the streaming
behavior of the propeller’s constituent cavities. As Lb cannot be controlled
within <1 µm range, it maybe possible that some bubbles are closer to the
resonant frequency than the others. Despite these possible deviations in
our fres, we consistently observe higher rotational speeds of the propellers
at 41 kHz in its neighboring frequency range of 38-42 kHz in our subsequent
experiments. Hence, we evaluate the performance of both Type I and II
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6. Acoustically-actuated bubble-powered
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propellers at fres=41 kHz for a range of power modulation.

6.3.2 Rotational performance for power modulation

We analyze the rotational speeds (RPM) for both the Type I and II pro-
pellers for a power modulation up to 200Vpp (peak-to-peak voltage). The
Type I propellers show rotational motion around their geometric center
in the same directional sense as the alignment of their cavities, as shown
in Fig. 6.3a (Movie S2). On the other hand, the Type II propellers first
align themselves with their long axis upright with respect to the substrate
(Movie S1), and then rotate around a fixed pivotal point in space. In this
upright position, the Type II propellers rotate in the direction of helicity
of their constituent cavities (Fig. 6.2c inset). Additionally, it can be seen
that the shaft of the Type II propeller itself inscribes a circular motion, as
shown in Fig. 6.3b (Movie S3).
The rotational speeds of both Type I and II propeller monotonically in-
creases with acoustic power as summarized in Fig. 6.3c. Beyond 120Vpp,
the speeds of Type II propeller increases at a much slower rate. In general,
an increase in acoustic power beyond 180Vpp occasionally drifts the pro-
pellers away from their point of rotation (Movie S2-S3). This observation
can be attributed to significant bulk streaming in the microchannel due to
its volumetric resonance and microstreaming caused by cavitation induced
bubbles. Nonetheless, the highest speed achieved by Type I and II pro-
peller is 250 RPM and 400 RPM, respectively, which is comparable to that
of tethered microfluidic gears. Furthermore, Type II propellers can reach
much higher speeds owing to proportionally higher number of cavities per
turn as compared that of Type I.

6.3.2.1 Effect of varying propeller cavity size and alignment

Although Type II propellers can reach higher RPMs, the propeller axis
itself inscribes a circular motion which changes with power and may vary
across samples. This observation can be attributed to cavity size (L) being
comparable to that of the propeller shaft (400 µm), which may cause unde-
sirable tilting of the shaft. As a result, some instances of Type II propellers
drift away from their point of rotation during the course of experiments
with power modulation (Movie S3). With regards to potential design im-
provements, we designed and tested two variants of the Type II propeller
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each with cavity of size L = 50 µm with an angular tilt (θ) of 90o (i.e., our
original design) and 30o to the propeller axis. Here, we observe that the
radius (R) of the circle the propeller shaft inscribes decreases (Fig. 6.4a-c,
Movie S3) as:

RL=100µm,θ=90o > RL=50µm,θ=90o > RL=50µm,θ=30o (6.2)

A comparison between the rotational speeds of all the Type II propellers
is summarized in Fig. 6.4d. Although the resonant frequency for Type
IIL=50µm is higher than that of Type IIL=100µm, we analyzed their speeds
at 41 kHz for ease of comparison. Hence, we observe lower RPMs for Type
IIL=50µm in contrast. Overall, we observe that Type IIL=50µm,θ=30o inscribe
circular motion around its geometrical center akin to a screw.

6.3.2.2 Magneto-acoustic actuation

In addition to acoustically-induced rotation, we devise a hybrid actuation
strategy where we combine magnetic steering and acoustic propulsion to
achieve more targeted manipulation of these propellers. Here, we subject
metallic Type I propellers, described earlier in Section 6.2.1, to magneto-
acoustic actuation. We observe that the Type I propeller spontaneously
aligns along one of the cavity axes when a constant and uniform magnetic
field is applied. This axis can be either of the two opposite pairs of cavities
that require a minimum restoring torque to align with the applied field
direction (Movie S4). When magnetic field is applied, a Type I propeller in
rotation under acoustic field instantaneously locks in the direction of mag-
netic field and ceases to perform rotational motion. In this locked state, the
dominant of the four cavities pushes the entire Type II propeller forwards
along its direction. Theoretically, the propulsive forces due to the two op-
posite cavities should cancel out each other. However, we observe slight
differences in the propulsive forces at the cavities owing to experimental
factors such as unequal bubble lengths or magnitude of streaming (SPF).
This heterogeneity in SPF due to the cavities is capitalized here to steer the
propellers towards a desired target as they propel unidirectionally. Finally,
when the magnetic field is switched off, the propeller resumes its rotational
motion as depicted in Fig. 6.5a. Since the unidirectional propulsion arises
from the heterogeneous response of different cavities, this net directional
force can be further pronounced at high acoustic powers. Hence, we test

129

6

https://www.sciencedirect.com/science/article/pii/S0925400521011576?via%3Dihub#sec0095
https://www.sciencedirect.com/science/article/pii/S0925400521011576?via%3Dihub#sec0095


i
i

“Report” — 2021/11/29 — 16:36 — page 130 — #146 i
i

i
i

i
i

6. Acoustically-actuated bubble-powered
rotational micro-propellers

Figure 6.4: (a-c) Time-lapse images of three different design variants (L, θ)
of Type II propeller. The colored circles correspond to the respective color
scheme depicted in the (d) legend. Each time-stamp comprises of super-
imposed images of three successive positions of the propellers in the di-
rection along the arrows, respectively. Scale bar represents 200 µm. (d)
Power modulation of the three Type II propeller variants at a frequency of
41 kHz.
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6.4 Discussion

Figure 6.5: Combined magneto-acoustic propulsion of Type I propeller:
(a) Actuation scheme showing pure acoustic rotation followed by magneto-
acoustic linear propulsion. Time-lapse sequence of Type I propeller as (b)
it rotates under acoustic field (41kHz, blue), (c) steers and follows the
trajectory under constant magnetic field (1mT, green), and (d) resumes
rotational motion when magnetic field is turned off. Each time-stamp in
(b) and (d) comprises of super-imposed images of four successive positions
of the propellers in the direction along the arrows, respectively.

magneto-acoustic actuation at higher powers (>100Vpp) to ascertain ef-
fective unidirectional propulsion. Lastly, we demonstrate several cycles of
acoustic rotation and magneto-acoustic steering in succession for increasing
acoustic power, as shown in Fig. 6.5b-d (Movie S4).

6.4 Discussion

6.4.1 Conclusions

We present monolithic bubble-powered micro-propellers inspired from the
design and functionality of gears. Our propellers address the present chal-
lenges of cost-effectiveness and resuability of conventional micromixers as
they provide comparable rotational speeds while being untethered from
any vibrating substrate. We explore two propeller designs which con-
sist of an axis-symmetric distribution of bubble-entrapped cavities that
are powered under acoustic actuation to provide streaming-induced rota-
tional motion. Our Type-I propeller rotates akin to tethered microfluidic
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gears under acoustic actuation at speeds of up to 250RPM. In addition, we
present a hybrid actuation strategy to steer Type I propellers using mag-
netic fields. Hence, these propellers can be transported to different parts
of the workspace to perform operations such as mixing solvents or targeted
payload delivery. Next, we describe the Type II propellers which consist
of a 3-D helical distribution of bubble-entrapped cavities that reach faster
rotational speeds up to 400RPM. The Type II propellers present an innova-
tive concept to recreate existing 2-D mixers to attribute 3-D mixing ability
throughout the volume of a fluid. Besides micro-mixing, the resultant bulk
flow produced around these propeller can be exploited to provide local me-
chanical stimulation to cells seeded in microfluidic workspaces [332], [333].

6.4.2 Future work

Both the Type I and II propellers can be redesigned with different cavity
lengths tunable to different acoustic frequencies. Specifically, a distribution
of two such cavity geometries in an oppositely arranged around the Type
I propeller can facilitate their bidirectional rotation. Likewise, alternate
Type II propellers with shorter cavities presented here could be investigated
for screw-like motion. This screw-like motion of Type II propellers have the
potential to exploit our magneto-acoustic actuation strategy to mimic the
most popular magnetically-actuated helical microrobots [76]. Furthermore,
improvements in magnetic deposition techniques can enable a more distinct
alignment of our propellers in a desired orientation for a more controllable
steering [97]. Moreover, SBF can be capitalized to explore interaction be-
tween multiple propellers whereby they can join forces with each other to
enhance their efficacy such as higher mixing speeds. Further investigations
with regards to the aforementioned design, fabrication improvements and
cooperative behavior of these propellers can pave way for their biological
and lab-on-a-chip applications.

132

6



i
i

“Report” — 2021/11/29 — 16:36 — page 133 — #149 i
i

i
i

i
i

7
CeFlowBot: A biomimetic flow-driven

microrobot that navigates under magneto-

acoustic fields

Note: Following chapter is adapted from the article “CeFlowBot: A biomimetic
flow-driven microrobot that navigates under magneto-acoustic fields” by S.
Mohanty, A. Paul, P. M. Matos, J. Zhang, J. Sikorski, and S. Misra
(2021), “Small” (in Press).

Abstract

There exist aquatic organisms within the cephalopoda family (e.g., octo-
puses, squids, cuttlefish) that draw the surrounding fluid inside their bod-
ies and expel it in a single jet thrust to swim forward. Like cephalopods,
several acoustically-powered microsystems share a similar process of fluid
expulsion which makes them useful as microfluidic pumps in lab-on-a-chip
devices. Herein, an array of acoustically-resonant bubbles are employed to
mimic this pumping phenomenon inside an untethered microrobot called
CeFlowBot. CeFlowBot contains an array of vibrating bubbles that pump
fluid through its inner body thereby boosting its propulsion. CeFlowBots
are later functionalized with magnetic layers and steered under combined
influence of magnetic and acoustic fields. Moreover, acoustic power mod-
ulation of CeFlowBots is used to grasp nearby objects and release it in
the surrounding workspace. The ability of CeFlowBots to navigate remote
environments under magneto-acoustic fields and perform targeted manip-
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ulation makes such microrobots useful for clinical applications such as tar-
geted drug delivery. Lastly, ultrasound imaging system is employed to
visualize the motion of CeFlowBots which provides means to deploy such
microrobots in hard-to-reach environments inaccessible to optical cameras.

7.1 Introduction

Over the past decade, contactless actuation of microrobots has opened gate-
ways for diverse applications that range from microfluidic technologies, tar-
geted therapy, drug delivery, to microsurgery in remote environments [334].
Inspired by nature, many microrobots mimic motion of a myriad of biologi-
cal organisms from large sea creatures (e.g., octopus [36], stingray [35],
jellyfish [37], eel [335]), to microorganisms (e.g., sperm cell [48], bacterium
[112], alga [336]). Since most of the above described organisms are aquatic,
their anatomical features precipitate biomimetic approaches to design new
microrobots that imitate efficient swimming motion of such organisms.

Within such aquatic creatures, a unique swimming mechanism is demon-
strated by organisms (e.g., octopus, squid, cuttlefish) that belong to the
cephalopoda family. The cephalopods exhibit a jet-propulsion phenomenon
whereby they sequentially inflate and deflate bodies to pump fluid which
imparts the necessary thrust to move forward [337]–[342]. This sequential
inflation and deflation in cephalopods can be attributed to their elastic bod-
ies which function like a mass-spring system [342]–[344]. These naturally-
occurring mass-spring resonators have been a motivation to design artifi-
cial robotic systems that closely imitate the cephalopod-inspired motion
[342]. Previously, different fabrication methods (e.g., mold casting [337],
3-D printing [338], shape memory alloys [339], dielectric elastomers [341],
elastic membranes [342]) have produced microrobotic designs that mimic
members of the cephalopoda family. Although the aforementioned fabrica-
tion methods closely imitate the anatomy of cephalopods up to centimeter
scale, their implementation at micro- and nano-scale can be challenging
owing to fabrication constraints. Such precise replication of anatomical
features at micro- to nano-scale requires multi-step fabrication processes
[94], [335], [345]–[347]. Specifically, the synthesis of micro-scale movable
components that enable similar kind of body movements as bio-organisms
makes their fabrication and actuation difficult [37]. In addition, the use of
numerous fabrication tools for such multi-step processing also makes the
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synthesis of such microrobots expensive. This limitation calls for alter-
native designs of microrobots that replicate the pumping functionality of
cephalopods without the need to replicate their precise anatomical features.

Numerous microfluidic devices have been reported with pumping func-
tionality enabled by acoustically-induced fluid flow [38], [155], [219], [220].
A majority of these devices incorporate array of entrapped bubbles periodi-
cally distributed along the microfluidic channels, that vibrate to generate a
flow through the channel [219], [220]. Similar flow fields around a single iso-
lated bubble has also been exploited for actuation of untethered microrobots
[82], [95], [97], [98], [348]. Notably, acoustically-resonant bubbles have also
been modelled as mass-spring systems which justifies the utility of bubbles
as actuators employed in microfluidic pumps and microrobots [158], [348].
The resonant behavior of compressible bubbles to expend their stored elas-
tic energy has been exploited in many bubble-powered microrobots that
optimize propulsion speeds at these resonant frequencies [82], [95], [97],
[98], [158], [348]. Besides such bubble-powered microrobots, many other
microrobots utilize vibrating micro-structures for propulsion [94] and cargo
release [335], [349]. This ability of microrobots and microfluidic devices
to harvest energy from low-intensity sound waves makes their actuation
process biocompatible [59].

However, a majority of such microrobots rely on vibration of a sin-
gle bubble which limits their lifetime of actuation. An innovative solution
to this limitation is to incorporate arrays of multiple bubbles used inside
microfluidic devices as a working principle for actuation of microrobots.
Moreover, the resonant amplification in acoustic power due to multiple
vibrating bubbles at the same frequency can boost propulsion speeds of
microrobots. This bubble-powered acoustic actuation also provides alter-
nate approach to mimic the way cephalopods expend their elastic energy at
mechanical resonance. Such a strategy could result in a microrobot design
that exhibits a cephalopod-inspired working mechanism while overcoming
the necessity of a cephalopod’s design. In this study, we utilize this bubble-
powered pumping mechanism in an untethered microrobot where multiple
bubbles are actuated in tandem. This pumping ability of our microrobot
replicates the jet-propulsion of fluid observed in cephalopods as they deflate
their bodies.

We present CeFlowBot, a bubble-powered cephalopod-inspired unteth-
ered microrobot capable of locomotion in fluids. CeFlowBot comprises of
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Figure 7.1: (a) Schematic of CeFlowBot with the dimensions of its con-
stituent cavity of length, L (inset), and that of its entire body. The thick-
ness of all the cavities is 10 µm. (b) Illustration of magneto-acoustic ac-
tuation of CeFlowBots: An acoustic actuation test-bed comprising of a
annular piezoelectric transducer (Pz27, Meggitt, Denmark) concentrically
bonded to a glass substrate with a polydimethylsiloxane (PDMS) based
ring-shaped workspace on the opposite side. The test-bed is placed at the
center of two electromagnets (Details in Appendix D). The arrows (red)
show direction of applied magnetic field (B) which enables steering of Ce-
FlowBot. (c) A micrograph of CeFlowBot showing arrays of cylindrical
cavities that trap bubbles. (d) The streaming pattern around each of the
bubble-entrapped cavities and the resultant flow through the inner channel
of CeFlowBots as they are exposed to sound waves while immersed in fluid.
The direction of flow in CeFlowBot is from the inlet side to the outlet side
akin to a microfluidic channel.

an array of six entrapped air bubbles in its body that vibrate to gener-
ate a directional flow through its inner channel (Fig. 7.1a). Further, we
synthesize CeFlowBot with magnetic layers which allows it to be steered
under uniform magnetic fields while itself propels under acoustic fields. We
utilize this hybrid magneto-acoustic jet-propulsion to demonstrate motion
of CeFlowBot in complex trajectories.

Next, we demonstrate the ability of CeFlowBot to grasp and release a
payload based on power modulation of acoustic fields. Finally, we show
motion of CeFlowBot under medical ultrasound (US) imaging system, as
means to localize them under clinically-relevant scenarios that are hard-to-
image with optical cameras.

136

7



i
i

“Report” — 2021/11/29 — 16:36 — page 137 — #153 i
i

i
i

i
i

7.2 Results and discussions

7.2 Results and discussions

7.2.1 Design and fabrication of CeFlowBot

CeFlowBot is composed of two arrays of cylindrical cavities that symmet-
rically face each other. The two arrays in the microrobot are connected
to each other via a bridge to form an open microchannel in between them
(Fig. 7.1b and Fig. 7.1c). The embodied microchannel in CeFlowBot al-
lows the fluid to enter in its body from all sides through a wide inlet as
shown in Fig. 7.1d. By contrast, the fluid exits the microchannel through
a tapered outlet to facilitate a concentrated flow away from the microrobot
(Fig. 7.1d). Further, the cavities in each of the adjacent arrays are tilted
(45o) with respect to the channel length to facilitate a directional flow of
fluid through the channel.

CeFlowBots are first 3-D micro-printed on a substrate using Direct
Laser Writing on an IP-Dip photoresin, and then deposited with metallic
layers (Fig. S1, Appendix D). These metallic layers comprised of 240 nm
of Ni, in order to make CeFlowBot magnetically-response, followed by 50
nm of Au as an inert protective layer to prevent corrosion of Ni underneath
(Fig. S2 and S3, Appendix D). Based on the previous reports of magnetic
composition [97], [98], a thin layer of Ni (10 nm for ∼10 µm length-scale of
microrobot) provides sufficient magnetization volume to impart a soft mag-
netic character to CeFlowBots. These thin magnetic layers are uniformly
deposited using sputtering process and induce an instantaneous magnetic
dipole in the CeFlowBots under < 10 mT range of magnetic fields. Follow-
ing the deposition process, these microrobots undergo chemical treatment
in order to make their surfaces hydrophobic. Due to this treatment, the mi-
crorobots instantaneously trap air bubbles, and thus acoustically- respon-
sive, when immersed in their test-bed for actuation (Fig. 7.1d). Lastly,
the material selection described above has been previously exploited in mi-
crorobots for biocompatible applications such as their manipulation in cell
cultures [97]. A detailed account of the cyto-compatibility of the material
composition of CeFlowBots is described in Appendix D. Additional descrip-
tion of the process flow, experimental and imaging setup are provided in
the Appendix D.
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7.2.2 Propulsion mechanism

The air bubbles trapped in the cavities of the CeFlowBot (size ∼5L), while
immersed in water, vibrate in response to incoming sound waves of wave-
length (λ). When these trapped bubbles are exposed to sound waves such
that λ >> L, the vibration of their air-water interface produces counter-
rotating fluid fluxes around them. This phenomenon, known as acous-
tic streaming, results in a net fluid flow directed away from the bubble-
entrapped cavities [82]. This streaming-induced flow away from the vi-
brating end of the cavities results in a reaction force on each cavity, that
typically propels most bubble-powered microrobots.

In CeFlowBot, the adjacent arrays of tilted cavities function like an
acoustically-powered microchannel within the microrobot [38]. Here, the
vibration of these cavities steers an induced flow through the inner body of
the CeFlowBot that replicates the pumping action of acoustically-powered
microchannels. This pumping action compounds the propulsive forces in
the microrobot as the fluid enters its inner channel from all sides and ex-
its through the tapered end of the channel. Thus, the streaming assisted
pumping mechanism boosts the bubble-powered propulsion of our micro-
robot as compared to the untethered microrobots that consist of single
entrapped bubbles.

7.2.2.1 Computational and experimental verification of stream-
ing induced flow

Next, we evaluate the induced flow through the inner embodied channel of
CeFlowBot based on the computational modeling of its streaming behavior
(COMSOL Multiphysics v5.6, COMSOL AB, Sweden). Here, we adopt
the simulation environment with a 2-D design of the microrobot such that
actuation velocities are assigned to the vibrating air-water interface of the
cavities [82]. We observe an overall net flow through the channel in the
direction away from the outlet of the microchannel (Fig. 7.2a).

Subsequently, we find that this observation compares favorably with
the experimental result (Fig. 7.2b). This streaming motion of the particles
suggest a net flow through the inner channel of our microrobot alike the
flow direction seen in the simulations (Movie S1, Supporting Information).
Interestingly, a double-lobed streaming pattern can be seen at the tapered
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Figure 7.2: (a) Numerical simulation of streaming patterns around CeFlow-
Bot at an acoustic frequency of 50kHz. Color legend represents acoustic
pressure (normalized to maximum value of 1.33kPa), the red arrows rep-
resent fluid particle velocity and black lines represent the streamlines. (b)
Time-lapse image showing an overlay of streaming motion of polystyrene
tracer particles (6µm diameter, Polysciences Inc.) around CeFlowBot when
exposed to sound waves (Movie S1). The inset shows time-lapse double-
lobed streaming pattern around CeFlowBot over ∼1-2 periods of acoustic
actuation. Both (a) simulated and (b) observed streaming patterns indi-
cate an overall flow of particles along the direction indicated (in red). (c)
Impedance spectrum of piezoelectric transducer used for acoustic actuation
experiments. (d) Frequency response of CeFlowBots performed at a con-
stant input voltage of 80Vpeak−to−peak. Black and blue lines indicate the
resonant frequency of transducer and CeFlowBot, respectively.

end of the microrobot formed by the flow of particles that exit the channel.
This double-lobed streaming indicates a flow field comparable to the size
of the microrobot with predominantly outward flow that pushes the micro-
robot forwards.

7.2.2.2 Frequency and power dependency of CeFlowBots

We identify the acoustic frequencies for actuation of CeFlowBot based on
the resonant frequency of its constituent entrapped bubbles. For bubbles
entrapped in a cylindrical cavities, the primary acoustic resonant frequency
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(fr) is expressed as [59]

fr =
1

2π

(
κaPo

ρwLb(L− Lb)

)1/2

(7.1)

where Po, κa and ρw denote the ambient pressure in the bubble, adi-
abatic index of air (≤1.4) and density of the fluid (water), respectively.
Here, the length of all the constituent cavities are the same (i.e., L = 100
µm). However, the length of entrapped bubble (Lb) depends on the degree
of hydrophobicity in the inner surfaces of the cavity during chemical treat-
ment. We assume that the chemical treatment results in at least ≥50% of
the each cavity to be occupied with bubbles (i.e., Lb = 50-90 µm). Using
this range of Lb in (7.1), we estimate a frequency range of 35-60 kHz for
actuation of our microrobot. Based on this estimate, we choose a piezo-
electric transducer (Pz27, Meggitt, Denmark) with a resonant frequency
within this range (Fig. 7.2c). Next, we subject our microrobot to acoustic
actuation in this range of frequencies to find that it reaches is maximum
speed at ∼40.5 kHz (Fig. 7.2d). Based on (7.1), fr = 40.5 kHz corresponds
to an average Lb=70 µm for all the cavities. Although the precise value
of Lb may vary for each cavity, we attribute any such possible deviations
in bubble entrapment to the different degree of hydrophobicity inside each
cavity. Finally, we evaluate the performance of the microrobot at the clos-
est integral value of fr (i.e., 41 kHz) over a range of power modulation (Fig.
7.3a).

7.2.3 Magneto-acoustic actuation

Besides the bubble-powered pumping mechanism, we exploit magnetic steering
to demonstrate targeted propulsion of CeFlowBots. A low coercive field
strength (∼90 Oe) and high value of saturation magnetization (300 mT) of
the magnetic layers enable CeFlowBot to have an induced dipole moment at
magnetic fields <10 mT (Fig. S2, Appendix D). We first subject CeFlow-
Bot to increasing values of uniform magnetic field (1–10 mT). Although
CeFlowBot responds to low magnitude of magnetic fields (1–2 mT), it does
not spontaneously align to the direction of applied field. In contrast, we
observe CeFlowBot to be more sensitive when steered with magnetic fields
of magnitude >4 mT (Movie S2, Supporting Information). We characterize
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Figure 7.4: Grasp-and-release of a star-shaped micro-agent (indicated with
green arrows) as payload using microrobot (indicated with red arrows)
showing time-stamps of (I) microrobot approaching the agent with its chan-
nel opening, (II) agent is pushed towards the channel exit and (III) released
with a power-modulated flow. Finally, the microrobot escapes post-release
(t>13 seconds). (Movie S3, Supporting Information).

the steerability of CeFlowBots based on its relative angular misalignment
to a range of applied magnetic field magnitudes (Fig. S4, Appendix D). We
hereon subject CeFlowBots to the lowest magnitude of applied magnetic
field (4 mT) to which it responds with relatively lower misalignment. When
this magnetic field is applied, the induced magnetic dipoles cause the long
axis of the microrobot to readily align in the direction of the applied field
(Fig. 7.1b).

Next, magnetic and acoustic actuation are used in tandem to guide the
microrobot along specific trajectories. We first test this hybrid actuation
approach with a square-shaped trajectory that the microrobot describes
under the combined magneto-acoustic fields (Movie S2, Supporting Infor-
mation). Finally, we utilize this approach to guide the propulsion of our
microrobot along trajectories that describe the letters ‘S’, ‘R’, and ‘L’, re-
spectively (which stands for Surgical Robotics Laboratory, Fig. 7.3b). The
ability of CeFlowBots to maneuver such trajectories makes them suitable
for hard-to-navigate environments that often require dexterous direction
control like cyclic microchannels or biological vascular pathways.

142

7

https://www.youtube.com/watch?v=KwL0ovmdT_Q
https://www.youtube.com/watch?v=KwL0ovmdT_Q


i
i

“Report” — 2021/11/29 — 16:36 — page 143 — #159 i
i

i
i

i
i

7.2 Results and discussions

7.2.4 Applications of CeFlowBot

7.2.4.1 Localized payload delivery

Next, we show utility of CeFlowBots to perform localized manipulation
of nearby micro-agents as payload. For this demonstration, we introduce
a star-shaped micro-agent in the acoustic actuation test-bed alongside our
microrobots. Here, in addition to the bubble-powered pumping which facil-
itates microrobot propulsion, these bubbles also exert secondary radiation
forces to attract nearby agents [97]. We exploit these radiation forces in
conjunction with the flow through the inner channel of the microrobot
to perform grasp-and-release of a nearby payload (Movie S3, Supporting
Information). In this scenario, the microrobot first approaches a nearby
star-shaped agent and grasps it as the incoming flow fetches the agent to-
wards the microrobot (Fig. 7.4-I). Second, the agent is pushed towards
the channel’s exit with power modulation of the flow (100V) (Fig. 7.4-II).
Finally, as the acoustic power is increased further (160V), the microrobot
releases the agent and escapes away from it (Fig. 7.4-III). Overall, while
radiation forces assist in attracting nearby payloads to the microrobot, the
power-modulated pumping mechanism can also play a role in their release
near a targeted site.

7.2.4.2 Combined actuation and imaging with ultrasound waves

Although the ability to manipulate nearby agents have been demonstrated
with many previous untethered microrobots [95], [97], [98], [348], their ap-
plication under remote environments such as ex-vivo/in-vivo tissues has
been seldom presented. In order to deploy the microrobots in such remote
environments, it is required to visualize these microrobots under medical
imaging modalities such as US. Since the above-mentioned microrobots
[95], [97], [98], [348] comprise of a single microbubble (size ∼10-100 µm),
they are hard to visualize under commonly available US imaging systems
(1-10 MHz). In this regard, designs with arrays of multiple bubbles like
CeFlowBot offer an overall larger footprint (i.e., 500 µm) despite having
constituent bubbles of similar size. Thus, such microrobots based on mul-
tiple bubbles offer dual advantages: (1) their large footprint for ease of
visualization under US imaging system, and (2) constituent microbubbles
of length < 100 µm that are small enough to produce high-frequency local-
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ized fluid flows. The latter advantage is noteworthy for microrobots that
operate in the Stokes regime where the Reynold’s number due to bubble-
induced streaming is a few orders of magnitude higher than that around
the microrobot [350].

Typically, bubble-powered microrobots are actuated in enclosed workspaces
where imaging such microrobots with an externally-placed US imaging
probe could be difficult and noise-prone [95], [97], [98], [348]. In our ex-
periments, we deploy a CeFlowBot in an enlarged workspace that accom-
modates a submerged US imaging probe in tandem with an optical camera
[240] (Fig. 7.5a). Within this workspace, we demonstrate three trials of the
microrobot motion visualized using both US and optical imaging systems
(Movie S4, Supporting Information). Note that the US imaging system is
applied at its highest frequency of 14MHz to allow high pixel resolution
(Details in Appendix D). A time-lapse sequence of the last trial is pre-
sented in Fig. 7.5b and 7.5c, where the microrobot travels the furthest
(i.e., ∼4-5 times its body length from the starting position). The optical
images validate the motion observed under the US imaging system; the
overall detection of a CeFlowBot in our trials is sufficient to be identified
under standalone US imaging. This ease of visibility of CeFlowBot under
US imaging system can be useful for clinically-relevant scenarios, such as
hard-to-access regions of the human body, where optical cameras cannot
function.

7.3 Conclusions

In summary, we present a cephalopod-inspired microrobot capable of loco-
motion under applied magneto-acoustic actuation. CeFlowBot makes use
of an array of vibrating bubble-entrapped cavities to mimic the pumping
mechanism similar to members of the cephalopoda family. Compared to
other popular microrobots based on vibrating bubbles, CeFlowBot pro-
vides a robust solution as its lifetime is not confined to existence of a
single bubble. Case in point, a CeFlowBot can function even when a few
bubbles within its inner microchannel are dissolved in due course of ex-
periments. Unlike many other bubble-powered microrobots [95], [97], [98],
[348], the dissolution of a single bubble does not jeopardize the lifetime of
a CeFlowBot. The motivation behind the design of CeFlowBots provides
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7.3 Conclusions

Figure 7.5: (a) Schematic of the experimental setup used for Ultrasound
(US) imaging of acoustically-actuated CeFlowBot (Details in Appendix D).
Time-stamps of the motion of CeFlowBot visualized using (b) optical and
(c) US imaging. The arrows indicate direction of motion of the CeFlowBot.
(Movie S4, Supporting Information).

a foundation for new acoustic microrobots that capitalize on multiple bub-
bles for their actuation. Such modular approach to design bubble-powered
microrobot offers large footprint of microrobots with almost an order small
bubbles as constituent propulsive units. Thus, such a microrobot could re-
tain the dual advantages like ease of handling and visibility due to its large
size, and fast motion enabled by high-frequency actuation of small bubbles.
These designs of microrobots may extend to millimeter-scale robots with
numerous µm-scale bubble arrays such that each array caters to different
functions such as steering or particle manipulation. Further, CeFlowBot
can itself be redesigned with a co-axial distribution of such bubble-powered
arrays around its inner channel to facilitate its 3-D propulsion.
In this study, we also demonstrate feasibility of CeFlowBot for future clin-
ical applications based on its ability for localized payload manipulation,
and its clear distinguishable detection under clinical US imaging system.
In terms of payload manipulation, CeFlowBots can be functionalized with
chemical receptors to bind and retain the payload over prolonged dura-
tion of manipulation [98]. With regards to the US imaging experiments,
CeFlowBots are more easily detectable under US imaging system in con-
trast to previously mentioned acoustic microrobots that are powered by a
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7. CeFlowBot: A biomimetic flow-driven microrobot that navigates

under magneto-acoustic fields

single bubble of length 50-200 µm. In terms of the manipulation ability,
CeFlowBot could potentially function as a µ-sieve to perform tasks such as
filtering, collection and sorting of nearby particles assisted by its tapered
inner channel [331]. Further, CeFlowBots could be employed in cell cul-
tures to perform targeted manipulation on living cells. Previous studies
have suggested magneto-acoustic microrobots with similar composition to
be non-cytotoxic in HeLa cell cultures [97]. In order to validate biocompati-
bility of CeFlowBots in such cell cultures, viability tests could be performed
in cytotoxicity assays to ensure that the manipulated cells are living post
operation. Our future work will address a complete implementation where
CeFlowBot navigates to perform such targeted manipulation in biological
media such as tissues cultures under US guidance.
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8
Discussion

The studies described in this thesis have so far addressed various con-
cerns with regards to the design and implementation of magnetically- and
acoustically-actuated microrobots. In a nutshell, this doctoral voyage starts
with magnetic microrobots and thereon demonstrates many acoustically-
powered microrobotic systems. Lastly, it brings together the two physical
principles of actuation in form of magneto-acoustic microrobots. Specifi-
cally, these studies entailed in Chapters 2-7 answer the research questions
(RQ.1-RQ.4) posed in Chapter 1. This last Chapter of the thesis summa-
rizes the premise of each of these chapters and how the concepts presented
in each study push the state-of-the-art in microrobotics research. Follow-
ing the conclusions on the individual parts of this thesis, the final section
of this last Chapter will discuss prospects for these studies for potential
applications.

8.1 Conclusions

8.1.1 Part I: Starting traditional – Magnetic actuation of
microrobots

Magnetically-actuated microrobots have been the most commonplace of
all self-propelling microrobots. Although there exist abundance of micro-
robots in state-of-the-art, Part I addresses a common limitation that mag-
netic microrobots possess i.e., the independent actuation of microrobots
with same magnetic properties (RQ.1). A prevalent problem with mag-
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8. Discussion

netic microrobots, entailed in RQ.1, is that the actuation systems are
burdened with the role to both energize and control the directionality of
these microrobots. In this regard, Chapter 2 addresses this problem from a
design-oriented approach as compared to the previously undertaken control-
oriented approaches [68], [70], [145]. The control-oriented approaches often
use hardware with multiple electromagnets and rely on precise magnetic
field distribution within their workspace. Both of these factors limit the
number of magnetic microrobots that can be actuated with such sophisti-
cated systems. Moreover, it is difficult to produce a heterogeneous magnetic
field distribution in a workspace where microrobots are in close proximity.
For instance, a scenario where two nearby microrobots are a few body
lengths apart from each other (∼200µm) in a workspace that spans <10
times their body length. In such scenarios, the microrobots cannot experi-
ence different magnetic forces due to a lack of heterogeneity in the magnetic
field that is produced by centimeter-scale electromagnets. Such heteroge-
neous magnetic field distribution may require computationally-expensive
modeling and calibration of the actuation hardware [71].

Contrary to such control-oriented approaches, Chapter 2 presents an
innovative design of bidirectional microrobots to tackle RQ.1. These mi-
crorobots, described as bio-inspired microswimmers, imitate the swimming
reversibility of bacterial and sperm cells. Two such designs of bidirectional
swimmers demonstrate a precessing motion in response to application of
rotational magnetic fields. A change in precession angle of the applied
magnetic field induces a change in the precessing motion of the swimmers
which triggers a motion reversal in these swimmers. The ability to reverse
the direction of motion without a change in direction of the applied field ro-
tation allows the two swimmers to perform different types of motion based
on the precession angle of the field. Thus, the two swimmers of the same
magnetic composition can move independently under a single magnetic ac-
tuation with precession angle as a control input. The heterogeneous design
of these swimmers and their precession-driven magnetic actuation enables
their independent motion under a common actuation and addresses RQ.1.

The bidirectional microswimmers can also be advantageous to existing
magnetic microrobots in many ways. Firstly, the microswimmers can be
operated in constricted environments (e.g., microfluidic or vascular channels
of shorter width than their body length) as they can reverse their direction
without flipping their bodies. Secondly, the two different designs of the
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swimmers are fabricated with same number of processing steps. Specifically,
since these swimmers only differ in their planar geometry (i.e., tilt angle
between their head and flagellum), it is possible to synthesize different types
of swimmers with a single lithographic photomask. This ease of fabrication
may extend to synthesis of multiple swimmers with varying tilt angles in
a single batch. Such a possibility could result in multiple non-identical
swimmers with the same magnetic composition that reverse their swimming
at different control inputs (i.e., precession angle) under a common magnetic
actuation.

Despite such advantageous design, these microswimmers rely on tradi-
tional silicon based fabrication and thus only limited to design improve-
ments in 2-D. Furthermore, the steering of these microswimmers relies on
rotational magnetic fields of uniform magnitude, which requires a specific
type of actuation hardware such as Helmholtz configuration of electromag-
nets. These limitations call for alternative design and hybrid actuation
strategies with magnetic actuation, as discussed in Part III of this thesis.

8.1.2 Part II: A smörg̊asbord of applications – Acoustic
micromanipulation

The ability to manipulate objects across both different scales and materials
makes acoustic actuation a widely accessible technology for micromanipu-
lation. In Part II, different acoustic manipulation methods are described
as a substitute to magnetic manipulation of microrobots. Also, magnetic
actuation methods necessitate the target agent of manipulation to possess
magnetic properties which limits their application under various scenarios.
In comparison, acoustic actuation methods are relatively material agnostic.
As a result, target agents of a wide variety of materials can be manipulated
with acoustic actuation. This versatility of acoustic micromanipulation is
explored as a survey study in Chapter 3. Rather than providing answers,
Chapter 3 serves to instead pose the research question as how acoustic
manipulation methods can be exploited to develop microrobotic systems
(RQ.2). Hereon, two application-specific acoustic tweezers for targeted
micromanipulation are proposed as a microfluidic device (Chapter 4) and
an immersible ultrasonic array (Chapter 5). Lastly, the second part of
Chapter 3 provides context for acoustically-actuated microrobots. In this
manner, Part II forms a segue to Part III where acoustic actuation is
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described as a complementary technology to magnetic microrobots.

Chapter 3 presents a universal view of the available acoustic actuation
methods and classifies these methods as those based on passive and active
manipulation. Passive manipulation methods comprise of a family devices
know as SAW and BAW based tweezers that exploit different ways in which
sound waves interact with their targeted medium.

SAW tweezers describe a family of devices where sound waves travel
along interfaces, and can be focused inside their surrounding workspaces,
that are useful for microfluidic applications. Some of these applications in-
clude label-free drug testing, enrichment of blood samples and inspection of
bio-organisms like C. Elegans, zebrafish embryos. An emerging technology
among these tweezers exploits the sound-fluid interactions to create local-
ized disturbances (i.e., streaming) in fluids for mixing and manipulation of
agents present in the fluid. Such a streaming-driven tweezer that enables
a contactless transport of agents inside microfluidic channels is described
in Chapter 4, which partly addresses RQ.2. This streaming-driven mecha-
nism also forms the backbone of active manipulation methods which entail
acoustically-actuated microrobots, as discussed later in Part III.

BAW tweezers describe large arrays of ultrasonic transducers that fo-
cus sound waves to trap and manipulate agents in air or in fluids. Due to
the similarity in hardware to US imaging probes, these ultrasonic arrays
have been exploited as diagnostic equipment for clinical removal of kidney
stones or targeted delivery using bubbles. Besides, these arrays can be
better utilized upon integration with existing robotic or haptic technolo-
gies for their ease of application. Such an application of ultrasonic array
based acoustic tweezer is discussed in Chapter 5, which also answers RQ.2.

Next, a streaming-driven SAW tweezer is demonstrated in Chapter 4 for
contactless transport of targeted agents through microfluidic channels. The
transport mechanism is premised upon vibrating protrusions present on the
boundaries of the channel that harness streaming effects to induce a flow
through the channel. Further, this acoustically-induced flow is frequency-
selective and is used for bidirectional transport particles inside the channel.
This microfluidic tweezer serves as the first acoustically-powered micro-
robotic system suitable for 2-D micromanipulation in lab-on-a-chip appli-
cations (RQ.2). Such a mechanism for fluid transport is especially bene-

152

8



i
i

“Report” — 2021/11/29 — 16:36 — page 153 — #169 i
i

i
i

i
i
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ficial for long cyclic microfluidic channels used in multi-step processing of
targeted analytes.

Lastly, Chapter 5 presents a compact, lightweight, portable and inex-
pensive configuration of ultrasonic array for contactless micromanipulation
underwater, called SonoTweezer. This array comprises of six immersible
ultrasonic devices that aids trapping and manipulation of below millimeter-
sized agents underwater. Compared to other similar arrays [43], [261],
SonoTweezer provides the ability to manipulate agents with a relatively af-
fordable hardware and low power requirements. Further, the compact and
portable footprint of SonoTweezer enables it to be interfaced with robotic
manipulators for long-range actuation of ∼0.5 mm agents to about few
hundred times their body lengths. Therefore, such an acoustically-powered
end-effector can aid in diagnostic procedures that require such long-range
manipulation for e.g., removal of kidney stones via urinal tract, transport
of bubbles via circulatory tracts of the human body. SonoTweezer serves
as the second acoustically-powered microrobotic system suitable for 3-D
micromanipulation in biological media (RQ.2).

8.1.3 Part III: Magnetics and acoustics join forces

Following the ideas proposed in second half of Chapter 3, Part III describes
the design and development of acoustically-powered active and hybrid mi-
crorobots. Within this part, Chapters 6 and 7 present three designs of
microrobots that use vibrating bubbles as their building blocks for self-
propulsion. The designs presented in these chapters push the state-of-the-
art in bubble-powered acoustic actuation with extensive morphologies of
microrobots based on multiple bubbles. Owing to the presence of multi-
ple bubbles, this new class of microrobots offers more reliable and longer
actuation times unlike their predecessors, whose lifetime is limited to vibra-
tion of a single bubble. Both Chapters 6 and 7 answer RQ.3 and describe
different mechanisms where vibration of multiple bubbles produces a gear-
like and pump-like motion of the microrobots. Compared to the magnetic
microrobots presented in Part I, the active acoustic microrobots require
a simpler fabrication strategy based on DLW. This fabrication procedure
enables rapid prototyping complex designs of microrobots with features
down to nanometer-scale. Finally, the active microrobots are later coated
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with magnetic layers that enable their steering under uniform magnetic
fields. Owing to this magnetic coating, microrobots combine the dual ben-
efits of convenient directional steering with magnetic torques (Chapter 1),
and powerful bubble-driven acoustic self-propulsion. Thus, these hybrid
variants of the active acoustic microrobots navigate their workspaces using
magneto-acoustic fields and address RQ.4.

In Chapter 6, the first two design of active microrobots are demon-
strated as rotational propellers with axis-symmetric distribution of cylin-
drical cavities. These cavities readily trap bubbles when immersed in water
that vibrate to produce gear-like rotational motion in both the propellers
(RQ.3). Due to their similarity with other gear-inspired microfluidic mix-
ers, these propellers are presented as an alternative to other gear-inspired
rotary microsystems. These propellers can reach similar rotational speeds
to the state-of-the-art micro-mixers, that are tethered to their parent mi-
crofluidic devices.

The first propeller design consists of 2-D arrangement of entrapped
bubbles inside cavities which can rotate with speeds of up to 250 RPM (ro-
tations per minute). The first design is functionalized as magneto-acoustic
propellers that can navigate to different locations within their workspace.
These magneto-acoustic propellers switch to unidirectional linear propul-
sion in presence of magnetic fields, and resume their rotational motion
as the applied magnetic field is turned off (RQ.4). This dual mode of
propulsion enables these propellers to perform gear-like mixing operation
at different locations in their surrounding fluid unlike other such microsys-
tems that only rotate in their static position. Next, the second propeller
design consists of a 3-D arrangement of bubble-entrapped cavities that can
reach higher rotational speeds of up to 400 RPM. Compared to tethered
microfluidic gears, the second propeller rotates with speeds of similar order
(i.e., ∼500-2000 RPM). Besides, 3-D gear-like morphology can enable these
propellers to mix fluids uniformly in a spatial volume opposed to traditional
microfluidic mixers that mostly comprise of 2-D rotary designs.

The third microrobot presented in Chapter 7 demonstrates a pump-
ing mechanism that resembles the way several cephalopods (e.g., octopus,
squids, cuttlefish) expel fluids from their bodies to swim forwards. This mi-
crorobot, known as CeFlowBot, combines the bubble-powered propulsion
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(Chapter 6) with the microchannel design (Chapter 4) as its internal geom-
etry to facilitate pumping action of cephalopods. Thus, CeFlowBot aug-
ments to the design strategy behind multi-cavity microrobots presented in
Chapter 6 where arrays of bubbles vibrate together to boost self-propulsion
(RQ.3). Besides the bubble-powered propulsion, CeFlowBot also makes
use of secondary forces to perform micromanipulation of nearby particles.
Finally, CeFlowBot is also functionalized to move navigate complex trajec-
tories under combined magneto-acoustic fields (RQ.4), and its motion is
detected under clinical US imaging modality.

The clear visibility of CeFlowBot under US imaging system puts for-
ward its advantageous design metrics as opposed to other single bubble-
powered microrobots. On one hand, the ∼0.5 mm size of the microrobot
makes it easy to locate under commercially-available US imaging probes
(∼1-10MHz). On the other hand, despite the larger footprint, the micro-
robot is powered by constituent bubbles of size <100 µm which can still
produce high-speed bubble streaming to support its motion. Thus, a mod-
ular approach is presented in Chapter 7 to design sub-mm size robots with
constituent bubbles whose vibration can overcome viscous forces experi-
enced by microrobots in that scale.

8.2 Outlook

So far, this doctoral voyage has outlined various designs of microrobots
and concepts for actuation systems that push the state-of-the-art in mi-
crorobotics. Despite the advancements in fabrication and actuation meth-
ods, microrobots seldom reach beyond laboratory based test-beds. Sev-
eral potential applications of microrobots that range from lab-on-a-chip,
to diagnostic procedures, require additional considerations for fruitful im-
plementation. Some of these considerations encompass key areas such as
fabrication process, controlled actuation, guidance under clinical imaging
modalities, and biocompatibility of these microrobots for their potential use
in clinical practice. Based on the learnings of this thesis, suggestions can be
made in the aforementioned areas that precipitate new research questions
for future studies. As magnetic microrobots have existed for longer than
their acoustic counterparts, more attention is given here to the acoustic
actuation strategies. In addition, the last section of this thesis highlights
some of the challenges in clinical implementation of microrobots and sug-
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gestions to address these challenges. Among these challenges, the foremost
is to develop microrobots that are non-cytotoxic and can thus be deployed
in biological media such as cell cultures and in-vivo/ex-vivo conditions.

8.2.1 Design and fabrication aspects

8.2.1.1 Biomcompatible microrobots

The most important concern with regards to in-vivo or ex-vivo use of mi-
crorobots is the synthesis with available biocompatible materials. With
regards to magnetic microrobots, many choices of materials such as Nitinol
[351] or iron-oxide nanoparticles (SPIONs) [352], [353] are available to en-
sure their biocompatibility. Many researchers have attempted to create bio-
hybrid microrobots where existing biological agents such as platelets [354]
or sperm cells [48] are functionalized with magnetic particles. The method
of DLW proposed in Chapters 6 and 7 of this thesis also allows certain ma-
terial choices e.g., ORMOCOMP, IP-PDMS, GP-Silica, to print acoustic or
magneto-acoustic microrobots prior to their magnetic deposition [269]. Be-
sides, advances in material technology has led to custom-made DLW resins
that can be used to print magnetic microrobots directly [352], [353]. Next
steps towards biocompatibility can be to develop microrobots with smart
biodegradable materials (e.g. polyethylene glycol diacrylate-based hydro-
gels, polycaprolactone, polylactic acid) that dissolve in the surrounding
media post operation [355]. Such an ability can allow futuristic micro-
robots to disappear inside the human body and truly make their clinical
use noninvasive.

8.2.1.2 On-board actuation

Throughout this thesis, many passive microrobots or manipulation meth-
ods are discussed where the robots do not contain any functional units
that participates in actuation. Although active microrobots capable of self
propulsion through a magnetic flagella or acoustically-powered bubbles are
also presented, the autonomy of their motion is still controlled by external
sources such as magnetic coils or piezoelectric transducers. The next step
to make these active microrobots autonomous is to integrate them with
on-board actuators like miniaturized magnetic coils [356] or piezoelectric
electrodes [357]. Such on-board power sources on the microrobots can be
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triggered through various means such as radio-frequency (RF) circuits or in-
ductive coupling and reduce their dependency over externally-present actu-
ation systems [358]. For example, a magneto-acoustic microrobot powered
by an on-board transducer which is merely dependent on the directional
guidance of an MR system during a clinical trial. In this aspect, miniatur-
ized and flexible electronics offered by MEMS technologies can prove to be
the precursor for next-generation active microrobots.

8.2.1.3 Functionalization for auxiliary tasks

Besides self-propulsion, active microrobots can exploit their functional units
to perform tasks such as therapy or drug delivery. Perhaps, the bubble-
powered microrobots presented in Chapter 6 and 7 have been inspired from
the clinical use of drug-loaded microbubbles for targeted delivery in in-
vivo studies [100]. In this regard, the magneto-acoustic microrobots can
as well be deployed in a manner where their magnetic actuation facilitates
propulsion whereas acoustic actuation is used for other tasks. Based on this
concept, a similar magnetically-driven microrobot has been shown to use
bubble-powered mechanisms for targeted release of drug encapsulated be-
tween its constituent bubbles [84]. Likewise, a biodegradable magnetic mi-
crorobot has been infused anti-cancer drugs (like Doxorubicin, Paclitaxel)
whose release can be acoustically-triggered [325]. Such multifunctional mi-
crorobots offer prospects for other hybrid actuation strategies where the two
modes of actuation mediate their propulsion and enable them to perform
auxiliary tasks.

8.2.2 Actuation and control strategies

8.2.2.1 Closed-loop control

An important consideration to extend the outreach of microrobots from
research laboratories to clinical practice is to automate their controlled
motion with real-time tracking and visualization. Although this thesis cri-
tiques limitations of passive magnetic actuation systems, many closed-loop
studies enabled by such systems offer precise manipulation of microrobots
along planned trajectories [68]. In this regard, the velocity characteristics
(with respect to magnetic strength or acoustic power) of the microrobots
reported in Chapters 2, 6, and 7 can be used as operating points to de-
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sign their closed-loop studies. The actuation system employed to provide
magnetic and acoustic fields, called SonoMag, consists of a user-interface
that enables open-loop actuation of magneto-acoustic microrobots. This
system when upgraded with tracking functionality based on camera or US
feedback of the microrobot (Section 8.2.3), can perform visual servoing of
these microrobots. Moreover, only a few studies on closed-loop control of
acoustic microrobots exist, which are mostly limited to actuation in 2-D
workspaces. This limitation requires the microrobots proposed in Chap-
ters 6 and 7 to be redesigned with bubble-powered arrays that enable their
actuation against gravity [328]. Besides, closed-loop implementation of mi-
crorobots in 3-D can also enable studies where multiple microrobots can be
deployed and their spatial position is tracked in a robust manner.

8.2.2.2 Swarm control of multiple microrobots

An emerging topic of interest in microrobotics research is the study of
their swarm behavior, i.e., collective behavior of similar or dissimilar mi-
crorobots to increase their efficacy for tasks such higher payload delivery.
The independent actuation of magnetic microrobots in Chapter 2 gives a
taster to their future implementation as swarms of multiple microrobots
that move in parallel or anti-parallel fashion. It may still be challenging for
such swarms of microrobots to self-organize in desired formations, perform
their designated tasks and disembark away from the target site. This abil-
ity to organize themselves in specified formations has been demonstrated
with passive manipulation of microparticles using both magnetic [265] and
acoustic [246] methods. Such strategies of swarm formations are less com-
mon in studies on active microrobots. In contrast, a unique feature of
bubble-powered acoustic microrobots that is less exploited in studies is
their ability to attract nearby objects using secondary radiation forces [99].
Chapter 7 demonstrates use of such forces whereby CeFlowBot can grab
and release nearby objects. The same functionality may be exploited to as-
semble multiple bubble-powered microrobots and later disperse them with
power modulation. However, it is difficult to distinguish between streaming
behavior of bubbles and their secondary forces based on acoustic power or
frequency modulation. The ability to control these secondary forces and
understanding of its underlying mechanism can pave way for studies where
multiple bubble-powered microrobots come together to manipulate higher
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payloads. The collective action of multiple microrobots may also aided by
the participation from other auxiliary microrobotic systems to deploy the
microrobots in proximity to the payload for higher efficacy.

8.2.2.3 Auxiliary infrastructure to deploy microrobots

A less acknowledged limitation of microrobots is the ability of microrobots
to travel distances orders of magnitude higher than their body lengths.
Non-homogeneous environmental factors (e.g. surface friction, viscosity),
and unequal magnitudes of self-propelling forces often limit microrobots to
travel more than ∼10-100 times the body length in course of their exper-
iments. Thus, practical implementation of microrobots necessitate means
to deploy the microrobots closer to their target site using various external
means. In this regard, the microrobotic systems presented in Chapter 4 and
5 can be utilized as auxiliary microrobotic infrastructure that can manipu-
late them beyond ∼100-1000 times their body length. Thus, a collaboration
between the microrobots (Chapters 1, 6, and 7) and microrobotic systems
(Chapter 4 and 5) may ensure more reliable, longer and easier operation of
microrobots.

Specifically, the acoustically-powered microchannel (Chapter 4) can be
used as means to transport large groups of microrobots in 2-D microflu-
idic networks. Future studies may integrate vibratory elements of this
channel as actuators inside medical devices like catheters and endoscopes
[266]. Likewise, ultrasonic arrays can be alternatively used to steer micro-
robots in 3-D workspaces inside biological media. SonoTweezer (Chapter
5) can be upgraded in terms of its acoustic power in order to transmit its
steerable beam through tissue barriers [43]. Such improvements may allow
SonoTweezer to deploy microrobots inside ex-vivo/in-vivo scenarios closer
to a specified target (∼1-2 cm) such as a tumor site.

In case of magnetic microrobots, the actuation systems comprise of
assembled electromagnets or permanent magnets (Chapter 2). As outlined
in the Introduction (Chapter 1), these systems are bulky, power-consuming
and importantly, over-scaled for their purpose. A majority of the magnetic
actuation systems provide much higher magnetic fields (∼ 0.5T), which
attenuates within a few centimeters away from the magnets (i.e., ∼10 mT
around the target workspace) [303]. An innovative solution is to scale down
the magnets and the target workspace to realize more effective means of
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localized actuation. This idea has been reproduced in form of a magnetic
catheter capable of local manipulation of microrobots at the target site of
deployment [303].

8.2.3 Imaging and tracking of microrobots

8.2.3.1 Tracking strategies for microswimmers

The studies entailed in this thesis have employed either optical or US-
based acquisition systems to image the microrobots. Typically, microrobots
that appear symmetric or do not change their shape during motion can be
tracked with image processing based on binary segmentation. The closed-
loop tracking strategies used with passive micromanipulation systems de-
scribed earlier employ simple geometries of microrobots that only require
∼3-5 computational steps [68]. These strategies usually do not take into
account any change in orientation or shape of the microrobot. Hence, such
microrobots require very standard image segmentation techniques employed
in their tracking. In this regard, the acoustic microrobots are easier to track
and localize due to their fixed geometry under both optical and US imag-
ing. However, deformable microrobots such as magnetic microswimmers
(Chapter 2) that constantly change their shape throughout their motion
cannot be tracked with the same segmentation-based methods. Besides,
various other computational strategies have been employed that use multi-
rate estimations of the microrobots based on the acquired image data [359].
However, these strategies can be computationally time-consuming and may
require hardware like graphics processing units to expedite the tracking
process. These limitations require strategies that are computationally effi-
cient and take into account a constant change in visual appearance of the
microrobots, like deformable swimmers, under the imaging system.

Specifically, the appearance of deformable microrobots both in terms
of intensity and size constantly changes with time which makes it diffi-
cult to segment with standard image processing. These limitations may be
overcome by using alternate features of these microrobots than the visible
geometry or intensity as means for tracking. Imaging techniques such as
holography [74], and phase contrast imaging [360] can be employed, with
both optical and US imaging systems, to track these alternate features of
the microrobots. Besides, other techniques where presence of microrobots
may affect physical properties of the surrounding medium such as pH, vis-
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cosity, conductivity, can also be used as means of characterization [361],
[362]. Last, the incentive to deploy these microrobots in clinically-relevant
scenarios also requires to make these image processing techniques suitable
to be employed with MR [55] and US [290] imaging systems.

8.2.3.2 Imaging and actuation using acoustics

One of the aims in this thesis is to connect the dots between existing
clinical technologies (MR and US imaging systems) with compatible ac-
tuation methods (magnetic and acoustic). As MR-compatible magnetic
microrobots have already existed for a decade [51], this section provides
context for use of US to accomplish imaging and actuation of microrobots.
Although the instrumentation used for actuation of acoustic microrobots
differ from that used in US imaging systems, there exist possibilities for
their cross-interaction. Chapter 5 highlights the inexpensive hardware of-
ten used with various ultrasonic arrays for micromanipulation. Specifically,
while the type of transducers used in these arrays may differ from US imag-
ing probes in acoustic parameters such as frequency and power, they can
share parts of their hardware to synchronize imaging and actuation process
[43]. Here, the same data acquisition system can be used to regulate these
acoustic parameters between the imaging and actuation arrays to perform
US-guided servoing of microrobots. Such innovative concepts may inspire
companies that engage in US-driven research like Imasonic, Verasonics and
Phillips to manufacture such custom hardware systems that regulate and
synchronize between the pulsated actuation and imaging processes. Be-
sides, bubbles have been extensively used in clinical studies to improve
imaging contrast of tumorous sites guided by US imaging systems [77],
[78]. This also provides opportunity of ultrasonic arrays like SonoTweezer
(Chapter 5) to collaborate with bubble-powered microrobots like CeFlow-
Bot (Chapter 7) for future studies. These studies may extend to clinical
trials with biocompatible choice of materials for CeFlowBots, which also
constitute lipid-coated microbubbles to enhance their detection under US
[79].

8.2.4 Sono da Vinci?

In the last few paragraphs, this thesis draws some creative freedom to
hypothesize a microrobotic system that combines all the learning from pre-
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vious Chapters. Modern standards of robotic-assisted MIS are embodied
in the da VinciTM surgical system (Intuitive Surgical Inc., USA) which is
inspired by the legacy of Leonardo da Vinci [301]. Here, a fully-functional
surgical suite is proposed that comprises of the ideas entailed in section 8.2
put together as different arms of the da VinciTM robot. These arms com-
prise of actuation systems like SonoTweezer and magnetic catheters loaded
with acoustic microrobots like CeFlowBot, and imaging systems such as US
and intraoperative ultrasound (IVUS). Combined action of these systems
guide a bubble-powered CeFlowBot equipped with an on-board transducer
which can be actuated with an RF bursts. This proposed concept can be
operated in three phases:

� The magnetic catheter injects a drug-coated CeFlowBot into a des-
ignated ex-vivo tissue sample guided by IVUS through one of the
arterial pathways that lead to a targeted organ.

� Once within the targeted organ, SonoTweezer performs long-range
manipulation of CeFlowBot to bring it closer to a tumorous site
guided by US probe present outside (within few centimeters from
the tumor site).

� An RF burst activates CeFlowBot to reach the tumor (within few
millimeters of the tumor site) and release the requisite drugs upon
acoustic power modulation.

Although the proposed system sounds like science fiction, it integrates dif-
ferent areas of acoustic micromanipulation where researchers across differ-
ent disciplines are making progress on each of these subsystems, albeit in
isolation. As prospective readers of this thesis, the proposed vision calls
out to these different ‘bubbles’ in the scientific community to pique their
interest and engage in collaborations.
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This thesis tries to address a few formulated research questions though
the concluding chapter gives rise to many more. Although the above men-
tioned suggestions serve more as questions than future solutions, the vision
behind the ‘tiny’ victories in this thesis is to broaden the horizon for future
dissertation topics. With this hope and inspiration, this thesis leaves the
reader with a thought that rephrases the mathematician, Theodore von
Kármán’s quote [363] in an opposite manner:

“An engineer finds the right answer,
a scientist frames the right question”
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A
Materials and methods for bidirectional

microswimmers

A.1 Design and Fabrication

The micro-swimmer is composed of a rigid triangular head and a thin long
flagellum. The head is designed to dominate the magnetic response, while
the flagellum is designed to stabilize motion under rotating magnetic field
and contribute to the magnetic response secondarily. The fabrication pro-
cess includes three steps, as illustrated in Fig. A.1d. First, we deposited a
sacrificial layer (15 nm Cr, 100 nm Cu) on a silicon wafer, which allowed
the complete release of the micro-swimmer after fabrication. Second, we
patterned the flagellum by photolithography and e-beam evaporation (30
nm SiO, 90 nm SiO2, 10 nm Fe, and 10 nm SiO2). The flagellum is 180
µm long and 6 µm wide. The swimmer forms an arc-shaped flagellum after
release due to the different thin-film stresses in the SiO/SiO2 bilayer.

Third, we patterned the head and the small rigid filaments together
by photolithography and e-beam evaporation (150 nm SiO2, 10 nm Cr, 20
nm Fe, and 15 nm SiO2). The head is 20 µm wide and 40 µm long. The
relative alignment in photolithography ensured that the head overlapped
with the flagellum for good adhesion, and included the periodic pattern
of small filaments on the flagellum. After fabrication, the micro-swimmers
were released from the substrate in a copper etchant APS-100 (Transene)
(Fig. A.1c and Fig. A.1e-f). Photoresist AZ 5214E (MicroChemicals) was
used for the photolithography. The materials for e-beam evaporation were
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A. Materials and methods for bidirectional microswimmers

Figure A.1: Fabrication process of micro-swimmers and magnetic actua-
tion apparatus, showing, (a) the Helmholtz coil setup, with the (b) ex-
perimental work-space inside. (c) Optical image showing a close-up of a
micro-swimmer. (d) Illustration of the process flow. (e) Optical image of
the swimmer before release, and (f) after release in 20% APS solution. Di-
mensions of swimmer post-release are marked with black (tip to tip length)
and red (arc-radius) lines. (g) Amplitude of oscillation of the head (h) and
flagellum (f ) of the swimmer’s trajectory shown in Figure 3(a) for varying
field precession angle at two actuation frequencies (3Hz and 4Hz). Here
Rxz and Ryz represent X-Z plane (I) and Y-Z plane (II) of oscillation re-
spectively.

210



i
i

“Report” — 2021/11/29 — 16:36 — page 211 — #227 i
i

i
i

i
i

A.2 Experimental setup and workspace design

purchased from Kurt J. Lesker company.
Based on the fabrication, the head dominates the magnetic response

and remains parallel to the instantaneous direction of the field due to the
iron layer, and the flagellum serves to stabilize the rotating motion under
the precessing magnetic field and contributes less to the magnetic response.
This secondary contribution leads to a small magnetic misalignment angle
δ between the head and the easy axis of the swimmer, as defined in the
paper. We noticed that the Type I swimmer has a smaller misalignment
angle than that of the Type II swimmer. This difference is attributed to the
slightly lower iron content in the flagellum of Type I. Given the same area
by design, the lower tilt angle of filaments in Type I results in a narrower
width i.e. a smaller critical dimension of 1.5 µm (2.1 µm for Type II) which
is more sensitive to the pattern transfer process.

A.2 Experimental setup and workspace design

A Helmholtz coil system was used for wireless microrobot propulsion. The
system consists of three pairs of coils placed orthogonally to enable a region
of a uniform magnetic field of up to 5mT at its center (Fig. A.1a). A PDMS
chamber was designed to be our magnetic workspace, and it provided us
with a working volume of approximately 1 cm3 in water (Fig. A.1b). The
current supplied to the system was controlled and amplified by the Xenus-
Plus EtherCAT (XE2-230-20, Copley Controls, Canton, USA). The system
was controlled by a custom-made program based on C++, which facili-
tates current control to the coils, and enables image acquisition from a
CMOS camera (Point Grey Research Inc., Blackfly GigE Vision, pixel size
= 3.75µm). Further, the coils are programmed to provide an oscillating
magnetic field at any precession angle, with the case of 90o corresponding
to a high applied precession angle.
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B
Supplementary information for SonoTweezer

Note: I would like to acknowledge the contribution of N. Blanken for
derivation of Gor’kov potential in B.1 and performing the pressure inter-
polation in B.6 in this Appendix

B.1 Expressing the Gor’kov equation in terms of
complex acoustic pressure

The original form ([20]) of the Gor’kov potential is given in terms of both
the pressure variation and the fluid particle variation.

U = 2πr3pρ0

{ 〈
p2
〉

3ρ20c
2
0

K1 −
〈
v2
〉

2
K2

}
(1)

where K1 = 1 − (c20ρ0)/(c
2
pρp) and K2 = 2(ρp − ρ0)/(2ρp + ρ0). rp is the

radius of the particle, ρ0 is the density of the medium, ρp is the density of
the particle, c0 is the speed of sound in the medium, and cp is the speed
of sound in the particle.

〈
p2
〉
denotes the time average of the pressure

variation squared, and
〈
v2
〉
denotes the time average of the fluid particle

velocity squared.

A pressure signal that oscillates sinusoidally in time, can be written
as p (r, t) = Re

(
P (r) eiωt

)
, where P (r) is the complex-valued pressure

amplitude as a function of space. Here ω is the angular frequency of the
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B. Supplementary information for SonoTweezer

oscillation. The time average
〈
p2
〉
for such a signal can be shown to be

1
2 |P (r)|2.

Similarly, we write v(r, t) as v (r, t) = Re
(
u (r) eiωt

)
, where u (r) =

ux (r) êx + uy (r) êy + uz (r) êz is the complex-valued velocity amplitude
vector. Then the time average

〈
v2
〉
is

〈
v2
〉
=
〈
v2x
〉
+
〈
v2y
〉
+
〈
v2z
〉
=

1

2
|ux (r)|2 +

1

2
|uy (r)|2 +

1

2
|uz (r)|2 (2)

We express u (r) in terms of P (r) using the momentum equation (Navier-
Stokes). We assume small-amplitude oscillations, so we can linearize the
equation. We also neglect gravity and viscosity.

ρ0
∂v

∂t
= −∇p (3)

which can be rewritten as iωρu (r) = −∇P (r). So u (r) = − 1
iωρ0

∇P (r).

Inserting this into equation (2) gives

〈
v2
〉
= =

1

ω2ρ20

(
1

2

∣∣∣∣∂P∂y
∣∣∣∣2 + 1

2

∣∣∣∣∂P∂y
∣∣∣∣2 + 1

2

∣∣∣∣∂P∂z
∣∣∣∣2
)

(4)

Inserting this into the Gor’kov potential gives

U = 2πr3pρ0

{
|P (r)|2

6ρ20c
2
0

K1 −
1

4ω2ρ20
K2

(∣∣∣∣∂P∂x
∣∣∣∣2 + ∣∣∣∣∂P∂y

∣∣∣∣2 + ∣∣∣∣∂P∂z
∣∣∣∣2
)}

U = 2ν|P (r)|2 − 2ξ

(∣∣∣∣∂P∂x
∣∣∣∣2 + ∣∣∣∣∂P∂y

∣∣∣∣2 + ∣∣∣∣∂P∂z
∣∣∣∣2
)

(5)

where

ν =
πr3p
6ρ0c20

K1 =
πr3p
6

(
1

c20ρ0
− 1

c2pρp

)

ξ =
πr3p

4ω2ρ0
K2 =

πr3p
2ω2ρ0

(
ρp − ρ0
2ρp + ρ0

)
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B.2 Analysis of side-lobes in the pressure map of SonoTweezer

B.2 Analysis of side-lobes in the pressure map of
SonoTweezer

Figure B.1: Acoustic pressure field map for (a-b) the primary double-lobed
pressure profile and (c-d) the side lobes around the primary trapping re-
gion of SonoTweezer. (a) Pressure field map generated by the transducer
array at 1 MHz in X–Y and X–Z planes, respectively. (b) Radiation forces
acting on a 0.5 mm Polystyrene agent represented as Frad,axial and Frad,lat

in X–(lateral) and Z–(axial) directions, respectively. (c) Rotated pressure
field map generated in (a) such that the side lobes are aligned with X-axis.
(d) Radiation forces acting on a 0.5 mm Polystyrene agent represented as
Frad,axial and Frad,lat for the side-lobes in X–(lateral) and Z–(axial) direc-
tions, respectively. Both the force components in (b) and (d) are computed
along the direction shown by dashed green line shown in (a).

The pressure distribution shown in Fig. B.1 represents the SonoTweezer
array configuration rotated by 55o in order to compute the trapping forces
contributed by the side lobes in X-Y and X-Z planes. Here, the Frad,axial

due to side-lobes (Fig. B.1.c and B.1.d) around the central double-lobed
trap are nearly 4 times stronger than that between the double-lobed max-
ima (Fig. B.1.a and B.1.b). Also, as we move away from the central axis i.e.,
x=0 (Fig B.1.c top), the pressure lobes corresponding to these side-lobes
appear more inclined. This inclined appearance of the side lobes in the
axial profile is due to all the transducers pointing towards the central axis.
This observation suggests that a part of these axial forces is contributed by
the lateral pressure component (and thus the lateral force, Frad,lat) which
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B. Supplementary information for SonoTweezer

justifies the higher magnitude of Frad,axial in case of side lobes. However,
the Frad,lat are themselves (∼0.5 times) weaker in the side-lobes than that
between the double-lobed maxima. Since the Frad,lat are the dominant
trapping forces of the trap (i.e., two orders higher in magnitude) as com-
pared to the Frad,axial, they are more influential in trapping the agents in
the primary double-lobed trap of the SonoTweezer. Although the theo-
retical prediction based on Frad,axial suggests the side lobes to be ∼0.5 as
efficient, we observe very few occurrences of our target agents trapped at
these locations. Lastly, even the occasionally trapped agents at the side
lobes are almost instantly ejected as SonoTweezer is in motion.

B.3 Forces acting on the target agent

The lateral and axial radiation forces acting on the acoustic trap are bal-
anced by the gravity and buoyancy forces acting on the agent. The limiting
case is when the weakest component i.e. Frad,axial has to balance the net
force due to gravity and buoyancy. In this case, Fnet is presented as:

Fnet = |Fgravity − Fbuoyancy| =
4

3
πr3p(ρp − ρ0)g (B.1)

Based on the value provided in Table 5.1 of the chapter, the Fnet =
34 nN. This net unbalanced force is an order of magnitude more than the
lower bound of the trapping forces i.e., axial trapping forces, Frad,axial = 5
nN. Despite the lower values of Frad,axial, the trapping experiments are yet
possible with SonoTweezer. The fact that axial trapping is still observed
in contrast to the theoretical prediction can be possible due to limited
validity of Equation (5.2). As described in the Chapter 5, (5.2) is based on
Gor’kov theory which is valid for agent sizes much smaller than the acoustic
wavelength [313]. In our work, we operate the Gor’kov model close to the
limit of its applicability since our agent size (0.5 mm) is not significantly
smaller than the acoustic wavelength (∼1.5 mm). We later also compare
Frad,axial for N=8,10 transducers in Appendix B.9 to find comparable values
of axial trapping forces to Fnet for bigger arrays.
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B.4 Acoustic characterization of a single ultra-
sound transducer

We use a calibrated fiber-optic needle hydrophone (Precision-Acoustics,
UK) mounted on a motorized X,Y,Z linear stage to characterize our trans-
ducers while they are immersed in a water tank. First, we mount a single
immersible transducer co-axially in front of the hydrophone (Fig. ??a).
The hydrophone is coupled with an optical fiber to the hydrophone system,
which converts the optical signal to an electronic output. This electronic
output is then coupled to a PicoScope digital oscilloscope, which is read
out by MATLAB.

With a waveform generator (33510B, Keysight Inc., USA), we generate
a 5-cycle waveform with a central frequency of 1 MHz that is amplified by
a voltage amplifier (ESyLAB LM3325 8-channel). This amplified signal is
used to drive the ultrasound transducer. The hydrophone measurement is
synchronized with the transmitted ultrasound pulse by sending a trigger
from the waveform generator to the oscilloscope.

For each position of the hydrophone, 50 voltage-time signals are ob-
tained. These 50 signals are averaged and converted to pressure-time sig-
nals with the calibration curve of the fiber-optic hydrophone. Next, the
signal is Fourier filtered, the envelope of the signal is determined with the
Hilbert transform, and the maximum of the envelope is taken as the pres-
sure amplitude at the position of the hydrophone tip. This procedure is
repeated for many hydrophone positions in the horizontal plane to obtain a
pressure map. The measurement procedure is coordinated with a MATLAB
program developed by the Physics of Fluids group, University of Twente.

B.5 Acoustic characterization of SonoTweezer

For the acoustic characterization of SonoTweezer, we use the same setup
as described in the previous section. We place SonoTweezer on the bottom
of the tank, facing upwards, and position the hydrophone above it, with
the tip pointing downwards (Fig. ??b). We drive each of the transducers
with a 1 MHz, 25 Vpp signal in twin trap configuration, as described in the
main text (i.e. 3 transducers on one side in antiphase to the 3 transducers
on the other side). This time, we use a 30-cycle pulse to approximate the
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B. Supplementary information for SonoTweezer

Figure B.2: Pressure characterization setup: (a) a fiber-optic needle hy-
drophone mounted on a motorized linear stage, positioned in front of a
single immersed ultrasound transducer. (b) hydrophone-based character-
ization setup above SonoTweezer (array with six immersible transducer).
The inset (left) shows a close-up of the measurement setup, and (right)
close-up of SonoTweezer with each of the transducers numbered.

continuous-mode operation in our trapping experiments, while eliminating
the possibility of picking up reflected waves in our measurements. On the
other hand, continuous signals were applied during trapping experiments
(described in Chapter 5) to provide a uninterrupted force to the particle.

First, we scan the pressure field in the X–Y plane of the array for a range
of values along the Z-axis centered around the focal point (see Fig. 5.4b-(II)
in Chapter 5). Second, we reconstruct the axial pressure field in the X–Z
plane based on the interpolated values of pressure scans previously obtained
in X–Y plane (see Fig. 5.4b-(I) in Chapter 5). We find that the measured
profile around Z = 27 mm matches closest to the hexagonal contour of
the simulated pressure map (Fig. 5.3b in Chapter 5) albeit with unequal
pressure magnitude and distribution of pressure lobes around the trapping
region (Fig. B.3 and B.4). In subsequent sections of this Appendix, we give
a possible explanation for this discrepancy and how it can be compensated
with phase adjustments of individual transducers.
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SonoTweezer

Figure B.3: Interpolation of a pressure map and experimental validation.
left : pressure map obtained with a step size of 0.5 mm. center : two-
dimensional sinc-interpolation of the figure on the left. right : partial pres-
sure map obtained with a step size of 0.1 mm.

B.6 Interpolation of the experimental pressure maps
of SonoTweezer

Performing a pressure field scan with the hydrophone is a time-consuming
and data-demanding procedure. Therefore, we need to choose the step
size of the hydrophone wisely. The simulated pressure maps (Fig. 5.3b)
show that the smallest features in the pressure map have a length of at
least the wavelength of the ultrasound (about 1.5 mm). In other words,
the spatial frequency content of the pressure field is mostly limited to the
wavenumber of the ultrasound waves. According to the Nyquist-Shannon
sampling theorem, we need a step size less than half the wavelength of
the ultrasound. To be on the safe side, we choose a step size of 0.5 mm.
With sinc interpolation, we can recover the values between the samples.
We obtained one partial two-dimensional pressure map with a step size of
0.2 mm to validate our interpolation procedure (Fig. B.3).

B.7 Discrepancy between simulation and experi-
ment

We hypothesize that the imbalance between the pressure lobes occurs due to
undesired phased delays between the transducers. In order to replicate such
an undesired phase delay, we simulate the pressure field of SonoTweezer
with an additional phase offset on a pair of opposite transducer, for instance

219



i
i

“Report” — 2021/11/29 — 16:36 — page 220 — #236 i
i

i
i

i
i

B. Supplementary information for SonoTweezer

Figure B.4: (a): Pressure map on SonoTweezer that shows the (I) X–
Z (axial, reconstructed) and (II) X–Y (lateral) profile (prior to phase-
compensation). (b): Simulated pressure map of SonoTweezer that shows
a distorted pressure map (similar to (a)) in (I) X–Z (axial) and (II) X–Y
(lateral) planes obtained by providing a phase offset ∆ϕ = 150o to a pair of
opposite transducer. Numerical computation of this distorted pressure field
is achieved with phase distributionϕ = −75o,+75o applied to transducers
marked 2 and 5 (inset).
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transducer marked 2 and 5 (Fig. B.2). We apply this phase offset such that
transducer 2 emits at ϕ = −75o and transducer 5 emits at ϕ = 105o. In
this manner, we distribute a net phase offset (∆ϕ = 150o) to transducers 2
and 5 (i.e., ϕ = 75o to each), and replicate the distorted pressure field map
in both X–Y and X–Z planes with an unequally-sized double-lobed twin
trap (Fig. B.4). Given ∆ϕ = 150o, the corresponding path difference ∆x
can be estimated as ∆ϕ = k∆x i.e., ∆x = 0.56 mm. Such misalignment
of sub-mm order seems possible due to slight inaccuracies in positioning of
the transducers or fabrication error in the SonoTweezer holder as reported
previously [315]. We describe that these inaccuracies could be compensated
for adequately with an external phase offset (Fig. B.4), and report a phase-
corrected pressure map of SonoTweezer in the Fig. 5.4 of Chapter 5. In
the next Appendix, we provide a detailed procedure of phase-adjustment
of SonoTweezer based on the measured data in order to account for the
inaccuracies in the pressure lobes around the trap (Appendix B.8). Finally,
this aspect of phase-compensation is further utilized for phase-controlled
micromanipulation in the sub-mm range (Section 5.3.1 of Chapter 5).

B.8 Phase-compensated pressure map of SonoTweezer

This section describes how phase adjustments in pressure maps of oppo-
site pairs of transducers (Fig. B.5a) can be utilized to compensate for the
unequal magnitude of pressure lobes obtained with all the six transduc-
ers i.e., SonoTweezer (Fig. B.5b). Here, we connect each transducer of
SonoTweezer to the amplified output from three different waveform gen-
erators (described in Chapter 5), as opposed to a single generator. The
pressure map obtained with SonoTweezer without any additional phase
adjustment is described in Fig. B.4 and Fig. B.5b-(I). The unequal lobes
of pressure maxima in the map of SonoTweezer could be decomposed into
the individual contributions of opposite pairs of transducers i.e., transduc-
ers (1,4), (3,6) and (2,5). First, we find that turning on just transducers
(1,4) results in an interference pattern shown in Fig. B.5a-(I). Here, we ob-
serve a line of pressure minima (shown in blue) between the two dominant
lobes of pressure maxima. Likewise, a similar line of pressure minima exists
(shown in green) when transducers (3,6) are turned on (Fig. B.5a-(III)).
These observations suggest that for a theoretically the lines of pressure
minima for all three transducer pairs ((1,4),(3,6) and (2,5)) must intersect
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Figure B.5: Phase (ϕ) compensation of the pressure map of SonoTweezer
based on interference patterns shown by opposite pairs of transducers. (a):
Pressure map for opposite pairs of transducers, numbered from 1-6 (inset,
all the sub-figures) with a dotted line representative of minimum pressure
between two most dominant pressure lobes – (I) Transducer pair (1,4), blue
line, (III) Transducer pair (3,6), green line, (II) Transducers (2,5), white line
and (IV) Transducer pair (2,5), two white lines post phase compensation of
∆ϕ = 72o. (III) and (IV) also show the blue and green lines of minima for
the transducer pairs (1,4) and (3,6), respectively, to represent their points of
intersection. The arrows in (IV) represent the displacement of the minima
line (white) from its previous position in (II) to the current position post
ϕ compensation. (b): Pressure map of SonoTweezer – (I) without any ϕ
compensation, and (II) with ϕ compensation to the transducer pair (2,5)
represented by a-(IV).
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Figure B.6: SonoTweezer composed of transducers in twin trap configura-
tions with (a): N = 6, (b): N = 8, and (c): N = 10 transducers.

at a single point in order to form a twin trap due to all six transducers.
However, we observe that the line of pressure minima (shown in white)
when transducers (2,5) are turned on do not intersect with the pressure
minima lines (blue, green) due to the other four transducers (Fig. B.5a-
(II)). Thus, we estimate the distance between point of intersection (blue
and green lines) and the white line in order to calculate the compensation in
path difference (∆x = 0.6 mm) required to adjust the interference pattern
in Fig. B.5a-(II).

Based on the explanation provided in Appendix B.7, we find the phase
offset corresponding to this path difference to be ∆ϕ = 144o. We provide
this phase offset to both the transducers i.e., transducer 2 as ∆ϕ2 = −72o

and transducer 5 as ∆ϕ5 = 72o. The interference pattern obtained as a
result has all the three lines of pressure minima intersection at a common
point (Fig. B.5-(IV)). Finally, with these ϕ compensation made to trans-
ducers 2 and 5, we turn on all the six transducers of SonoTweezer and mea-
sure the pressure map with equal pressure maxima lobes enclosing a trap
(Fig. B.5-(II)). Although we choose transducers 2 and 5 to demonstrate
an example of phase compensation, similar operation could be performed
with any of the two other pairs of transducers.
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Table B.1: Radiation forces for higher number of transducers

N [] Frad,lat [µN] Frad,axial [nN]

6 1 5

8 2.5 15

10 4.3 30

B.9 SonoTweezer extension to higher number of
transducers

Based on the simulation model described in Chapter 5, SonoTweezer can
be extended to 8 and 10 transducers arranged in twin trap configuration
(Fig. B.6). The radiation forces in axial direction (Frad,axial) and lateral
directions (Frad,lat) increase as N goes from 6 to 8.
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Experimental Section for rotational micro-

propellers

C.1 Fabrication parameters for Direct Laser Writ-
ing (DLW) and development

The Type I and II propellers were printed using DLW method with IP-
Dip as the photoresist with a 25x microscope objective operated in Dip-in
Laser Lithography method. The designs were printed on a Indium-tin oxide
(ITO)-coated glass substrate in galvo scanning mode with the following
optimum parameters:

� Contour laser power - 25 mW

� Solid laser power - 50 mW

� Contour scanning speed - 1x104 µm/s

� Solid scanning speed - 4x104 µm/s

Following the 3D-printing, the propellers were developed in RER 600 (1-
Methoxy-2-propanol acetate) for 25 min and rinsed in isopropyl alcohol for
5min. Prior to treatment with tricholorsilane (PFOCTS), the substrate
containing the propellers was heated on a hot plate at 150oC for 15 min in
order to get rid of the photoresist residues.
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Figure C.1: (a-f) show the resultant fluid flow around a Type I propeller
for changing frequency of sound wave. The net flow around the propeller
changes direction with increasing frequency suggestive of a bi-directionality
in rotational motion.

C.2 Numerical computation of frequency depen-
dent streaming patterns

The streaming patterns around the Type I propeller at high frequencies
(>250 kHz) indicate an opposite direction of net fluid flow with respect
to that observed in simulations at 50kHz and experiments at 41-55 kHz,
respectively (Fig. C.1).

C.3 Impedance analysis of the actuation test-bed

A comparison of the shift in resonant frequency due to acoustic loading of
the piezoelectric transducer (Fig. C.2).
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C.3 Impedance analysis of the actuation test-bed

Figure C.2: (a) and (b) show the impedance spectra of two different acoustic
actuation test beds used for experiments with their natural frequencies 41.5
kHz and 41.1 kHz, respectively. (c) Shows the impedance spectra of the
transducer (Pz27) without any loading and a natural frequency of 40.4 kHz.
The average deviation in the natural frequency of the workspace is 900 Hz
with respect to the original transducer.
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D
Experimental Section for CeFlowBots

D.1 Material and fabrication details

CeFlowBots are monolithic and made up of IP-Dip photoresin (Nanoscribe
GmBH, Germany). These microrobots are 3-D micro-printed using DLW
technique with 25x microscope objective, and DLW is operated with Dip-in-
Laser Lithography method (Fig. D.1). They are printed on an Indium-tin
oxide-coated glass substrate in galvo-scanning mode with the laser power
of 25mW and scanning speed of 4x104µmsec−1. The design features in
the microrobot such as separation between the adjacent arrays and the
inter-cavity distance are optimized to the printing area. Particularly, these
design metrics (Fig. 7.1d) are tuned such that the overall footprint of the
microrobot fits the DLW field (500µm x 500µm) available for 25x objec-
tive. Additionally, the star-shaped micro-agents used for payload delivery
are also printed using DLW, with their tip-to-tip length 450 µm and thick-
ness 30 µm. Following the 3D-printing, the microrobots are developed in
RER 600 (1-Methoxy-2-propanol acetate) for 25 min and rinsed in isopropyl
alcohol for 5 min. Then, the substrate containing the microrobots is baked
on a hot plate at 150oC for 15 min in order to remove the photoresist
residues. Next, the microrobots are coated with 240nm layer of Ni followed
by 50nm of Au using sputtering process. The saturation magnetization of
Ni-coated samples is found to be 26 emug−1 at 0.3 T (Fig. D.2).

A detailed EDX analysis of the Ni-coated sample and the Ni sputter
target is presented in Fig. D.3. Prior to the final chemical treatment,
the substrate is activated in an oxygen plasma (50W) for 40 seconds (Cute,
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Figure D.1: shows the three key steps involved in the fabrication process:
(1) Direct Laser Writing (DLW) based printing of CeFlowBots. The image
shows the red laser spot writing into the photoresin. (2) Ni deposition
followed by Au deposition based on Sputtering process. (3) Treatment with
perfluorooctyl trichlorosilane (PFOCTS) in order to make the inner cavities
of CeFlowBots hydrophobic. The cavities of CeFlowBots are occupied with
bubbles once CeFlowBots are immersed in water/PBS-solution.

Femto Science Inc, South Korea). Lastly, the substrate is treated with 10µL
of trichlorosilane vapor (PFOCTS, Merck KGaA, Germany) at 55oC for 120
min in a closed chamber in order to make them hydrophobic. Following this
treatment, the substrate is again baked on a hot plate at 70oC for 15 min to
get rid of the excessive layers of trichlorosilane. This post-treatment bake
prevents the bubbles to slip out of the constituent cavities of CeFlowBots.
During the acoustic actuation experiments, the microrobots are immersed
in a phosphate-buffered saline (1x-PBS) solution mixed with polystyrene
tracer particles (6µm diameter, Polysciences).
Besides, an additional variant of CeFlowBot with total length 600 µm is
printed for experiments under US imaging system. For the experiments
under US imaging system, the microrobots with total eight cavities are used
i.e., an additional cavity in each side of the array shown in Fig. 7.1d. This
design variant is used in order to enlarge its detected footprint relative to
acoustic wavelength used for US imaging system (i.e, ∼105 µm) for imaging
frequency of 14MHz.
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D.2 Biocompatibility of CeFlowBots

D.2 Biocompatibility of CeFlowBots

A schematic for the three major steps involved in the fabrication of Ce-
FlowBots is described in Fig. D.1. These steps have been commonly uti-
lized for synthesis of other previous magneto-acoustic microrobots in the
state-of-the-art [97], [98]. Besides their common use, the material used in
the three processes have been regarded as biocompatible for clinical appli-
cations, such as manipulation of HeLa cells. Further, microrobots based
on similar composition have resulted positively in cell viability tests post
manipulation in cell cultures [97]. Here, we provide a brief account for
cyto-compatibility of different materials used in synthesis of CeFlowBots:

� IP-Dip photoresin (DLW): IP-Dip belongs to the IP-family of pho-
toresins (Nanoscribe GmbH, Germany). It has been commonly used
in DLW as it is suitable for high-aspect ratio structures and proven to
be non-cytotoxic to cell cultures in various experiments [364]–[366].

� Ni/Au (Sputtering): Although Ni itself is not biocompatible, it is
not the exposed outer layer of CeFlowBot to its surrounding environ-
ments. The protective Au coating on top of Ni is chemically inert
and also regarded as biocompatible [367], [368].

� PFOCTS (Hydrophobic treatment): The treatment process of Ce-
FlowBot with PFOCTS is a common procedure in microfabrication
processes to make surfaces exposed to its vapors hydrophobic. Al-
though PFOCTS contains toxic Si-C bonds, these bonds are hy-
drolyzed to Si-O-Si when its vapors are exposed to air [99], [369].
Thus, the hydrophobic layers formed on the surface of CeFlowBots
comprise of fluoroalkane chains that aid in bubble entrapment. Other
microrobots treated with PFOCTS vapors in a similar manner have
been proven to be non-cytotoxic due to the aforementioned reasons
[97].

D.3 Magnetic characterization of Ni deposition
using Vibrating Sample Magnetometer (VSM)

Magnetic moment of Ni-coated samples containing CeFlowBots was charac-
terized using a Vibrating Sample Magnetometer (VSM) and Physical Prop-
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D. Experimental Section for CeFlowBots

Figure D.2: shows hysteresis curve of the two different samples of deposition
thickness (indicated in legend) obtained using VSM measurements at 300K.

erty Measurement System (Quantum Design, USA). The different samples
of size (5 mm x 7 mm) and thicknesses 240 nm, 400 nm and 1500 nm were
measured. The measurements were carried out at T = 300K with a mea-
surement frequency of 40 Hz and an amplitude of 2 mm. The VSM loops for
the three samples suggest an average value of coercivity ∼90 Oe and a sat-
uration magnetization of 0.3 T. The maximum value of magnetic moment
for Sample 1 was measured to be 2x10−6Am2 for comparison. Thereon,
the volume of deposition of the respective samples was used to estimate
the saturation magnetization value of Ni to be 26 emug−1.

D.4 Instrumentation

Acoustic actuation test-bed is powered with a programmable signal genera-
tor (33510B, Keysight, Inc., USA) connected to a 160 V custom-built volt-
age amplifier (ESyLAB LM3325 8-channel [316]) used for acoustic power
enhancement. Magnetic actuation is enabled by a set of two orthogonal
electromagnets powered by XenusPlus EtherCAT drivers (XE-2-230-20,
Copley Controls, USA), providing up to 5 mT of magnetic field [112]. The
test-bed is mounted on top of an inverted microscope (AxioVert A1, Carl
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D.5 Energy Dispersive X-ray (EDX) spectroscopy analysis of Ni-coated
samples and sputter target

Zeiss AG, Germany) with a CMOS camera (Point Grey Research, Inc.,
Blackfly GigE vision, pixel size = 3.75 µm) for real-time optical imaging.
All modules of the system are integrated using a C++ software framework
implemented on a Linux Ubuntu 18.04. The image data for both frequency
and power modulation experiments are analyzed on custom-made matlab
(R2021a, Mathworks Inc., USA) scripts. Additionally, US imaging experi-
ments with CeFlowBots are performed under both CMOS camera and an
Ultrasound (US) imaging system (L15 HD Scanner, Clarius Mobile Health,
Canada) with an imaging frequency of 14 MHz. The US imaging probe is
submerged into acoustic actuation setup (Fig. 7.5a) whereas the optical
camera is present at the rear end of the test-bed.

D.5 Energy Dispersive X-ray (EDX) spectroscopy
analysis of Ni-coated samples and sputter tar-
get

Energy Dispersive X-ray (EDX) spectra was obtained using an Scanning
Electron Microscope equipped with EDX analysis system (Oxford Instru-
ments, UK). First, a fragment of the Nickel sputter target was used to an-
alyze the composition of the sputtering material. The target shows 92.13%
of Ni and 7.93% of C (Fig. D.3a) where the carbon impurities were intro-
duced due to cutting and polishing process of the target material. Next, a
substrate containing CeFlowBots was deposited with 1500 nm of Ni with
the same target material as an adequate thickness of metal layer for char-
acterization under EDX. A long sputtering process (2 hours) led to parts of
magnetron material (i.e., Cu) to be deposited in addition with Ni. Hence,
the overall EDX spectrum (Fig. D.3b) shows 92.23% of Ni and 7.83% of
Cu. The substrate with 1500 nm thickness of Ni deposition was later char-
acterized with VSM to verify the magnetic properties (Fig. D.2) observed
with previous used Ni-coated samples of CeFlowBots.
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D. Experimental Section for CeFlowBots

Figure D.3: shows Energy Dispersive X-ray (EDX) spectrum of the (a)
Ni sputter target used for deposition, and on (b) the substrate containing
CeFlowBots coated with 1500 nm of Ni. A low percentage of C and O
(<3%) in the spectrum presented in (b) has been filtered out for clarity.

234



i
i

“Report” — 2021/11/29 — 16:36 — page 235 — #251 i
i

i
i

i
i

Figure D.4: shows angular misalignment of CeFlowBot with respect to the
magnetic field direction (Movie S2) for different magnitudes of the applied
field. The misalignment for each magnetic field magnitude is calculated
relative to B=6 mT

D.6 Steerability of CeFlowBot for varying mag-
netic field strength

Based on the magnetic response of CeFlowBot, we quantify the misalign-
ment of its long axis with respect to the direction of applied magnetic field
(indicated with red line in SI Movie S2). Here, we quantify the misalign-
ment relative to near perfect alignment of CeFlowBot at higher applied
field strength (B=6-7 mT). Fig. D.4 quantifies this misalignment in terms
of angular displacement (in degrees) for a range of applied magnetic field
magnitudes. Note that the angular misalignment of CeFlowBot at B=6 mT
with respect to the field direction (red line) in Movie S2 is θ = 30o owing
to the improper alignment of the magnetic setup with regards to the actu-
ation test-bed. Since we observe that CeFlowBot aligns perfectly well with
the applied field direction at higher magnitudes i.e., B>6 mT, we account
for θ = 30o as a correction factor to our measurements of misalignments at
lower fields. Thus, Figure S4 shows the relative angular misalignment of
CeFlowBot with respect to B =6 mT. Overall, we observe that CeFlowBot
misalignment for B>4mT is relatively low.

https://www.youtube.com/watch?v=KwL0ovmdT_Q
https://www.youtube.com/watch?v=KwL0ovmdT_Q
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ETH Zürich, Switzerland, in 2016. In his master thesis project, he explored
fabrication, actuation and tracking of helical magnetic microrobots using
stereo-holography. During the course of this project, he also obtained a
research grant from Zeno Karl Schindler foundation, Geneva, Switzerland,
to support his research. This research experience led him to pursue his
doctoral studies at the Surgical Robotics Laboratory (SRL), University of
Twente, Enschede, The Netherlands. In 2017, he joined SRL as a doctoral
candidate under Prof. Dr. Sarthak Misra where he explored both mag-
netic and acoustic mechanisms for actuation of microrobots. Aside from
the research work that led to this doctoral dissertation, he also worked as
a teaching assistant in the course Robotics for Medical Application, and
supervised six bachelor and two master students.

237


	sumit_cover5_without guidelines
	Report
	Introduction
	A brief history of microrobots
	Magnetic actuation: The art nouveau in  microrobotics
	Acoustic actuation: The master of all trades
	Magneto-acoustic actuation: A successful  communion
	Research questions and outline of the thesis
	Research framework
	Scientific output
	Peer-reviewed journal articles
	International conference proceedings and poster presentations


	Part I: Starting traditional – Magnetic actuation of microrobots
	Part I: Starting traditional - Magnetic actuation of microrobots
	Bidirectional propulsion of arc-shaped microswimmers driven by precessing magnetic fields
	Introduction
	Results and discussions
	Design of asymmetric microswimmer
	Reversible motion and theoretical discussion
	Phase analysis of swimmer motion
	Single microswimmer demonstrating motion reversal with changing precessing field
	Two microswimmers showing parallel and anti-parallel motion

	Conclusions

	Part II: A smörgåsbord of applications - Acoustic micromanipulation
	Part II: A smörgåsbord of applications - Acoustic micromanipulation
	Contactless acoustic micro/nano manipulation:  A paradigm for next generation applications in life sciences
	Introduction
	Acoustic forces acting on a target agent
	Radiation forces on target agents
	Streaming effects in microchannels
	Streaming-induced forces on target agents

	Passive agents and actuation strategies
	Acoustic tweezing in enclosed workspace
	Bulk acoustic manipulation
	Surface acoustic manipulation

	Microfluidic tweezers
	Streaming-driven acoustic tweezers

	Active agents and actuation strategies
	Self propelling acoustic micro-agents
	Metallic micro and nanorods
	Flagellar acoustic microswimmers
	Bubble-powered micro-propellers

	Hybrid actuation strategies
	Magneto-acoustic actuation
	Chemo-acoustic actuation


	Future considerations on emerging technologies
	Instrumentation and operational efficacy of tweezers
	Design and functionalization of autonomous agents
	3-D micromanipulation of target agents
	Ultrasound-based imaging of micro-agents
	Multi-agent manipulation

	Conclusions

	Bi-directional transportation of micro-agents induced by symmetry-broken acoustic streaming
	Introduction
	Materials and methods
	Description of setup and fabrication details
	Electro-mechanical characterization of transducer
	Numerical computation of streaming-driven flow

	Results and discussions
	Conclusions

	SonoTweezer: An acoustically-powered end-effector for underwater micromanipulation
	Introduction
	Materials and methods
	Modeling of acoustic forces
	Computation of acoustic forces
	Simulation of SonoTweezer fields
	Optimization of array parameters

	Characterization of acoustic pressure
	Measured pressure from a single transducer
	Scanned acoustic profile of SonoTweezer

	Design and assembly of SonoTweezer

	Results and discussions
	Phase-modulated localized manipulation
	Effect of agent size on trapping stability
	Acoustic manipulation under US imaging
	Long-range manipulation with robotic manipulator

	Conclusions and future work

	Part III: Magnetics and acoustics join forces
	Acoustically-actuated bubble-powered  rotational micro-propellers
	Introduction
	Material and methods
	Experimental setup and fabrication details
	Working principle
	Forces around the vibrating entrapped bubbles
	Computation of streaming patterns around bubble-powered propeller
	Resonant frequency of bubble-powered propeller


	Results and discussions
	Frequency characterization of transducer and micro-propeller
	Rotational performance for power modulation
	Effect of varying propeller cavity size and alignment
	Magneto-acoustic actuation


	Discussion
	Conclusions
	Future work


	CeFlowBot: A biomimetic flow-driven microrobot that navigates under magneto-acoustic fields
	Introduction
	Results and discussions
	Design and fabrication of CeFlowBot
	Propulsion mechanism
	Computational and experimental verification of streaming induced flow
	Frequency and power dependency of CeFlowBots

	Magneto-acoustic actuation
	Applications of CeFlowBot
	Localized payload delivery
	Combined actuation and imaging with ultrasound waves


	Conclusions

	Part IV: Final remarks
	Discussion
	Conclusions
	Part I: Starting traditional – Magnetic actuation of microrobots
	Part II: A smörgåsbord of applications – Acoustic micromanipulation
	Part III: Magnetics and acoustics join forces

	Outlook
	Design and fabrication aspects
	Biomcompatible microrobots
	On-board actuation
	Functionalization for auxiliary tasks

	Actuation and control strategies
	Closed-loop control
	Swarm control of multiple microrobots
	Auxiliary infrastructure to deploy microrobots

	Imaging and tracking of microrobots
	Tracking strategies for microswimmers
	Imaging and actuation using acoustics

	Sono da Vinci?


	References
	Part V: Appendices
	Materials and methods for bidirectional microswimmers
	Design and Fabrication
	Experimental setup and workspace design

	Supplementary information for SonoTweezer
	Expressing the Gor'kov equation in terms of complex acoustic pressure
	Analysis of side-lobes in the pressure map of SonoTweezer
	Forces acting on the target agent
	Acoustic characterization of a single ultrasound transducer
	Acoustic characterization of SonoTweezer
	Interpolation of the experimental pressure maps of SonoTweezer
	Discrepancy between simulation and experiment
	Phase-compensated pressure map of SonoTweezer
	SonoTweezer extension to higher number of transducers

	Experimental Section for rotational micro-propellers
	Fabrication parameters for Direct Laser Writing (DLW) and development
	Numerical computation of frequency dependent streaming patterns
	Impedance analysis of the actuation test-bed

	Experimental Section for CeFlowBots
	Material and fabrication details
	Biocompatibility of CeFlowBots
	Magnetic characterization of Ni deposition using Vibrating Sample Magnetometer (VSM)
	Instrumentation
	Energy Dispersive X-ray (EDX) spectroscopy analysis of Ni-coated samples and sputter target
	Steerability of CeFlowBot for varying magnetic field strength

	About the author





