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Abstract This chapter elucidates comprehensive overview of magnetically actu-
ated microbots for various biomedical applications, discover recent developments
and show a possible future scope and challenges therein. We confine our biomedical
applications and present state of the art mostly related to translational research and
near term deliverable possibilities to make in vivo applications. We will first demon-
strate a brief overview of the potential medical applications and recent state of the
art magnetically actuated microbots. After that, we will briefly touch upon various
aspects of magnetically driven magneto-responsive microcapsules for targeted Drug
Delivery (TDD) applications. In this part, we will provide a brief literature review
in the nexus of magnetic micro robotics with design specifications for drug deliv-
ery. Finally, we will illustrate magnetically manipulated self-propelled microjets for
biosensing as future perspectives.

1 Introduction

Microbots that are associate with molecular machine have given birth to a new
paradigm in biomedicine and healthcare as indicated by 2016 Nobel Prize in Chem-
istry to Nanomachines [25, 66]. The governing challenges now and the major point
of consideration is how to power these molecular devices so that they can be used
as in vitro molecular diagnosis and biochemical assays as well as interacting with
human body in vivo [68]. Powering these microbots is a nontrivial challenge typ-
ically boiling down to (1) on-board supply, (2) Energy harvesting, and (3) Energy
or power transmission. As many biomedical applications inside human bodies will
be for intervention delivery, surgery delivery, targeted drug delivery (TDD), separa-
tions, cell sorting, and biosensing, the power and the mechanical motion are ideal to
be transmitted wirelessly.
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The wireless motion and power transmission approach that we will cover in this
chapter, is to usemagnetic fields. Researchers inmagnetically actuated self-propelled
micro/nanomachines have started to apply this technology in many new avenues
from biosensing, microfluidics, robotics, and environmental fields with many others
[96, 97]. As for example, self-propelled microrobots [55] using closed loop control
algorithm in a fluidic microchannel (Width: 500μm, Depth: 300μm) are believed to
be integrated further for targeted drug delivery (TDD), separations, cell sorting, and
biosensing applications [90, 100]. Here, self-propelled microjets used microfluidic
confinementwithflow rate of 0–7.5μL/min (for and against theflowmimickingblood
circulation) [55, 63, 83, 85] in line with the consideration that microfluidic chan-
nels mimic the confinement effects induced by micro confinements of downstream
physiological pathways [6]. Moreover, U-turn [3, 52] and the rotating magnetic field
technique [113] characterization implemented in [55] to determine average magnetic
dipole moment poses inconsistencies as: (i) Hydrogen peroxide and water dynamic
viscosities are assumed to be comparable but not same (H2O2 viscosity: 1.245cP
and Water viscosity: 1cP at 20◦C) [103], while bubble dynamics incorporation is
nontrivial for further development of robust self-propelled microjet magnetic setup
(ii) rotating magnetic field is an optimal choice but time consuming. There is sig-
nificant research where magnetically driven biomedical microbots used their helical
flagella rotating like a cork screw to move onward and backward in a viscous fluid
mimicking human blood circulatory systems [27]. For future research, it is hypoth-
esized that ultrasound (US) can even be integrated with imaging and generating
acoustic waves simultaneously for sonoporation and TDD incorporating established
self-propelled catalytic decomposed oxygen bubbles [8, 9, 55, 58]. Further devel-
opments incorporating magnetic actuation and ultrasound guidance methods could
manipulate swarms of micro robotic agents and magnetic catheters. In this regard,
study in [123] uses ultrasound driven propulsion mechanism in micro/nanoscale
in fuel-driven and fuel-free conditions. Conclusively, although there are studies to
implement magnetically driven microbots for different biomedical applications we
are still facing significant challenges for implementing the state of the art technique
in real-life applications. Therefore, substantial effort needs to be established for
characterizing new propulsion mechanism based on closed loop feedback control
framework [124].

2 Potential Impact of Magnetically Induced Medical
Microbots

The transition frommacro tomicro scale robotics follows fundamental law of physics
but the scale length provides a sense of priority and disturbances comparing to macro
scale. As for example, in micro robotics the surface to volume ratio, surface tension,
and viscosity effect predominantly exhibit main counter stones in making a perfect
actuation. To illustrate more, to function in the human circulatory system, a microbot
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must overcome the challenges of varying diameter of blood vessel (a couple of cen-
timeters for Aorta down to several microns in capillaries) [74] and pulsatile flow of
blood in contrary to its tethered counterparts. Therefore, in order to apply magnet-
ically driven microrobot for TDD applications, the prospective system has to pass
at least three main challenges (1) the ability to continually monitor propulsion force
so that the microrobot can maintain its movement against time varying blood flow
inside human body (2) along with magnetic control there has to be a provision for
imaging modality which will further provide the motion control of microrobot and
(3) the magnetically driven micromotor control system need to be robust enough to
counter balance the deviation like time varying flow, viscosity, and many others. All
these challenges need to be overcome before this microbot can be used in biomedical
applications.

2.1 Potential Medical Application Areas

As we discussed earlier, due to the challenges medical microbots are still far from
reality. Therefore, in this section, we will illustrate the near term feasible microbots
application converging to biomedical fields with relevant literature focussed on elec-
tromagnetic actuations.

2.1.1 The Blood Circulatory System

The benefits of minimally to noninvasive surgery (MIS) includes less operative pain,
truncated hospitalization cost, reduced recovery period, and many others. Therefore,
there are huge scientific discourses in the realm of medical trials to work on electro-
magnetically driven jet pumps in human circulatory systems [93]. In this paradigm,
a magnetic resonance imaging (MRI) based control mechanism for micro particle
tracking inside human circulatory systems in vivo [73, 93] proved that micropar-
ticle tracking and control against blood flow is possible with several challenges to
overcome.

2.1.2 The Central Nervous System (CNS)

In the recent past, an investigation was established for successful trials of remotely
controlled and guidance of magnetic seeds in the brain and several prototype systems
have been developed [33, 34, 77, 78]. There was a carry forward research where
the amount of forces required for the magnetic seeds were investigated within a
human brain [82]. With the advent of MEMS fabrication for neurosurgery [92] in the
distant future a bridge can be overlaid where magnetically driven wireless microbot
can further be incorporated in neurosurgery. In this regard, noninvasive control of
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microbot for endoscopy in the subarachnoid space of the spine [60] lay out a platform
for future researches to investigate in this realm.

2.1.3 The Urinary System and the Prostate

Urolithiasis causes blockage of the ureter resulting in painful urinationwith blood and
if untreated tissue damagewith renal dysfunction can occur. It is a multi-factorial dis-
order with ever increasing prevalence leading to a disproportionate misery in human
life and morbidity worldwide [35, 61]. The advancement in biomedical engineering
and medical devices cemented the necessity for microbots to treat kidney stone dis-
eases (KSD) by optimal access to the stone sites. In this regard, a biopolymer coated
microbot can swim up the ureter to crash kidney stones with least harms and side
effects [23]. In addition, the microbot can also be administered as a soluble capsule
for temperature, pressure and pH sensor in vivo for long-term bladder monitoring.
On the other hand, as discussed in the earlier section the advancements of MEMS
(Micro-Electro-Mechanical Systems) and NMES (Nano-Electro-Mechanical Sys-
tems) devices can be integrated with wireless mocrobots for applications in urology
[62] and allied fields.

Nowadays prostate cancer has become an epidemic such that millions of males
encounter a prostate biopsy yearly only in USA. The lone available treatment now is
to use an insertion needle through the perineum, during which 20% of the prostate
cancer tumors are missed [19, 88, 114]. Another feasible option is to gain access
through colon but at the cost of much complex maneuver and a much-controlled
manipulation. Therefore, in this regime, microbots can take a huge step forward to
minimize the complexity of guide wires and will produce less infections. At the
same time, the microbot can carry radioactive seed to various distributed tumor
locations for delivery of radiation dosage. There is an alternate path through urethra
for delivering microbot to the desired prostate cancer tumor regions. The use of
magnetically controlledmicrobots will significantly cut down the possibility of nerve
damage, and noninvasive treatment will induce altogether a new paradigm of TDD
[130].

2.1.4 The Eye

Despite sufficient efforts in optimizing ocular drug delivery, the progress in this
domain is still in infancy in comparison to other delivery routes such as oral, trans-
dermal, and transmucosal. Though a small volume of drug is required, to achieve
the same amount using a dropper is extremely difficult to design. In addition to this,
patients usually are unable to absorb small concentration of drugs required. These
factors resulted in transcorneal absorption of 1% or less when applied as a solution
[94] (Fig. 1). Conclusively, the amount of loss of drugs from the eyes vary 500–700
times the rate of absorption into the anterior chamber [17]. In this realm, microbots
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Fig. 1 Schematic illustration of the ocular disposition of topically applied constructions.

Fig. 2 A sample figure for effective ocular drug delivery.

robots can be interfaced for controlled drug delivery from anterior to posterior cham-
bers [111].

With ever increasing advances of wirelessly controlled magnetic field, there are
scientific reports where microbots have been used for intraocular procedures while
tracking was possible through the pupil [129]. On the other hand, a controlled retinal
therapy using magnetic microparticle tracking emerged for optimal drug delivery
[42] (Fig. 2). Despite the current advances, challenges related to biocompatibility
and toxicity issues need to be overcome before successful clinical trials.
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2.1.5 The Fetus

Presently, 0.6–1.9% of the world population is suffering badly from Congenital
Cardiovascular Malfunctions (CCM) [40]. CCM is causing birth defects, which ulti-
mately turns into death [128]. The time of CCM detection by fetal ultrasound [28],
abnormalitieswere already stabilized instigating progressive challenge to repair them
in general. It is reported in an animal study which explains any alteration of amniotic
fluid especially deficiency or low volume may be one of the causes of CCM [41, 45].

Fetal surgery is in its preliminary stage with minimum success rates and few
organizations practicing it, though promising [59, 118]. In the future, micro robots,

Fig. 3 Potential magnetically actuated microrobots in various medical application areas such as (i)
Drug Delivery, (ii) Hyperthermia, (iii) Brachytherapy, and (iv) Stem cells research. (i) In targeted
drug delivery, there are cases where soft, squishy bot controlled wirelessly used for capsule endo-
scope passing through human blood vessel. (ii) In hyperthermia treatment, microbots optimally
controlled can be used for helical propulsion where body tissue will be exposed to rise in temper-
ature (iii) In brachytherapy, microbots wirelessly controlled used for carrying radioactive seeds in
treating tumor. (iv) In stem cells research, microbots controlled in noninvasive manner are used for
cell motility enhancement and increasing potential for cancer therapy [14, 29–31, 36, 49, 50, 64,
85, 99, 117].
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can be replacements to the current techniques as researchers are developing new
concepts of the minimally invasive fetal surgical system. For example, procedures
to insert microbots through the cervix to uterus [7, 26]. It can clear the obstruction
of the urinary tract in the fetus, in cases of congenital cystic adenomatous malfor-
mation, microbots can remove extra tissues and prevent hydrops and procedures of
amniocentesis and cordocentesis can go needless with the use of microbots. Figure3
shows potential magnetically actuated microrobots in various medical application
areas such as (i) Drug Delivery, (ii) Hyperthermia, (iii) Brachytherapy, and (iv) Stem
cells research.

3 Magnetically Driven Magneto-Responsive Microcapsules
for Targeted Therapy

The microcapsule fabrication processes are based on the principles of calcium algi-
nate gelation. Themicrocapsules are generated in bulk by encapsulation. This section
is going to elucidate the following points briefly: First, the setup of the microcapsule
fabrication system is described; secondly, the chemical principles of the gelation pro-
cesses are introduced and finally, the detailed fabrication methodology is discussed
for the three calcium alginate microcapsule designs.

In contrary to themagnetic nano particles, larger particle inmicrons (e.g., agglom-
erates of superparamagnetic microspheres, 1 micron in diameter) are more effective
in sustaining with the flow dynamics of the human circulatory system—mostly in
larger aortic veins and arteries (Fig. 4). Like rolling down a steep hill, the steeper the
gradient is, the total force will be placed on the particle. Table1 gives typical B field
values and gives a sense of what values are realizable for a working magnetically
controlled microsphere guidance system.

Table 1 Typical B field values for retention at flow speeds corresponding to capillary blood flow
[105].

Distance of flow
tube center from
pole face (cm)

Local magnetic
field strength
(Oe)

Local magnetic
field strength
gradient (Oe/cm)

Observed particle
retention (%)

Longitudinal flow
speed, computed
for full retention
(cm/sec)

1.0 1150 770 99 0.207

1.9 670 370 98 0.095

2.7 460 170 26 0.039

4.6 240 66 14 0.015
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Fig. 4 A concept of magnetic actuated drug delivery system. The magnets or electromagnetic
coils positioned optimally outside the body so that the generated magnetic field will influence the
magnetic-responsive micro particles inside the blood vessel for manipulation and control [32, 86].

3.1 Design of Magneto-Responsive Microcapsules

3.1.1 General Mechanism of B-390 Encapsulation

Generally, the B-390 Encapsulator is a machinery that utilizes the charged vibration
nozzle to generate droplets of the liquid flowing through it. As illustrated in Fig. 5,
after the liquid is pumped in with a syringe pump, it is vibrated into small droplets,
where the frequency is selectable between 0–6000Hz. The droplets are charged
by an electric field, which is selectable between 0–2500V at the same time. The
charged droplets are dispersed because they possess the same charge, then fall into
the coagulation solution for gelation [16, 104].

Figure5 presents the mechanism of the Encapsulator B-390 and step by step
procedure for encapsulation. Here, Step 1 is mixing of active ingredient and polymer
while Step 2 signifies pumping of mixture with syringe pump or air pressure. Step
3 defines superimposition of vibration and Step 4 is the droplet formation. After
droplets accumulate Electrostatic charge dispersion followed as demonstrated in Step
5. Thereafter, Step 6 defines the online process control of droplet formation in the
light of the stroboscope lamp and Step 7 proposes Bead formation in polymerization
solution or by gelatination. Finally, the beads (matrix) are collected in Step 8 [16].

There is flow vibration nozzle set and concentric nozzle set for microbeads gener-
ation and core-shell beads generation respectively. Apart from the nozzle size, beads
size is affected by other parameters. Per the operation manual, beads size decreases
when (1) Electrostatic potential increases; (2) Gelling ion (Ca2+ in this case) con-
centration increases; (3) Alginate concentration decreases; (4) Alginate viscosity
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Fig. 5 Mechanism of the encapsulator B-390 and step by step procedure for encapsulation.

decreases and flow rate increases. Among those parameters, the flow rate, electro-
static potential, and viscosity influence the dispersion of the fluid the most, thus
affecting the quality of magnetic beads.

3.1.2 Calcium Alginate Gelation Process

Calcium alginate hydrogel bind when covalent bonds form between alginic acids and
calcium ions. As described in Fig. 6, alginate is a linear co-polymer composed of two
monomeric units. When sodium alginate droplets fall into calcium chloride solution,
covalent bonds form between alginic acids and calcium ions. These inter-chain asso-
ciations can be either permanent or temporary, depending on the concentration of
the calcium ions. In this chapter, high concentration of calcium chloride solution
is chosen to be optimal and calcium alginate hydrogel beads form permanently in
the solution [106, 133]. Figure6 illustrates the Gelation Processes of the Calcium
Alginate.



20 H. Banerjee et al.

Fig. 6 Gelation processes of the calcium alginate.

3.1.3 Microcapsule Design

The design of microcapsules has been proposed in this chapter and the design ratio-
nales is discussed consecutively. The primary design proposed herein is simple in
fabrication processes when applied to the locomotion control experiments. The other
designs can be utilized to include thermal sensitive properties to the microcapsules,
regarding the materials used.

It has been reported that polymer coated magnetic micro/nanoparticles demon-
strate excellent in vitro and in vivo hyperthermia, which is a phenomenon where
magnetic nanoparticles oscillate under high frequency alternating magnetic field
(HF-AMF) [106, 133] and generate heat. This phenomenon indicates the potential
of internal local heating of the microcapsules containing magnetic nanoparticles,
hence triggering the hydrophilicity change of the thermosensitive nanogel particles
from inside of the microcapsules and increasing the drug release rate.

Briefly, in the proposed design, the calcium alginate core of the microcapsule will
contain bovine serum albumin (BSA) as a model drug, carbonyl iron particles for
magneto-responsive properties and PNIPAM for thermal sensitive properties. The
core will be coated by a layer of chitosan for controlled drug release. This core-
shell structured microcapsule design will utilize thermal sensitive property of the
material. PNIPAM is a kind of thermal sensitive polymer that changes hydrophilicity
when crossing its transition temperature. Therefore, the assumption is made that
when the environment temperature rises above the transition point, the PNIPAM
hydrogel becomes hydrophobic and dehydrated, this changes the permeability of the
microcapsule and increases the release rate of the drug, which is loaded in the core.
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Table 2 Specifications of the EMF generator model of the 1D coil system.

D: Diameter T: Thickness L: Length W: Width

Diameter of the Maxwell coils: 2 * 55.6mm(D) * 11mm(T)

Diameter of the Helmholtz coils: 2 * 65.6mm(D) * 11mm(T)

Inter-coils wall: 100mm(L) * 100mm(W) * 3.622mm(T)

Platform: 87.62mm(L) * 100mm(W) * 5mm(T)

3.2 Fabrication of Magnetic Actuation Systems

The proposed coil systems consist of coil supporters, microcapsule container, and
platforms. After the models were printed, copper wires of diameter 0.9mm will be
wined to the coil supporters, followed by the assembly of all the components.

3.2.1 One-Dimensional Coil System

The one-dimensional coil system consists of one pair of Helmholtz coils to generate
homogeneous magnetic field and one pair of Maxwell coils to generate magnetic
gradient field. A simple prototype will be fabricated with a 3D printer and copper
wires of diameter 0.9mm. The printed components will include two identical coil
supporters, one particle container and one platform. The wires will be winded on the
coil supporters, followed by fixing the supporters to the platform. Table2 is going
to demonstrate sample specifications of the magnetic field generator model of this
one-dimensional coil system.

Table2 is a list of the Specifications of the EMF Generator model of the 1D coil
system.

The one-dimensional coil system was connected directly to the power supply. A
5A–10A current was fed to the Helmholtz coils and the Maxwell coils. Different
magnetic particles were put into the container and an endoscope camera was fixed
above the EMA system to record the locomotion of those particles in the container.

3.2.2 Two-Dimensional Coil System

The two-dimensional magnetic field generation system consists of two pairs of
Helmholtz coils and two pairs of Maxwell coil. Theoretically, it will be able to
control the locomotion of magnetic particles in two dimensions within the Region
of interest (ROI). The two-dimensional coil system will be integrated with a current
control system to realize current control, hence magnetic field control and finally the
locomotion control via programming. The next Section will show the details of the
current control system.
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Table 3 Specifications of the EMF generator model of the 2D coil system.

D: Diameter T:
Thickness

Helmholtz X Maxwell X Helmholtz Y Maxwell Y

D of the core 2 * 36mm(D) 2 * 40mm(D) 2 * 90mm(D) 2 * 50mm(D)

Inter-coils wall 6 * 68mm(D) * 2mm(T) 6 * 160mm(D) * 2mm(T)

Instead of using a platform, this design will include screws and nuts for better
stability. The materials for the two-dimensional coil system will be changed from
Acrylonitrile butadiene styrene (ABS), which is a very common material for 3D
printing, to aluminium. Compared to ABS, aluminium has a higher melting point and
better heat transfer ability. Therefore, deformation of the structure can be avoided and
changes, for instance, the varying resistance of the coil caused by the heat generated
when current passing through, are decreased.

Table3 is the list of Specifications of the EMF generator model of the 2D coil
system.

3.2.3 Power Supply and Current Control System

As proposed, AQMD3620NS DC motor governors receive input power (9–36 V)
from the DC power supply and serial signals from the RS485 system to generate
respective output power. There are two input points (AI 1 and AI 2) to receive signals
formotor speed control and one input point (DE) to receive signals formotor direction
control. There are eight systemDIP switches for setting ofmodes, ofwhich the eighth
switch defines the control mode. If it is ON, the motor governor is set as a serial
communication mode, where each governor is given an address by setting different
combinations of the other seven switches. TheUSB toRS485 converter enables direct
communication between the system and the programming environment. Figure7
sketches the Principle of magnetic actuation over the microcapsules.

3.3 Proposed Design and Materials

The materials going to be used in this following proposed design will include alginic
acid sodium salt (Alg, viscosity 15–20cP in 1% solution) calcium chloride dehydrate
(CaCl2·2H2O), and carbonyl iron (CI) powder (BASF). Fabrication with Carbonyl
iron (Fe (CO) n) particles can be irregular shaped dark grey particles with high iron
content. Therefore, they are quite sensitive to magnetic fields. It is widely used in the
fabrication of Magnetorheological (MR) fluid, coil cores and dietary supplements to
discuss in the later stage. Microscale carbonyl iron particles are insoluble in neutral
solvents, indicating its stability during transportation. The particles can be added into
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sodium alginate solution and the mixture can be injected through the encapsulator
and vibrated into micro droplets for gelation processes.

3.3.1 Electromagnetic Actuation (EMA) System

The EMA system mainly consists of two parts: the coil system to generate magnetic
field per the current provided and the current control system including the power
supply, coil driver based on motor governor, data processor, and routine algorithms.

3.3.2 Coil System

The coil systems are utilized to emanate magnetic fields by the current flux applied
through them. With different magnetic coiling parameters, such as the loop diameter
and the wire diameter, the emanated field strength and patterns are changed accord-
ingly. In this proposed design, a one-dimensional coil system and a two-dimensional
coil system have been proposed for testing. Both consists of Helmholtz pairs and
Maxwell pairs are described in the earlier design part.

Fig. 7 Principle of magnetic actuation over the microcapsules.
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3.3.3 Design Rationale

In general, for the principles, Helmholtz coil pairs generate uniform magnetic field
between them along their common axis within the range of interest (ROI), while
Maxwell coil pairs emanate constant gradient magnetic field. The Helmholtz coil
pairs determine the orientation of the magnetic particles, while the Maxwell coil
pairs drive the locomotion of them. With the currents flowing through the coil pairs,
the desiredmagnetic fluxes can be generated. Superposition of the coil pairs generates
multidimensional flux vectors.

Helmholtz coil pairs are two parallel identical coils connected to current sources
of the same direction and equal flux. The distance between their centers is equal to
the coil diameter. According to the Biot-Savart theory, for current flowing through a
single wire loop, the magnetic field generated to a point on the axis at a distance x
can be derived as in (1):

B(x) = μ0μr I R2

2(R2 + x2)
3
2

(1)

where μ0 is the magnetic permeability of free space and μr is the permeability of the
environment where the magnetic particle is located. I is the current flowing through
the loop and R is the radius of the wire loop. For a point at the center of the axis of
the two identical Helmholtz coils with n turns each, the magnetic flux density BM

can be calculated as:

BH (
R

2
) = 2

μ0μr n I R2

2(R2 + ( R2 )
2)

3
2

= 8

5
√
5

μ0μr n I

R

(2)

From formula (2), it can be concluded that the uniform magnetic field density is
proportional to the current density.

Helmholtz coils are designed to generate uniform magnetic field between them
along their common axis.When amagnetic particle is located in the region of interest
and not aligned with the direction of the field, torque τ is generated as (3):

τ = V M × BH (3)

Where V is the volume of the magnetic particle and M is the magnetization of the
particle. Therefore, the misaligned particle experiences torque until it is aligned to
the direction of the field, where the angle between M and BM is zero.

Figure8 is a sketch of the Structure and the InducedMagnetic Field of aHelmholtz
Coil Pair.



Magnetically Actuated Minimally Invasive Microbots for Biomedical Applications 25

Similar in structure with the Helmholtz coils, Maxwell coil pairs are parallel
identical coils connected to currents with equal flux but opposite directions. As
illustrated in Fig. 9, the distance between their centers equals to

√
3 times of the coil

diameter.
Figure9 portraits the Structure and the InducedMagnetic Field of a Maxwell Coil

Pair. Maxwell coils usually generate constant gradient magnetic field between them,
along not only the axis, but also all directions perpendicular to the axis. The force
applied to the magnetic particles inside the region of interest is described as (4):

F = V (M · ∇)BM (4)

Here, V is the volume of the magnetic particle and M is the magnetization. Mag-
netic flux BM is described as:

BM = [−0.5gx ,−0.5gy, gz] (5)

Here, x, y, z are the respective dimensional value of the interested point and g is
the magnetic flux gradient calculated as (6):

g = 16

3

(3
7
)
5
2
im × n × μ0

(rm)2
(6)

Here, μ0 is the magnetic permeability of free space, n, im , rm are the turns, current,
and radius of each coil, respectively. From the formula 6, the gradient magnetic field
density is proportional to the current density.

Here in Table4, we have portrayed few of the significant papers reported from
2009 year and ahead from Prof. Sukho Park Research Group, Chonnam National
University, Gwangju, Korea and Prof. Bradley Nelson Research Group, ETH Zurich,

Fig. 8 Structure and the induced magnetic field of a Helmholtz coil pair.
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Fig. 9 Structure and the induced magnetic field of a Maxwell coil pair.

Switzerland. This is just to give an initial fragmented idea of the microbots and their
design and control strategy in a listed format for ease of the reader, especially who
is going to initiate a fresh research in this realm.

Table 4 Brief review of literature in magnetic micro robotics for biomedical applications (Sukho
Park research group some selected publications).

Year Application Robot Size Material Magnetic
system

Control ROI DOF(T+R) Remarks

2009 Locomotive Rod um size
(Permenent
Magnet)

Open
LoopCa-
meraLab-
VIEWNI
PXI
Controller

<35*35mm 2+1(2H2M) ——

2009 Intravascular Rod um size (Nd) OpenLoop. . . D+=60mm
Joystick

3(1H1M) Roll-Pitch-
RollPosition
recognition

2010 Intravascular Rod um size (Nd) OpenLoop. . .
Joystick

<+32mm 3+1(2H2M) Rotational coil
pairs

2010 Intravascular
with drilling

Sphere mm size (Nd
Al2O3)

Open
Loop

<43mm 3+3(3H2M) 1 Rotational;
M coil pair

2010 with ROI
developed

Rod um size (Nd) NG NG 2+1(1H1M+
1HS+ 1MS)

More efficient

2013 .. with ROI
and power
developed

Sphere mm size (Nd
Al2O3)

Open
Loop

440% Bigger
than (4)

3+3(3H1M) 440% bigger
WS and 49%
less power

2015 Target Ther-
apy

Bacteriobot 5-10um
(CaAlg beads
as1.) live bacteria)

(same Open
Loop
LabVIEW
NI PXI
Controller

(app
<35*35mm)

2+1(2H2M) Bacterial
MagHybrid
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Table 5 Brief review of literature in magnetic micro robotics for biomedical applications (Bradley
Nelson research group some selected publications).

Year Application Robot Size &
Material

Magnetic
System

ROI DOF(T+R) Remarks

2010 5-DOF
wireless
micromani-
pulation

Ni Magnetic L: 500um NG(D<130mm) 3+2C) —

2012 Cell
Attachment

Helical
micromachine

L:8.8um
D:2.0um
CSS:290nmCSL:
900nm

NG NG 3+3 DLWThin
Film Deposi-
tion

2012 Wireless
Mag Mani-
pulation

Helical
microstructure

D:0.5umL:um
scale

NA NA NA Cavity

2012 NanowiresBiomanipulations D:
100nm/200nmL:
7um

3H 2m3m+3(3H)       Cell tests with*mm5*mm02slioc
microbeads

2013 TDD &

manipulations
Localized

Flagellum with
mastigonemes

D:5um
CS:0.7um(SU8Fe
layer)

3H coils NG 3+3(3H) Speed depend
on Length and
Spacing Ratio
of the mastigo-
nemes

2013 3D Cell Cul-
ture & Targe-
ted Transpor-
tation

3D porous niches L:arnd
150umD:arnd
73umPore
size:arnd
20um(photocurable
polymerTi &
Ni layer)

Minimag (Aeon
Scientific,
Switzerland)

NG NG HEK 293 cells
attachment

2014 Triggered
Drug Release

Temperature
Sensitive ABF

L:16um
D:5um(Ti
layer DPPC
liposomes)

NA NA NA ——

2014 TDD &
Triggered
Release

Encapsulated Mag-
netic Microbeads

D:10um(Alginate) OctoMag OctoMag 3+2 Near Infrared
Light Trigge-
red Drug Rele-
ase

2015 Screening                Magnetic Flu-
orescenceABF

L:8um(Ni/Ti
layer Pho-
tosensitive
polymers
NIR-797 dye)

9mT and 90Hz NG 3+3(3H) DLWThin film
deposition

2015 TDD & MIS
Posterior part
of eye

Microtubes OD:300um
ID:125um
L:3.4mm(CoNi
layer)

OctoMag
40mT-500mT/
m 1.186T

OctoMag 3+2 In vivo Rele-
ase Study
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Table4 is a Brief Review of literature in magnetic micro robotics for biomedical
applications from Prof. Sukho Park’s Research Group (Selected Publications).

Table5 is a brief review of literature in magnetic micro robotics for biomedical
applications from Prof. Bradley Nelson’s Research Group (Selected Publications).

4 Electromagnetically Actuated Self-driven Microjet
for Biosensing Applications

Artificial micromachines have fascinated researchers around the world for last few
decades with the advancements in areas of chemistry, physics, and nanotechnology
[70, 109]. Hydrogen peroxide (H2O2) has widely been used as fuel to propel tiny
motors in the presence of precise electromagnetic motion control. This electromag-
netic motion controller can contain different functionalities for diverse applications,
including biosensors. Bimetallic nanowires first and more recently microtubular jet
engines are two of the most promising candidates to perform useful tasks at the
micro/nanoscale. The transport of microparticles in controlled electromagnetic envi-
ronment into amicrofluidic chip was achieved by nanowires andmicrojets. However,
only microtubular jets can self-propel in complex biological samples near EM field.
Thus, the controlled transport of cells is significant since it is clearly the next step
towards the use of artificial micro/nanomachines in future biomedical applications
[101, 127]. In the recent past, efficient isolation of biomaterials such as nucleic acids,
proteins, and cancer cells from raw biological samples was achieved by functional-
ized microjet engines [12]. The rapid development of this research area paves the
way for designing new detection platforms and biosensing systems with the need
of optical microscopes and tracking methods to measure the speeds of the micro-
nanomotors [98].

4.1 Breakthrough and Innovative Aspects

4.1.1 Lab-In-A-Tube

The study of cell behaviors (division time, DNA damage, spindle reorientation, etc.)
in 2D confinements represents a pioneering and unique paradigm in cell biology,
chemistry, and biotechnology fields. Up to date, most of the studies on cellular
behaviors have been explored only on planar 2D patterns, which do not mimic the
in vivo microenvironment of the cells. The rolled-up microtubes not only serve as
2D microreactors for live cell studies but also as on-chip integrated sensors (optical,
electric, or magnetic), which distinguishes the rolled-up nanotechnology from other
technologies [38, 108]. In addition, the tubular size is scalable and easily tuned
on-demand [69].
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Fig. 10 Lab-in-a-tube device. Capturing and sensing of cells and cellular behaviors [11].

Figure10 shows a Lab-in-a-tube device capturing and sensing of cells and cellular
behaviors [11].

4.1.2 Catalytic Micro/Nanomotors

These tiny machines have demonstrated interesting capabilities to transport cargoes
to specific targets in an accurate manner [69]. Despite the increasing number of
publications, no reports have clearly proven the biocompatibility of the fuel-machine
couple in the presence of EM filed [71]. Thus, major future challenges for scientists
are (1) effective motion control of micro/nanomotors in vivo; (2) to seek for other
biocompatible and clean sources of motion to expand the field of micro/nanomotors
to real biomedical and environmental applications. The effective motion control of
micro/nanomotors utilizing strong EM field for selective biosensors will surely be
of ground-breaking nature [53].
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Fig. 11 Different phases of mitosis (cells into tubes) [2].

4.2 EM Field Motion Control Potential Applications Area:
Future Perspectives

4.2.1 Single Cell Studies into Confined Spaces

•Cell division of animal cells has been studied in detail during the last years (Fig. 11)
[18]. However, the relation between cellular morphology and its orientation during
division still is mostly under study [20]. Up to now, only flat patterned surfaces have
been employed for those studies concluding that the spindle orients in a specific posi-
tion during the division cycle [57]. There is a great need to bring these investigations
into a new concept which resembles the in vivomicroenvironment that surrounds the
cells [5, 72].

(I) Study of Mechanical (Physical) and (Bio) Chemical Stress on DNA Damage
DNA damage and recovery is nowadays a hot topic in cell biology and genet-

ics. DNA damage in cells can be caused by several factors, including chemical or
mechanical stress [51, 76]. By scaling the dimensions of the microtubes there is a
great need to discriminate the threshold (in microscale size) where the cells sense
mechanical stress. In addition, to gain more insight into the influence of external
sources for DNA damage [48], there is a need to study several methods of trapping
cells [91].

(II) The ability to integrate electrodes within the integrated on-chip tubular struc-
ture is a unique feature of the rolled-up nanotechnology. Up to date, off-chip manip-
ulation and sensing of cells have been reported and the glass pipettes containing
electrodes are the most common devices to obtain electrical signal from cells. How-
ever, those often damage the cells under study. Conclusively, there is a need to
establish manipulation, control, and sensing of confined cells by means of electro-
chemical signals and capacitance difference on-chip. Thereafter, a detailed investi-
gation needed for the magnetic detection of nanoparticles uptake by cells will serve
as novel magneto-biosensors completing the Lab-in-a-tube concept [38, 56].
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4.2.2 Rolled-Up Microtube as Microreactors for Different Types
of Cells and Proteins

The mass production of parallel microtubular structures on-chip will facilitate the
separation of different kinds of cells, bacteria, and proteins for bioanalytical and
biosensing applications. Magnetically controlled on-chip microbots will simplify
several steps of the analytical process since they can separate, isolate and concentrate
the desired species (cells). Because of their biocompatibility and transparency, the
microtubes will act as microreactors [46, 80] and as sensors for live imaging towards
integrative lab-in-a-tube systems [22, 81].

(I) Integration of Optofluidic (Bio) Sensors into Microfluidic Chips
Up to date, rolled-up microtubes have been employed as optofluidic sensors [89],

capable of distinguishing different kinds of liquids based on their refractive indexes
[24]. Rolled-up SiOx microtubes [37, 112] can act as optical ring resonators [79]
confining light at defined wavelengths in small volumes. The thin walls from rolled-
up microtubes can act as optical microcavities since Whispering Gallery Modes
(WGMs) [75] are observed in the photoluminescence spectra from the rolled-up
nanomembranes. The optical rolled-up resonators can couple the light into the reso-
nantmode of the cross section of the tube. Therefore, changes in the fluid composition
or molecules bound to the inner wall surface of the tubes lead to a spectral shift of
the resonant modes. As a next step, there is a huge thirst to design microtubes with
comparable diameter to the studied cell size (i.e., 15μm diameter). Once the cells
were trapped into the microtubes they sharpened the Quality factor and shifting of
theWGMs. It is well known that cancer and normal cell lines have different stiffness
and the rigidity and morphology of the cell changes [4] during the division cycle and
more drastically during apoptosis [115]. With these optical resonators, there can be
an aim to sense these changes optically in confined cells.

Figure12 demonstrates an optofluidic sensor for detection of cells.
(II) Development of Smart Self-Propelled Micro/Nanomotors For Biosensing,

Biomedical, and Environmental Applications
Despite the great success and rapid development of this field, several key ques-

tions need to be addressed such as the scalability or the biocompatibility of these tiny
machines [15, 123]. How small can the jet engines be and still being self-propelled
in fluid? [110] Can they really perform useful bio-related applications? [102, 126]
For that purpose, the supreme need is to reduce the toxicity of the fuel down to levels
where the cells are viable for long periods. One straightforward method towards this
aim has been carried out by warming up the solution to physiological temperatures
in which the cells grow. Other sources of motion need to be studied such as light and
enzymatic reactions.Moreover, the immunoresponse towards themicro-nanojetswill
be investigated by incubating the microtubes with macrophages. Understanding on
the engulfment process will enable the optimization of the size of the microtubes and
material composition to avoid the immunoresponse. These findings will be essential
to understand phagocytosis of natural and artificial tubular targets. There is a need to
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design microjets which can be functionalized with drugs, proteins, specific antibod-
ies, and DNA on their walls to be employed as biosensors or drug delivery systems
[107, 119].

Figure13 sketches the self-poweredmicrobots remotely guided by a small magnet
(B) [1, 87, 100].

4.3 Guidance in Magnetic Actuation

Magnetic robotic microbots or microbubbles which can be controlled by an external
magnetic field have been explored as a method for precise and efficient drug delivery.
With the increased usage of microbots as a system for drug delivery using ultrasound
imaging in vivo and using microscopes in vitro, there is an interest to develop a
tracking and guidance algorithm to locate the position of the microbots during the
actuation process. By incorporating real time imaging feedback, better and accurate
closed loop robot control, namely visual servoing, can be accomplished.

Typically, the visual servoing algorithm falls into three categories: position-based
visual servoing [13], image-based visual servoing [13], and hybrid visual servoing
[43, 44]. Since position-based visual servoing calculates the control inputs using
the 3D data retrieved from the image features, it is quite sensitive to calibration and
reconstruction errors. Both position-based and hybrid methods require the informa-

Fig. 12 Optofluidic sensor
for detection of cells.
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Fig. 13 The self-powered microbots can be remotely guided by a small magnet (B) [1, 87, 100].

tion of the kinematic models of the robots while the current models for surgical
robots are complicated and quite inaccurate in constrained surgical environments.
Hence, image-based visual servoing is preferable in this application because it can be
tailored to utilize only the 2D image features as the feedback to calculate the control
inputs while no prior knowledge on robot kinematics is required.

4.4 Control System Design: Future Perspective

In the past decades, several milestones have been attained in the realm of micro/nano
scale drug delivery system (as described briefly in the earlier sections) including lab-
on-a-chip devices and endoscopic capsules, and for minimally invasive medicines.
With the increasing development of micro/nanoscale engineering, it is now possible
to batch process nanoscale drug carriers including nanotubes, nanoparticles, and
nanowires. A major concern now with the development of this untethered devices in
vivo is to power them and to control effectively. In this realm, we propose a control
strategy for faithful mechanism and manipulation.

Proposed Design and Future Perspectives

Figure14 is a schematic for proposed magnetic control of self-propelled microjets
under ultrasound image guidance. (A)Two sets of electromagnetic coils to be used for
generation of controlled magnetic fields [54]. (B) Glass-PDMS hybrid microfluidic
device which contains a microchannel using a standard Soft Lithography technique
[5, 21]. (C) Microjets move along the magnetic field lines using the propulsion force
that is generated due to the ejecting oxygen bubbles from one of their ends [54,
55]. (D) A camera with microscope system will acquire self-propelled microjet real-
time images for validation with ultrasound. (E) Ultrasound probe embedded with
transducers to acquire images in 3D plane (preferably).

Figure15 proposed a self-propelled microjets control algorithm. The control sys-
tem uses the model of self-propelled microjets in a feed forward configuration [54].
Based on the nonlinearity of the system we will use Fuzzy Logic PID Controller or
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MPC for better accuracy. The magnetic field strength (B) can be computed as the
summation of feed forward controller andMPC.The real-time position tracking algo-
rithm is used to capture ultrasound images (P). The position error E=P(Reference)-P
will be used to initiate PID/MPC closed loop control [10].

Proposed Ultrasound-based Tracking of Self-propelled Jets

In contrast to single carrier short duration pulse [10, 95], the proposed technique
will use Chirp (Frequency Modulated Signal) coded excitation for better resolution
and penetration [39]. Using Chirp as test signal is believed to counteract the long
lasting inverse relation (resolution and penetration inversely proportional) trade-off
determining accurately noise removal for de-noising in medical US imaging realm
[67]. Finally, it is proposed to use Fractional Fourier Transform (FRFT) which is
reported to be more flexible for image edge extraction and recognition scenario
[116, 131].

Due to the sparsity andmulti-resolution property, incorporatingwavelet-transform
is another novel way which is reported to have emerging potential for speckle noise
reduction in 2D and 3D US images [46]. As reported, this will eventually minimize
the speckle noise while preserving sharp edges [47, 120].

5 Concluding Remarks and Future Scope

The advances of MRI based diagnosis which falls in the regime of electromagneti-
cally driven actuation is not a newconcept. The selling point to usemagnetic actuation

Fig. 14 Schematic for proposed magnetic control of self-propelled microjets under ultrasound
image guidance.
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Fig. 15 Proposed self-propelled microjets control algorithm.

for noninvasive drug delivery is multifunctional. The advantages of minimally inva-
sive techniques offer less postoperative pain, less infection, quick recovery time, less
hospitalization cost, and overall much higher quality of life. There is no doubt that
magnetically driven microbots are going to bring noninvasive drug delivery to a new
level but somehow presently the market for commercialization is missing. To dig in
more into the problem of functional commercialization there is still a gap in research
which needs to be filled beforehand. There are huge number of challenges, e.g., the
pH of the media, the heart flow rate and many more to overcome before this Fantas-
tic Voyage turns into reality. Finally, we should be optimistic and constantly work
towards building advanced micro motors for biomedical applications when safety is
concerned in magnetically driven microbots in vivo medical applications.
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