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A Preface in Electromagnetic Robotic
Actuation and Sensing in Medicine

Hongliang Ren and Hritwick Banerjee

Abstract With the advancement in robotics technology, medical field is evolving
more with minimally invasive to noninvasive procedures. Minimally invasive surgi-
cal procedures have gained ever-increasing popularity over the past decades due to
many of their advantages compared to traditional open operations, such as smaller
incisions, faster recoveries, fewer complications, and shorter hospital stays. Robot-
assisted minimally invasive surgery promises to improve the precision, dexterity, and
stability of delicate procedures. Among these technologies, there is a demanding clin-
ical need to progress the field of medical robotics in connection with noninvasive
surgery. For this, the actuation and sensing in the future robotic surgery systems
would be desired to be more wireless/untethered. Out of many promising wireless
actuation and sensing technologies, one of the most patient friendly techniques to
use is electromagnetic or magnetic actuation and sensing for feedback control and
manipulation. In this book, we have intended to elucidate the recent related research
and developments behind the electromagnetic actuation and sensing implemented in
medical robotics and therein.

1 Electromagnetic Actuation

In a magnetically controlled actuation, the core components can typically be the
actuator (moving portion) and the stators which are typically the external magnetic
field generators. This is analogous to active magnetic bearings (Chap.5) where the
actuators are the rotors, and the magnetic fields are generated from the stators. Com-
mon field generation setup includes Helmholtz and Maxwell variations (Chap.2) or
arbitrary multipole electromagnetic coils (Chap.5). The actuated region can be in
the form of distal tips for catheters (Chap.4) or small microparticles/microrobots
(Chap. 2).

As discussed in Chap. 2, Helmholtz coil is a specific configuration to generate
an uniform field at a region of interest (ROI) where EM field is usually referred
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to as the alignment field. Maxwell coil generates a gradient field where the scalar
contribution at the ROI is near zero. In general, the alignment fields exhibit a torque
on the permanent magnet or soft magnetic target such that it rotates to align and
associates with the magnetic fields generated about the moment of inertia [7].

Maxwell gradient coils provide the displacement force to move the particle. The
number and type of coils can be designed according to the requirements in degrees of
freedom (DOFs) needed. The total contribution is popularly arranged in a matrix [7].
The electromagnetic fields generated are in turn controlled by the current flowing
through the coils. More complex variations of Helmholtz Maxwell designs include
the Halbach cylinder [18], saddle coils [15], and square coils [12]. The increas-
ing complexity of the coil design aims to either increase field uniformity or field
strength. In general, the most primitive Helmholtz Maxwell combination is an easier
to manufacture setup but requires a more robust controller for precision. It is also
noteworthy that current designs which require closing the control loop present a
limitation in terms of the sensor. More prominent techniques utilize sensors, which
are eddy current sensors and hall effect sensors, to feedback position information to
the controller; hence these methods are preferable over image processing alternative
which requires an external camera [35].

Other than Helmholtz and Maxwell designs, alternative multiple electromagnet
pole designs have been proposed (US7173507, US20120143127A1). Octamag [19]
uses eight electromagnets to control the 5DOF microrobot for use in ocular surgery.
A microelectronic [10] fabricated design was also able to do particle filtering and
separation by generating unique field from the complex electronic circuit design.
These methods generate less uniform field which could be an issue for control [2].
In a more recently published paper [22], a combination of electromagnetic coils
and permanent magnets was demonstrated for camera positioning in laparoscopic
surgery.

2 Magnetic Actuated Robots

In Chap.2, it is worth looking into the field of magnetically actuated microro-
bots/particles, and it is also highly similar to magnetic catheter actuation (Chap.4),
which can also be seen as a particle control if only the distal tip contributes to mag-
netic actuation. Developments in magnetically actuated microrobots have potential
to contribute improvements toward present methodologies in magnetic catheter actu-
ation. The magnetic manipulation of the small particle does have some differences,
for example, having a fabricated tail to assist motion [1, 24]. The tail is usually of a
helical form which does not have apparent use in guide wires, but it has been shown
that it could have potential value in mediating calcified arteries [17]. Common mate-
rials that have been considered are NdFeB permanent magnet, Ni, and iron oxide for
microparticle fabrication. Further, for small robots, piezoelectrics have been imple-
mented for locomotion [5, 20]. Other than magnetic propulsion, acoustics such as
from piezoelectric can serve an additional function to deliver drugs [34]. The oscil-
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latory magnetic field which is required for piezoelectric stimulation could also be
used for steering control depending on the phase lag [21]. For specific fabrication,
SU-8 with dispersed magnetic particles was shown to be viable [14]. Octomag’s
microparticle manipulation is demonstrated to be robust even without Helmholtz
and Maxwell coils [23].

3 Magnetic Guide Wire/Catheter

Chapter 4 specifically investigates certain roles of magnetic actuation in clinical
procedures particularly for controlling the guide wire or catheter in very complicated
cardiovascular environments. The manipulators or catheters bend due to specific
magnetic domains along the axis of the guide wire under an imposed magnetic field
which could be of a specific configuration. Historically, the bending resulted from the
magnet tip can be controlled by introducing a compliant hinge to reduce the force
required to bend the guide wire [30]. These manipulators usually have magnetic
responsive elements which could be in the form of particle suspensions (Chap.2),
or flexible magnetic material (Chaps. 4 and 6). It was noted that the increase in the
number of segments increased the difficulty to control the catheter but enabled a
more stable and linear distal portion [31]. There are many geometrical designs of
such distal remotely controlled elements, for example, balls, rings, or helical elements
to induce bending. Such elements could also be used for guide wire alignment or
inducing restrictions to assist bending and positioning of the guide wire. Other than
bending manipulation, these elements are also shown to be able to perform lateral
advancement, transmission of force, and assist visual feedback.

Additionally, the magnetic navigation system was also simulated to be able to
improve the operative procedure and save the fluoroscopy time [28]. By using a
glass model of liver and choosing to navigate a highly tortuous path, the magnetic
guidance system outperforms the traditional manual methods, both in time taken
and the number of bends it is able to achieve. A specific application to ventricular
ablation was reported [4, 6, 29], demonstrating the manipulability of a magnetic
navigation system in a biophysical environment. Magnetic navigation was argued to
be an improvement over traditional manual control for the ablation procedure [27].
The catheter was implanted with a permanent magnet which aligns with the external
field generated by the StereotaxisTM system with a field strength of 0.15 tesla at
the homogeneous region [9]. Another novel advantage of magnetic navigation is
the ability of the catheter to be attracted into the vessel rather than being pushed
in, which allows the catheter to be very soft and compliant increasing the safety
of the procedure [8]. Other catheters have also been developed to clear plaque and
use a combination of Helmholtz, Maxwell, and Maxwell gradient and saddle coils
[16] unlike the previous StereotaxisTM [33] which uses two electromagnets. The
StereotaxisTM [31] is known to work as an open-loop system, and they have also
proposed a closed-loop methodology utilizing the equilibrium equations from the
potential energy in the work space. The specific model used can also be referred from
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this publication [32]. There are also some associated risks of magnetic navigation
that are noteworthy. UsingMRI, it was studied that heat generated from the magnetic
resonance could cause heating of the catheter [26], indicating that traditional guide
wires will not be suitable for these applications [25].

4 Electromagnetic Sensing

Magnetic biosensing and detection pose a fertile field of research in the realm of
biomedical engineering applications. A potential way to receive a feedback signal
from the human body is to use an electromagnetic sensor that is capable of sensing
the downstream physiology and processes. For example, biological cells triggered by
magnetic micro/nanobeads accelerate traction force for mechanotransduction, which
can be sensed by external magnetic sensors. In addition to themicroscale, macroscale
diagnostic and point of care (POC) applications need sensing mechanism for better
health care, faster diagnostics, and therapeutics. Tactile sensing and rehabilitation
robotics are some of the exciting paradigms where electromagnetic sensing elements
can play a pivotal role and beyond. To make the mechanoreceptors work aptly, the
electromagnetic sensor can portray an exciting new regime for flexible electronics
and skin prosthetics. Magnetorheological elastomer (MRE) has promising applica-
tions in soft, flexible robotics for better human–machine interaction and cooperative
control. MRE also has similar mechanical property to that of natural muscle for
which can be further served as rehabilitation and tactile sensing in biomedical engi-
neering. On the same hand, minimally invasive surgical robotics and force control
in mechanical counterpart need sensor actuation for better motion navigation and
planning algorithm as described hereunder.

Overall, the automatic and reliable navigation andmotion control or compensation
of surgical robots are depending on the motion tracking of surgical instruments
and also the surrounding anatomic structures. Many technology advancements have
been achieved to address this problem, and we are focusing on magnetic sensing
technologies, because of its advantages in terms of size, remotely sensing, flexible
passive or active configurations, and also, free of line-of-sight requirement.

To achieve online motion control and planning, it is necessary to gain the real-
time position and shape information of the flexible surgical robot. To acquire this
information, the flexible surgical robots can be mounted with electromagnetic sen-
sors. The shape estimation algorithm has been developed based on either quadratic
or cubic Bézier curves as presented in [3, 11, 13]. Besides electromagnetic sensors,
microcameras can also be utilized to assist the navigation procedure. Then with the
position and shape information acquired for the flexible surgical robot, the online
motion planning can be achieved by modifying the offline planned trajectory based
on the feedbacks provided by the sensors in the future.
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5 Brief Outline of the Chapters

The flow of the chapters in this book will mostly adhere a bottom-up approach and
will be starting from submillimeter microrobotic device driven by external magnetic
field to submillimeter magnetic sensing devices. For example, in the initial part of
the book, we constrict in the microscale untethered robots and application in the
medical community with the help of electromagnetic actuations.

Chapter 2 investigates the field of microbots, which is exponentially advancing its
impact on the medical healthcare industry with its ever-increasing potential. It may
happen in near future when the sci-fi movie fantastic voyage will be a reality with the
help of electromagnetic actuation and precise control. Tomake thismicrobot a reality,
there still is a huge amount of research needed in order to overcome many different
challenges such as (1) smart manipulation with changing in vivo pH environment,
(2) to sense a cancer cell from healthy counterpart, (3) smooth access to near and far-
thest abnormal tissues from point of injection, and (4) most importantly to overcome
toxicity and biocompatibility issues. In parallel to investigating the microcapsules,
we have initiated tracking of microparticle using contrast agent microbubble in the
vicinity of medical ultrasound. Magnetic microbubbles which can be controlled by
an external magnetic field have been explored as a method for precise and efficient
drug delivery. In our lab, a technique for the fabrication ofmicrobubbles encapsulated
in magnetic spheres is presented. The resultant magnetic spheres were subsequently
imaged using ultrasound, and the encapsulated microbubbles proved to appear as
bright spots and resulted in enhanced ultrasound image contrast, as compared to the
solid magnetic spheres which appeared dull. A tracking algorithm was then devel-
oped for the tracking of the magnetic microbubbles based on optical flow tracking.
Further development of the magnetic microbubbles and tracking algorithm can lead
to future use of the tracking algorithm in the case of in vivo injection of the magnetic
microbubbles.

Chapter 3 represents a state-of-the-art approach for magnetically induced soft
flexible robots for diverse biomedical applications. Soft, flexible yet resilient, adapt-
able polymers can be introduced with magnetic micro/nanoparticles for changing
mechanical dimensions upon magnetic actuation. Soft force sensors are very much
needed for the biomedical rehabilitation patients in general for light and efficient
tracking with the outside environments. In this aspect, MRE has potential appli-
cations for force sensing and tracking which has been focused in this chapter in
general. To support our design and hypothesis, we have given some initial experi-
mental results for proof of concept and future scope to dig more into this realm. Soft
magnetic polymer has an inherent property of high remanence like permanent mag-
nets which can be refined to meet ever-increasing demands in safe regulated medical
environments. The grating-based sensors like the Low Period Fiber Grating (LPFG)
and Fiber BraggGrating (FBG) are commonly used tomeasure the intensity or wave-
length variation. These require a complex signal processing technique and difficult
to minimize the effect of temperature and nonlinearities with simple fabrication. To
solve the above problems and for wider applications, e.g., in rehabilitation and assis-

http://dx.doi.org/10.1007/978-981-10-6035-9_2
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tive biomedical device, bend sensors need to be more flexible, stable, cost-effective,
and human friendly. Taking advantage of this soft magnetic polymer, in Chap. 3,
we propose a novel soft-squishy and flexible bend sensor by determining the rela-
tionship between inductive changes and bending angle. This bend sensor employs
flexible wire embedded in a silicone elastomer with different permeable core. The
principle notion is to have a comprehensive analysis of the change in the morphology
of the sensor with bending angle which can be translated to the inductance generated
therein.

Chapter 4 concentrates on progressing the existing medically proven concept of
catheter and guide wire robotic system under magnetic actuation. Surgical robotics
is a growing field with substantial benefits to professionals and patients but one limit
of conventional key-hole surgical robotic systems is the requirement for mechanical
information to be conducted along the path of the robot. This can result in com-
plications such as buckling and entanglement due to the tortuous environments. In
this realm of catheter and guide wire system, the electromagnetic actuation holds a
promising chapter. This chapter will discuss the method of using a tether-less elec-
tromagnetic coupling to transmit the mechanical information. Our lab has devised
a small-scale prototype demonstrating electromagnetic deflection principle. In addi-
tion, when compared to the larger devices, this prototype is more portable and easier
to integrate with existing equipment without the need for bulky equipment. This
chapter presents an overview of electromagnetic actuated system which will further
cover the design principles of magnetic actuated catheter robot taking example from
in-house prototypes, such that the reader will be capable of designing and fabricating
a similar art. A key parameter of electromagnetic catheter systems is the bending
angle and will be addressed. The key considerations for an electromagnetic actua-
tion and brief clinical perspectives are introduced for the design considerations of an
electromagnetic catheterization system.

Chapter 5 has introduced a novel microrobot system based on magnetic levitation
techniques for better handheld precise motion control in surgical applications. This
chapter in part is to counterbalance the persisting challenges in (1) economy, (2)
complexity, and (3) space requirement of a bulky traditional master–slave remote
operation. In this chapter, at first, the primary components and working principle of
magnetic suspension bearing system are introduced. Then, the configuration analysis
of magnetic actuator is presented, and the design method of magnetic bearing with
current bias is introduced in detail. The design of 1DOF, 3DOF, and 4DOF magnetic
actuator system is described in detail. Finally, the expectation of magnetic actuator
system is presented for the small volume and self-sensing destination (Fig. 1).

Chapter 6 will give a comprehensive overview of magnetic sensing applied to
surgical environments, discover recent developments, and show a possible future of
the magnetic tracking research. The chapter will first give an overview of how the
magnetic sensing technologyworks. After that, the sensing applications will be given
in detail in the context of three typical medical applications: (1) magnetic sensing
for wireless capsule robots; (2) magnetic sensing for in clinical particles; and (3)
magnetic sensing for flexible surgical robots.

http://dx.doi.org/10.1007/978-981-10-6035-9_3
http://dx.doi.org/10.1007/978-981-10-6035-9_4
http://dx.doi.org/10.1007/978-981-10-6035-9_5
http://dx.doi.org/10.1007/978-981-10-6035-9_6
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Chapter 7 will introduce more advanced topics involving magnetic tracking, sig-
nal estimation, artificial intelligence techniques in motion tracking, and navigation
systems, which are paramount for both safety and efficacy in a variety of medical
interventions and procedures. Magnetic field-based tracking technology becomes
appealing for many applications. It utilizes the phenomenon that the distance and
orientation of the magnetic source will change the amplitude and direction of the
local magnetic field in space. By mapping the measurements of the local magnetic
field to the distribution of the magnetic source, it can estimate up to six degrees
of freedom (DOFs) positional information (both position and orientation). Because
the magnetic fields are of a low field strength and can safely pass through human
tissue with least interference, it can be used for tracking instruments/tools inside the
human body without line-of-sight restrictions. In this final book chapter, the mag-
netic field model often used in passive magnetic tracking is first reviewed. Along
with this, an overview of the working principle and methods of the passive mag-
netic tracking technology is presented. Then, two different localization methods are
described, namely, the inverse optimization method and the direct ANN (artificial
neural network) method; the advantages and disadvantages of the two methods are
discussed using two actual medical intervention procedures for practical illustration.
Lastly, some limitations and challenges faced by the passive magnetic tracking are
discussed. Conclusively, through this chapter, implementation of the technology in
actual medical interventions was also be demonstrated, and the challenges in the
development of this technology are explored and discussed therein.

Ultrasound transducer has been used extensively since last few decades for mon-
itoring living organism in medical diagnostics as well as in therapeutic applications.
The non-thermal effects of ultrasound like cavitation and microstreaming are well
regarded for therapeutic applications than only for medical imaging and tumor abla-
tion processes. Here, in Chap. 8, we unveil motion of magnetic particles captured
using ultrasound imaging with contrast-enhanced microbubbles. Ultrasound videos
were captured and analyzed by image tracking algorithm to determine the efficiency
and accuracy of the algorithm. It is necessary to ensure an efficient and accurate
tracking method of the particles in order to evaluate future in vitro or in vivo appli-
cations of the microbubbles, when implanted into an enclosed system and imaged
using ultrasound. Microbubble-generated therapy in deep tissue with ultrasound-
induced non-invasive administration is envisioned to be ongoing popular choice as
long as we can safely administer drugs using accurate magnetic navigation, control.
Encapsulated microbubbles enhance the ultrasound imaging contrast, allowing the
fabricated magnetic particles to be effectively tracked using the created algorithm.
For future development, in vivo like conditions can be used, such as the presence of
other particles, for example, red blood cells. The fabricated magnetic microbubbles
could be further used as test particles for external manipulation systems for drug
delivery.

http://dx.doi.org/10.1007/978-981-10-6035-9_7
http://dx.doi.org/10.1007/978-981-10-6035-9_8
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Magnetically Actuated Minimally Invasive
Microbots for Biomedical Applications

Hritwick Banerjee, Shen Shen and Hongliang Ren

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.
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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:
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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.
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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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Electromagnetically Responsive Soft-Flexible
Robots and Sensors for Biomedical
Applications and Impending Challenges

Hritwick Banerjee and Hongliang Ren

Abstract Advantages of flexible polymer materials with developments in refined
magnetic actuation can be intertwined for a promising platform towork on a resilient,
adaptable manipulator aimed at a range of biomedical applications. Moreover, soft
magnetic material has an inherent property of high remanence like the permanent
magnets which can be further refined to meet ever-increasing demands in untethered
and safe-regulated medical environments. In this chapter, we focus mostly on dif-
ferent avenues and facets of flexible polymer materials in adaptable actuation and
sensing in the context of magnetic field for range of biomedical applications.

1 Introduction

Instead of rigid, inflexible, stiff robots, the era of robotics evolving rapidly towards
a soft, flexible, yet resilient and squishy counter parts. The advantage of using a soft
material as active component comes with its own challenges. In theory, soft materi-
als will pose infinite DOF, which makes control, and design an increasingly difficult
problem for engineers. Therefore,we need to have a better trade-off between a combi-
nation of rigid and soft counterparts to support objective optimally. Electromagnetic
actuation is widely been used to handle the movement of medical robots for decades
now in the realm of biomedical field for its wireless, untethered and safe control.
Along with this, soft magnetic material has an inherent property of high remanence
like the permanent magnets to be used as a better regulated control [35, 39, 70]. Due
to the non-linear relationship between electromagnetic torque and bending angle of
the soft material, quantization of the magnetic field inside a deformable structure is
a nontrivial problem to investigate [1]. In the paradigm of smart materials, magnetic
fields and its field distribution have been studied, tested and used in biomedical sys-
tems such as magnetic sensors, magnetic nanoparticles for MRI and multifunctional
drug releasing polymers [69]. In this chapter, we will focus on the fabrication and
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development of flexible polymer materials in an adaptable manipulator which will
be magnetically actuated [52, 97].

1.1 From Magnetorheological (MR) Fluid
to Magnetorheological Elastomer

The magnetorheological fluid is kind of a smart and controllable materials by mixing
ferromagnetic particles in oil or water [40]. Under the magnetic field, the viscosity
of the fluid changes and it becomes a viscoelastic solid. The MR fluid is affected by
the difference between an elastic modulus with applied magnetics fields (on-state)
and the same modulus with no field applied (off-state). The factors affect the MR
effect includes the matrix’s elastic modulus, the magnetic properties of the particles,
size and concentration of the conductive particles [47].

To understand more in detail of the MR fluid, there is an inherent necessity to
understand the inherent mechanics of the materials with magnetic micro particle
(mostly in 1–10 micron range) (Table1).

1.2 MRF Mechanical Dynamic Behaviour

When there is no electromagnetic field applied to the MR fluid, this behaves almost
similar to the Newtonian fluids. Therefore, a simple Bingham model is well suitable
to describe the dynamic behaviour of the field-dependent fluid characteristics. On the
contrary, in the context of non-Newtonian fluids, Bingham plastic model will behave
such as to increase the yield stress before there is any sort of flow imparted [16].
Along with the current scenario, there are numerous models been presently studied
as referenced herein [12, 100]. Along with the line of Bingham model, the shear
stress strain curve follows the behaviour as described [40].

Table 1 Summary of the properties of MR fluids (Data depicted from [40, 58]).

Property Typical value

Initial viscosity 0.2–0.3 [Pa s] (at 250C)

Density 3–4 [g/cm3]

Magnetic field strength 150–250 [kA/m]

Yield point 50–100 [kPa]

Reaction time Few milliseconds

Typical supply voltage and current intensity 2–25 V, 1–2 A

Working temperature −500 to 1500 ◦C
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1.3 Magnetorheological Elastomer [MRE]

MRElastomer consists of polymermedia like silicon or natural rubber withmaterials
that can be polarized. MRE exhibit similar characteristics to that of MR fluid but the
MR fluid operates at post yield region whereas MR elastomer operates at pre yield.
The major shortcomings faced by MR fluids like the contamination, deposition of
iron particles are overcome by MRE [40]. There are various classification of MRE
based on the distribution of particles, structure, electrical and magnetic properties
(Fig. 1).

During curing or crosslinking of matrix, magnetic field is applied to the polymer
composite. This would lock the particles in a columnar chain structure making it
anisotropic [58].When thefield is not applied, the ironparticles are randomlyoriented
making it isotropic. The choice of curing the elastomer composite is purely dependent
on the type of application. Due to this columnar structure in anisotropic material,
there is a low dipolar energy state. Shear modulus and the work required to displace
the particle from the low energy state will require higher magnetic field.

Fig. 1 MR fluid with and without magnetic field. a Without an external magnetic field b With
introduction of an external magnetic field to align the magnetic micro particles.
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1.4 Magnetically Responsive Stiffness Tuning in Flexible
Manipulators

The advantages of flexible polymer materials with advances in refined magnetic
actuation can be combined for a promising platform to work on a resilient, adaptable
manipulator for a range of biomedical applications. In this realm, there are published
report where microelectro-mechanical systems (MEMS) are embedded in magneto
rheological polymer for different motion control [42]. In the regime of magnetorhe-
ological elastomer (MRE), experiments shown to have optimal magnetic effect with
60% carbonyl iron particles content mixed in an anisotropic solution of silicon rub-
ber and silicon oil mixture [30]. To further optimize the whole magnetic system,
researchers came up with a particle model with the help of finite element model
(FEM) analysis to counteract the conjunction of ferromagnetism with viscoelasticity
[60].

2 MRE for Biomedicine

MREs have the actuation properties close to that of natural muscles while the same
principle can be extrapolated for peristaltic devices like micropumps. Apart from
artificial muscles, MREs can also be applied widely in drug delivery as the principle
mechanisms of TDD devices also based on fluid pump functioning. In the realm of
drug delivery, recent advances mostly concentrated in controlled drug administra-
tion where magnetic field can take a promising action [47]. So to understand and
administer in depth MRE controlled action, it is needed to appreciate the mechanical
system more aptly as briefly described herein (Fig. 2).

2.1 Properties of MRE

MRE properties strongly depends on the magnetic field strength. There is a change
in shear modulus and stiffness when the MRE materials are deformed [72]. Their
response rate is usually in order of millisecond.

Properties of MRE materials depend on various factors.

(1) The shear or elastic modulus, density is due to the material properties of the
elastomer matrix

(2) The magnetizable property depends on the micron-sized particles selected.

Hence, it is highly important in choosing the materials for MRE. The type of
material used for the elastomer matrix will highly determine the viscoelasticity of
MRE. Using ferromagnetic particles of size<1.5µm and assumed tomagnetize uni-
formly. In these materials, the maximum change in modulus or stress for maximum



Electromagnetically Responsive Soft-Flexible Robots and Sensors … 47

0.01

0.01 0.1

0.1

1.0

10

1.0 10

100

100

1,000
Electrostatic 

actuators

Magnetic 
actuators

Dielectric 
elastomers

Natural muscles

Acrylic 
elastomers

Piezoelectric and 
magnetostrictive 

actuators

Actuation Pressure/Density (kPam3/kg)

Actuation Strain (%)

Fig. 2 Different regime of soft actuators and natural muscle [4].

magnetic field applied occurs when the magnetic particles in the MRE are saturated.
The pure iron and alloys of iron exhibit this property and cobalt as these materials
has high magnetic saturation. In most of these MRE materials, modulus has a sig-
nificant increase when the stress applied is parallel to the magnetic particle in the
elastomer and also anisotropic MRE materials exhibit a higher increase in modulus
than randomly oriented magnetic particle.

The main factor that determines the property of MRE is the type of the ferromag-
netic materials used like the percentage volume, type of distribution, the shape and
size of the particle. It is observed that there is a low core loss and eddy current loss
within the MRE.

2.2 Change in Property Under Magnetic Field

Properties of MRE materials like elasticity, plasticity and viscosity depends on the
applied magnetic field. This study of deformation of the material under the magnetic
field is required for its application. These variables can be controlled by the use of
changing magnetic field. According to research result, for applied magnetic field of
0–0.3T, the range of shear strength of the material varies from 2–3 to 100kPa. There
is also an influence on the composite properties due to the alignment of magnetic par-
ticles with or without external magnetic field [46]. For both anisotropic and isotropic
MREs, the material properties like the stiffness and damping can be altered using
an external field. With the applied magnetic field and optimizing the alignment of
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particle and density, the damping or the stiffness can be increased [8]. For isotropic
material, the increase in stiffness or damping can be observed in applied field if the
volume fraction of the filler like the iron exceeds 15% [8]. For typical elastomer, the
shear modulus increase due to the magnetic forces of the inter-particle is almost 50%
to the zero field shear modulus. Hence from this, the shear modulus of elastomer
which are cured in the presence of magnetic field, i.e. anisotropic is no larger than
the shear modulus of the same elastomer with randomly distributed particles, i.e.
isotropic [99]. From various research, 27% of volume fraction of iron particles was
predicted to be optimum value [36, 98].

2.3 Flexibility and Tunability

Susceptibility (or permeability) of different types of magnetic elastomers (e.g. dif-
ference between magnetic properties of elastomers with magnetic particles, phase
composition) changes greatly with the electric field potential. For example, in AC
magnetic fields, iron particles are continually conductive and hence heating of the
devices increased up dramatically. This was due to the heating via absorption of
AC magnetic field, MRE resulting in hyperthermia processes. On the contrary, high-
intensity DC magnetic fields lead to hard magnetic filler, which further results in
changing anisotropic properties and overall matrix elasticity.

Carbonyl iron micro particles have the highest possible saturation magnetiza-
tion and high particles loading which is established up to 75 wt % with respect to
polymer [28]. The relationship between saturation magnetization is that it increased
linearly with particle concentration increasing. The soft magnetic and soft mechanic
elastomer with 50 wt % Fe exhibited 90 emu/g saturation magnetization and 80%
elongation in magnetic field of 1T and stronger.

2.4 Sensitivity to the Magnetic Field

Thus, sensitivity to the magnetic field is important for description of the elastomer
behaviour. It is of interest to compare susceptibilities (or permeability) of different
types ofmagnetic elastomers obtained by differentmethods. The differences between
magnetic properties of the elastomers with magnetic particles and magnetic proper-
ties of the powder of the same particles can indicate the phase composition of the
composite material under investigation.

Sensitivity of the materials are governed by many distinct factors such as per-
meability of different type of elastomers, percentage of iron particles and voltage
supplies. For example, permeability of different type of materials are affected by the
geometry of the fabrication and thickness of the elastomers. The volume of iron par-
ticles, particle size, particle shape and the alignment of the iron particles inside the
elastomer affects the sensitivity of the materials to the magnetic field, which in turn
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affects themagnetic actuation and the sensingmechanism. In addition, reports exper-
imentally demonstrated that there is a steep difference between pulsating magnetic
fields and time-independent magnetic fields and there effects therein [18, 78]. In AC
magnetic fields, particles are continually conductive and this will result in the heating
up the devices dramatically [18, 78]. The MRE will be heated up by absorbing the
AC magnetic fields which results in hyperthermia processes [81, 82]. However, the
high intensity of DC magnetic fields lead to the change anisotropic properties and
overall matrix elasticity of the hard magnetic fillers inside the elastomer.

2.5 Electrical Conductivity

The current MRE materials are made of Eco-flex silicone rubber or Polydimethyl-
siloxane (PDMS)which do not conduct electricity [62]. This is due to the fact that the
silicone and the oxygen atoms will form strong covalent bond in the giant covalent
structure. Thus, these elastomers could behave as good insulators. In our work, the
MRE is made of iron particles and silicone rubber. The researcher attempts to make
use of the presence of iron particles, which couldmake the elastomer to be electrically
conductive. The researcher makes a perception about the varying the percentage of
iron particles will affect the electrical conductivity of the materials. Other than that,
the researcher also precepts that the presence of both electrical field and magnetic
field will create a motion. This could be further investigated in making a force sen-
sor. The following fabrications have been done to improve the properties of the new
materials, which includes the flexibility, sensitivity and electrical conductivity.

2.6 Viscoelastic Property

Viscoelasticity is the property of material that exhibit both viscous and elastic char-
acteristics when undergoing deformations. Viscous materials like honey resist shear
force and strain linearly when stress is applied [27]. On the other hand, elastic
materials come to their original configurations when stress is been removed. Vis-
coelastic materials have elements of both of these properties and as such exhibit
time-dependent strain where elasticity is usually the result of bond stretching crystal-
like graphic planes in an ordered solids [27]. Viscosity, on the other hand, is the result
of the diffusion of the atoms andmolecules inside amorphousmaterials.WhenMREs
are exposed to an external EM field, the shear modulus of the material can be repre-
sented in a combination of two different parts (i) Shearmodulus for its own polymeric
nature (G0) (ii) Shear modulus caused due to the external magnetic field (G1). While
G0 corresponds the material intrinsic property, G1 changes with the external mag-
netic field strength [13]. As the external magnetic field intensity increases, the value
of G1 increases. This increasing trend signifies higher rigidity and less ductility.
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3 Electromagnetically Responsive Soft-Flexible Sensor for
Biomedical Applications

Although safe and favourable technology, due to the non-linear relationship between
electromagnetic torque and bending angle of the soft material, quantization of the
magnetic field inside a deformable structure is still a nontrivial problem to investigate
[1]. In this realm, we propose a novel soft-squishy, flexible force sensor approach for
active tactile sensation that utilizes soft morphological computation [51, 64]. This
research is motivated by hominoid finger’s extraordinary combination of fibroblast
bone tissue and flexible muscle for grabbing and sensing effective force feedback
while gripping a delicate, fragile object in real-time environment [86, 87]. We intend
to create an electromagnetically driven tactile sensing system that will be an integra-
tion of actuation (magnetorheological paradigm and electromagnetic) and sensing
elements (electrical conductivity). The main idea of this proposal will be to have
a comparative study with electrical conductivity to address the value of stress gen-
erated by the human finger with close proximity. This device when actuated will
change its morphology/stiffness and generate electrical stimulus transitions for dif-
ferent posture of embedded sensing. As a result, the proposed device can be proactive
in sensing tasks depending upon the EMfield variations. Conclusively, this work will
be an example of soft morphological control in sensing, and projected to open a new
trend in development of tactile sensing system for medical rehabilitation device and
therein [90].

The proposed prototype is a three-dimensional structure composed of a sensing
coil which is fabricated using natural rubber to be used as a soft-flexible bend sensor
for medical applications. The sensing coil mainly acts as an antenna, which is sub-
jected to varying magnetic field and in turn generates electrical signals. The strength
of the signal depends on the area of the coil, thickness, number of turns and the mag-
netic core running through the windings of the coil. The strength of the magnetic
field applied to the coil would also determine the strength of the field generated.

FIGURE: Overall Objective of the whole project.

3.1 Material Fabrication

Based on the types of curing process, MR elastomers can be attributed in two distinct
categories as (i) Isotropic MR elastomers and (ii) Anisotropic/Aligned MR Elas-
tomers. For each of these two categories, silicon oil, silicone elastomer and carbonyl
iron particles are mixed homogeneously to form a viscous liquid. The entrapped
air bubbles need to be desiccated minutely in either vacuum chamber (preferably)
[37, 83] heat treatment [48]. For isotropic elastomer preparation, the predefined vis-
coelastic liquid is cured without a magnetic field. On the other hand, anisotropic
elastomer needs a higher magnetic field [normally higher 0.8 T] [21, 48, 75] as to
align the magnetic particles in some ordered manner.
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In our proposed methodology for biomedical force sensor, the copper coils are
fabricated in different configurations by varying the number of turns and magnetic
permeable core to compare the strength of electric field induced and the inductance
of the coil [25, 26, 45]. Three different configurations were tested on the sensing coil
having turns of 50, 100 and 150 by changing the core from air to hard grade carbonyl
iron micro particles and 3M flexible magnetic strip. The fabrication process involves
coiling of 0.25mm copper wire in the form of solenoid keeping the length, thickness
and area of cross section of thematerial constant for all three configuration. The outer
layer of the sensing element is soft and fabricated using a cylindrical mould. The
soft material (Eco-flex 00–309a natural rubber) mixture is poured in to the mould.
To remove air bubbles, the mould is placed in a vacuum chamber for 5–10min.
Next, the mould is placed in an oven for about 90min at 80 ◦C for curing. Then, the
part is removed from the oven, and the mould is removed. It can also be fabricated
by leaving the mould at room temperature for about 4 h. The elastomeric structure
formed after curing improves the flexibility of the coil provides a better insulation to
copper windings and preserves the shape of the solenoid coil when bent or flexed at
different angle. Amultiple layer of silicon coating is provided by the samemethod of
fabrication as described above for making the device robust under different working
conditions. The working principle of this sensor is based on the displacement of the
iron core when bent through a certain angle as shown in Fig. 3. This is because the
inner curvature of the coil windings remain in contact and the outer curvature is
displaced with respect to the amount of bending.

The coil will have a variable inductance when subjected to bending which can
be mapped to the displacement and the angle of bending. By calculating the induc-
tance change based on the displacement the amount of bending can be determined.
Hence, the sensing determines the angle of bending by measuring inductance and
displacement of the pitch in the helical coil by the application of variable magnetic
field [11]. Figure4 shows the bending in applied magnetic field.

Fig. 3 Sensor working principle a when straight b when bent.
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Fig. 4 Bending of the sensing coil in applied magnetic field.

3.2 Summary of Actuations in Soft Robotics and MRE

In the field of actuation in soft robotics, there are different regime of actuations. The
pneumatic actuation is still widely used in soft robotics. On the other hand, there are
very few well-characterized soft materials, which can be used extensively for the 3D
printing—therefore, the field of soft robotics is a fertile land for future chemists to
discover new polymers. To make this polymers work for a suitable desired task in
most optimum manner, a well-qualitative direct actuation performance comparison
is a must choice. In Table2, we unveil the classification of actuation methods with
traditional approaches like motors and cables for the sake of completeness [5].

In our proposed research for MRE-based force sensor, fabrication in making a
humanoid hand-like gripper will show the advantages and disadvantages. Based on
the prototype, we need to come up with the idea to make smart materials which could
show magnetic actuation. In this work, silicone elastomer materials is developed to
achieve the bending movement under a magnetic field. These smart materials are
different form Magnetorheological elastomer (MRE) or magneto- responsive/active
elastomers (MRE) materials. This new type of materials is able to conduct electricity
upon actuation. It supposes to change its conductance when a force is applied on the
materials. Thus, it is able to work as a sensor in future premises.

3.3 Results and Discussion: An Initial Study

An initial study related to bending flexible force MRE sensor is conducted using
the finally fabricated elastomer that consists of a copper coil, iron particles and sil-
icone rubber (details mentioned in the experimental section). In this part, we have
tested the voltage difference/drop across the flexible MRE coils when bending the
elastomer in different angles. To investigate more into the mechanical property par-
adigm, we underwent compression and tensile expansion test (Instron UTM), and
recorded voltage drop across the elastomer. The experimental setup shown in the
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Fig. 5 Schematic of the experimental Setup.

figure includes AC Signal generator, oscilloscope and resistor to prevent our sample
from short-circuiting to the supply (Fig. 5).

The principle idea behind this result and discussion subsection of this chapter
is to have a comparative study with electrical conductivity to address the value of
stress generated by the human finger with close proximity. To illustrate more in
this paradigm, in future we will have different materials like Eco-flex, PDMS and
conductive foam, Hydrogel etc. to characterize and get the comparative study with
the amount of precision it can attain for force sensing. The output of electrical
conductivity will be compared with the stress strain analysis (INSTRON UTM) and
thus we will reverse engineer the whole system to be rugged and optimal for use in
medical rehabilitation further (Fig. 6).

According to the preliminary experimental setup, when MRE elastomer is bent,
the average maximum voltage across the elastomer will also change accordingly.
The initial length of the MRE elastomer material is 4cm long and the number of
turns of copper coil inside the material varied from 50 turns to 150 turns. For this
experiment, the frequency used is about 10 MHz. The following data are obtained
from the bending angle and voltage drop across the MRE sensing coil accordingly.

Parameters Dimensions
MRE sensing coil Length 4 cm
Diameter of the cylindrical MRE elastomer 0.56 cm
Series Resistor R 68 �

Supply Frequency 10 MHz

In the following experiments, we have tested preliminarily the change in voltage
when bending the elastomer in different angles. In this experiment, the initial position
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Fig. 6 The experimental setup.
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Fig. 7 Bending angle versus voltage—Average value comparison of samples with N = 50.

of the material is in a straight line, at this position, we assume the bending angle is
0 degree. The material will be bent clockwise each time and the voltage across
the material will be recorded. Here we have investigated magnetic field strength in
correspondence to induced voltage in the coils with three different perspectives as (i)
without iron particle (ii) with iron particle and (iii) with introduction of a magnetic
strip (Figs. 7 and 8).
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Fig. 8 Bending angle versus voltage—Average value comparison of samples with N = 100.
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Fig. 9 Bending angle versus voltage—Average value comparison of samples with N = 150.

With the changes in the mechanical property, the EM induction also changes and
in turn change the inductance of theMRE elastomers.We have calculated inductance
when the coil possess only turn 50 as hereunder (Figs. 9 and 10).

From the above plots, we can extrapolate an understanding that when there is
a tensile expansion force applied on the MRE-based sensing coil elastomer, the
voltage across the elastomer increases exponentially and it will show a larger voltage
difference across the elastomer. However, when there is a tangential compressive
force applied on the material, it will cause the decrease in the voltage drop across the
elastomer and follow nearly a linear trend. By comparing the plot, it is understood
that, when the compressive force is applied to the elastomer, there is a linear drop
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Fig. 10 Bending angle versus inductance—Average value comparison of samples with N = 50.
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Fig. 11 When there is a tensile expansion force applied on the MRE-based sensing coil elastomer,
the voltage across the elastomer increases exponentially and it will show a larger voltage difference
across the elastomer.

in voltage as compared to the tension force. This shows that for our fabrication, it is
more sensitive to apply compression for it work as a force sensor (Figs. 11 and 12).

3.4 Recommendations and Future Works

In this proposed research, we aimed to fabricate a new kind of MRE elastomers,
which could both generate small movements under magnetic and electric field. This
elastomer is believed towork as a sensor to detect the bending angles andmovements.



58 H. Banerjee and H. Ren

y = -3.87x + 104.75
R² = 0.9471

75

80

85

90

95

100

105

110

4.5 4 3.5 3

V
m

av
 (m

V
)

Length (cm)

Compression Test

Fig. 12 When the compressive force is applied to the elastomer, there is a linear drop in voltage
as compared to the tension force. This shows that for our fabrication, it is more sensitive to apply
compression for it work as a force sensor.

The novel approach we have implemented herein is to use copper coil and iron
particles for material fabrication to be implemented in a thin cylindrical silicone
rubber layer. Compared to normal MRE materials, our approach is sensitive towards
both electrical and magnetic stimuli and conductive therein. The fabrication process
deployed herein is simpler solution and can be downscaled in the laboratory as per
demand. We believe our setup to be conductive for flexible force sensor and thus
can be implemented in medical industry and flexible wearable electronics research
further. In addition to our preliminary approach the process of fabrication is cost
effective and yet resilient to external electromagnetic force. By implementing our
fabricated MRE elastomers in rehabilitation glove, it can work as an improvised
sensor to help patients to exercise their fingers (Figs. 13 and 14).

In order to increase sensitivity of the elastomer, in future we intend to reduce
diameter and hence weight in general for tracking minute differences in results. This
in turn will provide a large magnetic field within the coil, which will results in the
better bending motions. In addition, the copper wire that is used to make the coil is
very softwhich could easily deformunder as strong force. Thus, a bettermaterialwith
the similar properties of copper wire will be chosen to make the coil. In parallel, we
intend to design theMRE sensor embeddedwith soft skin layer and strain gauges that
covers onto another soft substrate sandwiched in between [95]. The results with the
strain gauges will characterize the sensor for customized rehabilitation applications.
Alongwith this we are in a process to include conductive ink channel for same design
and calculate the change of the conductivity with changing materials from composite
to MRE different sample(s).



Electromagnetically Responsive Soft-Flexible Robots and Sensors … 59

Fig. 13 Design of the sensing system prototype.

Fig. 14 Design of the sensing system prototype.

4 Proposed Design and Future Perspectives

MRE typically made with iron micro particles (∼5µm) immersed in silicon can
be made softer with silicon oil. Application of a magnetic field can modulate the
stiffness of the material [6]. Here exploiting geometry, we propose a saddle shape
for MRE. We intend to build the saddle volume around 260 mm3, which will fit in a
10mmvoxel comfortably. A similar volume cubewill be of 6.3mmvoxel, whichwill
exploit higher efficiency in iron particles exposed to the magnetic fields. For optimal
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control, changing V/V % of iron powder will affect the stiffness properties which
further will allow the sample to more efficiently utilize the source B field (Fig. 15).

Whenwe propose to applymagnetic field (B) in one direction, the magnetic micro
particles will be attracted and will not only attempt to align with the magnetic field
but also be attracted (gradient) towards the source permanent magnet, hence non-
uniform fields. This anisotropic attraction will cause tension build up in the saddle
and if we were to consider the force measurements in the orthogonal direction, this
stiffness of the material should be a result of the tension induced (Fig. 16).

The uniqueness of the design is hypothesized as follows: If we apply a magneti-
zation field in X direction where the edges of the saddle will experience a stronger
magnetic field as it moves towards it [7]. Compression and tension in the Z direction
should be stiffened due to the tension. The response in Y should be more special,
however, compression is resisted while tension is promoted.

Fig. 15 MRE design exploiting geometry. a The design paradigm of the saddle shape MRE. b
The aligned magnetic particles will attempt to align with the applied fields and resist shearing.
Field/Flux alignment is used here to achieve stiffness modulation. The saddle should be able to
achieve the same.

Fig. 16 The force (F) acting on a saddle in a (a). Three-dimensional component (b). The resultant
stress developed in the saddle MRE material.
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4.1 Magnetically Modulated/Controlled Soft and Flexible
Surgical Robot

So far, the most common mode to control flexible surgical robots is teleoperation,
which establishes the mapping between robot motion and movement of a master
device [67]. However, the surgical robots canmerely be roughly guided to the desired
surgical sites with weak obstacle avoidance capability via teleoperation [66]. More
precise pose control as well as the motion compensation ability are in demand to
strengthen the safety when manipulating the robots during surgical procedures. To
better guide the flexible surgical robots to the desired surgical sites and accomplish
allotted tasks, the motion planning of the robots can be implemented first to control
the robot to roughly reach the surgical sites following an obstacle free path while the
visual servoing control mode can be switched on to achieve the finer pose adjustment
as well as motion compensation [77]. In addition, the design and motion planning
of flexible surgical robots can be assisted by the construction of statistical atlas,
which contains information about the average shape and shape variation of a group
of patients. This would, further guarantee and improve the performance of robots.

4.2 Magnetic Motion Planning Control (Multiple Targets)

As introduced above, flexible surgical robots are mostly controlled by teleoperation
to move from one place to another. However, teleoperation can only control the
position of the end effector without considering the movement of the robot body.
The unexpected motion of the robot body is likely to cause harm to the patient
if the robot body collides with tumours, critical blood vessels, tissues, etc. [59].
Therefore, motion planning is necessary to determine the safest and optimal paths
for flexible surgical robots. These robots are desired to manoeuver along the central
axes of the cavities in order to maximize the path clearance and better ensure the
safety of the navigation. This goal can be achieved by incorporating the centerline
extracted from statistical atlas into the motion planning algorithm. Moreover, the
motion planning algorithm can be applied using different parameters of the robot
[76]. By evaluating the reachability and path quality, the appropriate parameters of
a flexible surgical robot can be decided. That is, the motion planning algorithms
can assist the optimal designs of flexible surgical robots as well. Furthermore, it is
quite hard for some classes of flexible robots, such as the concentric tube robots,
to follow the leader. However, by considering the shape constraints of these robots
when implementing motion planning, approximate follow-the-leader behaviour of
the robots can be achieved. This is quite favourable in minimally invasive surgeries
and emphasizes the significance of motion planning. Although only offline motion
planning algorithm has been developed in this thesis, the online re-planning process
also needs to be worked out in the future based on the real-time feedback from either
the visual sensors or electromagnetic (EM) trackers.
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5 Forthcoming Challenges and Future Work

A steady hand of a doctor is controlling the machine, with magnets held just above
the person on the operating table.When the snake robot is at the right spot, the doctor
uses the magnets to release vital drugs right where they are needed.

We are not totally there yet, but the above is not all science fiction—researchers
around the world have been developing such soft robots for the past several years. In
March 2017, engineers havemade a big step forward in controlling soft robots—using
magnetic fields to remotely move iron chains made up of tiny particles embedded in
the machines. A team of researchers from North Carolina State University (NCSU)
describing their research, says that using self-assembling chains that consist of iron
micro particles means they can get the simple robots to perform more complex
functions [73]. This could one day lead to soft robots used as remotely triggered
pumps for drug delivery or robot structures that can be remotely deployed when
needed for things like disaster aid, as described by them.

In the near future, we believe the onward research in this soft-flexible robotics
regime will be able to advance surgery and medical treatments, while other kinds of
autonomous soft robot designs can explore the real world, safely, close to humans, in
a way that traditional metal robots cannot. However, researchers still need to solve
a set of big challenges: how best to power and control these squidgy machines and
many more as described hereunder.

5.1 Material, Design and Fabrication Challenges

The transition from a hard conventional robot to its soft counterpart depends on its
underlyingmaterials [85]. Thematerials, and spatial orientation of thematerials, used
for soft robots allow for deformable, dexterous, soft interfaces, but the fabrication
process poses a challenge for robotic engineers. Currently, soft robotic researchers
frequently use state-of-the-art 3Dprinting and soft lithography fabrication techniques
[9, 15, 50, 92], stretchable electronics with wavy circuits [44, 71], soft microflu-
idic channel with conductive liquid [14], highly stretchable smart textiles, wearable
computing, etc.

The next challenge is to 3D print active, multi-material components into a single
packet for final use [19, 55, 91]. Though this 3D print technology revolution puts a
milestone in the scientific community, it should bementioned that unlike conventional
rigid robots, soft robots require design andmanufacturing from scratch, whichmakes
knowledge transfer critical. For example, there are very few well-characterized soft
materials which can be used extensively for the 3D printing—therefore, the field
of soft robotics is a fertile land for future chemists to discover new polymers. To
make this polymers work for a suitable desired task in most optimum manner, a
well-qualitative direct actuation performance comparison is a must choice.
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5.2 Computation and Control Challenges

In comparison with rigid, inflexible, conventional robots, soft robots theoretically
possess infinite DOFs making control extremely challenging. The materials used for
soft robotics are generally non-linear in naturewhichmakes it exceedingly difficult to
predict the empirical coefficient which canmimic the experimental non-linear elastic
behaviour, damping coefficients, interfaces between materials, and friction [49]. As
soft materials are continuous and deformable [34], the optimal control of the new
generation of soft robots needs the state variables of body posture, which are missing
since the design parameters are continually changingwith deformations, and difficult
to address with classical mechanics. The computations become even more difficult
if the actuator is to generate optimum force and torque for a desired application. For
example, electroactive polymers (EAPs) require very high voltage (in kV range) to
operate, while low voltage ionic polymer metal composites (IPMCs) are insufficient
to generate enough force and thrust. Pneumatic actuators need an extensive additional
pressure infrastructure, while shape-memory alloy (SMAs) has serious trouble with
overheating and surface damage. There is ongoing research in simulating continually
deformable, highly compliant, flexible bodies using piecewise constant curvature
(PCC) model [88], Bernoulli–Euler beammechanics [31] for deformation prediction
or inverse kinematic algorithm. Each of these standard approaches to modelling bio-
inspired robotic systems comes with its own challenges. For example, PCC does
not necessarily guarantee to incorporate all characteristics of soft robots, for which
non-constant curvature model is being introduced recently [68]. On the other hand,
inverse kinematics does not include the whole soft body and even the end effectors
poses are not included in solutions. Though dynamic modelling somewhat mimics
the high deformation of soft materials, interfacing control will be a great challenge
as it requires a model-based prediction. So as dynamic modelling progresses, there
is a great need to update control algorithms to fit real-time, complex situations.

5.2.1 Control Solutions

Controlling medical devices using magnetic fields is not a new concept and has been
explored by a number of researchers. For example, teams at Vanderbilt University in
the USA, the University of Leeds in the UK and in Scuola Superiore Sant’Anna in
Pisa, Italy, all looked at steering andmoving capsule endoscopes [17, 41, 57, 74, 80].
Researchers at the Chinese University of Hong Kong have also magnetically steered
micro-robotic swarms [93, 96].

Typically, an autonomous robot must have a basic body structure, sensors, a cen-
tral control system (microprocessor), actuators (motors), a power supply and a pro-
gramme for its behaviour. Building a body from soft materials, like polymer, can be
done by casting, injection moulding and 3D printing. Sensors and microprocessors
can now be manufactured small enough to be embedded inside a soft robot without
compromising its flexibility. Electronic components too can be made flexible or even
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stretchable. However, traditional electric motors cannot be shrunk down and embed-
ded in the same way that sensors can, and they become less powerful the more you
shrink them.

Hydraulic and pneumatic systems have been used to control soft robots but they
have to be tethered to the machine—not so useful if you want a robot to travel long
distances.Other options have been to use so-called soft actuators such as electroactive
polymers (EAPs), macroporous gels and other phase-transition materials, but much
more research needs to be done before they are effective motors. Some of the most
widely used ‘soft’ actuators use threads of shape-memory alloy wires or foils. These
are alloys that change their shape when they are heated, acting similar to muscles.
So far, they have been found to be inconsistent, energy inefficient and easily affected
by environmental conditions.

5.3 Energy Demand and Optimization Challenges

However, making sure these soft robots have enough power to move outdoors for
hours upon end is not an easy task. Anything that is electrically powered must store
energy in batteries or capacitors. Although these can be made relatively flexible, they
are not widely commercially available and cannot store large amounts of energy.
Researchers are instead turning to a biologically inspired solution: storing chemical
energy in the soft robot and using it when needed just like fat is transformed into
sugars, fats and proteins to provide energy for migrating birds.

The work [73] using magnetic field-driven soft robots is ultimately constrained.
It would take incredibly large amounts of magnetic power to move larger soft robots
out in the real world.

However, when it comes to autonomous soft robots controlled using the perhaps
more promising approach of chemical reactions, the applications could be much
wider. Robots with the muscle control and dexterity of animals and humans could
be used for handling delicate items in warehouses or creating powerful exoskeletons
for the elderly. The technology could even be used to create homes that could morph
or change depending on its environment, like a soft robotic wall that could morph
into different shapes when needed. Although it may sound far-fetched, with the field
of soft robotics making strides every day, it should not be long before we start to see
these ideas become a reality.

5.4 Emergence of Biobots: A New Promising Approach

The first development on hybrid bio-robots based on muscular cells have already
made appearance in the form of proof-of-concept Muscular Thin Films (MTF) [79]
or systems that can crawl, swim or grip [3, 20, 61, 63, 65, 89]. Most of these devices
are based on cardiac muscle cells, which have the ability of self-beating, therefore
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reducing the need of a control mechanism [24, 89]. Nevertheless, a control of the
frequency of beating can still be achieved by electric field or genetically modify-
ing the cardiac cells to respond to a light stimulus [10, 63]. Cardiac muscle cells
provide a suitable solution for proof-of-concept bio-robots or biomedical studies in
heart-like constructs or organ-on-a-chip devices, since they are already differenti-
ated into striated muscle cells. However, they are not the most convenient election
for hybrid bio-robots, mainly because they contract continuously without the capac-
ity of halting. Skeletal muscle cells do not present this problem and therefore are
thought as a potential solution for hybrid soft robotics, but they have been proven
more complicated to use than cardiac cells. They need to be seeded as myoblasts
and differentiated into myotubes in a process that lasts several days. More developed
and striated muscle tissues require the formation of sarcomeres for an optimal force
generation.

Skeletal muscle cells have been used in MTF and in simple crawlers or swimmers
[20, 65, 79]. However, none of these actuators discuss the formation of sarcomeric
structures in their constructs, leaving only certain basic research studies to deal with
that [29]. It has been shown that surface stiffness, electrical stimulation ormechanical
strain can improve the development of sarcomeres [22, 23]. For instance,moremature
sarcomeres can be obtained when the elastic modulus of the substrate is closer to that
of real tissue. In relation to this, it has been reported that a second layer of myocytes
can form well-organized sarcomeres, thanks to the mechanical compliance with the
first layer of tissue [32]. Besides this, a 3D study of the formation of myotubes and
striated muscle in 3D is still at a very early stage. In this regard, 3D bio-printing
becomes a unique tool for the fabrication and study of well-developed muscle tissue
in three dimensions as well as its integration with printable materials. Moreover, the
latter could lead to the fabrication of 3D bio-robots that can produce greater power
than their 2D-seeded counterparts. The state-of-the-art 3Dbio-printer fromRegenHU
available at the institution and CELLINK’s Inkredible+ 3D bio-printer already in
possession by our group provide us with the necessary means for the fabrication of
complex 3D Biobots. Furthermore, we will use this technique to pursue forward the
study of 3D alignment of myotubes and sarcomere assembly, taking it from basic
research towards real applications in the field of hybrid soft robotics and biomedical
applications.

Due to the importance of the mechanical properties of substrates, a great deal of
research has been carried out in the development of new hydrogels for the support or
encapsulation of different kinds of cells. These materials often offer tunable mechan-
ical properties by changes in their composition or cross-linking mechanism, making
it possible to reach a better compliance and tissue-like stiffness [33]. They have also
been nano-engineered with the addition of magnetic nanoparticles [94], nanofibers
[43] or carbon nanotubes [2] to improve the alignment or excitation of myotubes,
but it has not been pursued towards an application. 3D bio-printing has been used
to obtain 3D structures of different kinds of cells encapsulated in hydrogels that are
later crosslinked and it has been proven to be a biocompatible process, as well as suit-
able for cell survival, proliferation and differentiation [54]. Furthermore, complex
architectures can be created with the help of sacrificial materials, such as hydrogels
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that can be removed after the construct has been crosslinked [38]. So in nutshell,
the progressive research in biological cell energy stimulator will be an immediate
alterative to high end energy demand and collectively in future be used as an energy
harvester.

5.5 Commercial Challenges

Soft robots have great potential to be applied in industrial automation and health
care realms. As per the prediction projected by ABI research, the market of personal
robots may undergo a sharp fall from previous estimates to $ 6.5 billion by 2017 [53]
which leaves engineers no choice but to focus more on cost-effective, flexible soft
robots. However, this emerging technology has many challenges to overcome before
it can be widely commercialized. First, it is extremely difficult for start-ups to sell
directly to end users or to collaborate with largemanufacturers, as they typically want
to collaborate with companies, which already demonstrate an operational record of
accomplishment and financial stability. Second, even if there is financial support for
R & D and marketing activities, obtaining regulatory approval for medical appli-
cations takes a long time (5–10 years), which means investors need to commit to
financial support for a long period.

There is no doubt that in the near future, market demand will influence the com-
mercialization of soft wearable machines and medical robotics. Apart from manu-
facturing scalability, consumer interests and efficient and viable technical solutions,
soft robots will face great pressure to be inexpensive and optimized to meet the
steep market demand. The great advancement of electronics integrated chip (IC) and
microfluidics network in the last few decades follow Moore’s law nicely, while soft
robots have yet to climb that ladder and face great challenges in the future. However,
according to Bank of AmericaMerrill Lynch (BAML) research, medical robots busi-
ness is expected to grow at a much faster rate to reach $ 18b by 2022 even though
compared to industrial robots, medical robots adoption is still at an early stage, with
1,224 units sold for $ 1.3b in 2014, only accounting for 5% of total robots sold [56].
On a final note to sum up, Prof. GeorgeWhitesides—in an interviewwith Prof. Barry
Trimmer—clearly explained that the field of soft robot actuators is still in its nascent
phase and will be commercially challenging for researches to explore in the near
future [84].

6 Concluding Remarks

Inspired by the exceptional competence of natural organisms, researchers have been
widely exploring the possibility tomimic the richmultifunctionality of soft biological
species. The motivation behind this gradual shift towards soft robotics derives from
the aspiration to tackle more complex, unpredictable environments, which demands
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higher order of mechanical intelligence. Imitating the inherent traits of their natural
counterparts, these futuristic robots are designed to match the elastic and rheological
properties, to facilitate easy movement through awkward surroundings. In general,
soft robotics offer better mechanical compliance with biological systems than their
rigid counterparts. Their biocompatibility, adaptability and capability for developing
multiple and complex functions such as actuation in confined spaces, deformability,
adaptation to the environment or manipulation of unmodelled objects, account for
their potential towards several different applications, including biomedicine.

It is evident by now that magnetically responsive untethered soft robots bring a
new way to look into robotics for future generations, which will attract investors
and companies for product commercialization. It is also to be noted here that soft
robotics in general for whichever actuation is posed upon, offer the potential not
to compete with conventional robotics, but to tackle a set of problems that existing
technologies have not been able to solve. The vast biomedical applications of soft
robotics in rehabilitation, tissue engineering, soft biological cell biology, flexible
surgical manipulators etc. are overwhelming and call for a serious investment in
research focused on the fabrication and material synthesis of flexible, dexterous and
cost-effective cross-linked polymers. There are examples of soft robotics revolution-
izing areas beyond biomedical research like disaster management, rescue operations
and field exploration. In all these preamble application avenues, magnetic-driven
softbots are highly acknowledged as per their wireless, minute control manoeuvre.
The question that stands now is whether innovations in rapid prototyping techniques
like soft lithography and 3D printing will allowmanufacturers to print an entire robot
that will be inexpensive, easy to use and satisfy market demand.We can be optimistic
to make this new technology grow faster and bring out a sustained environment in
which human–robot interaction can rise to a new level.
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Magnetic Actuated Catheterization Robotics

Bok Seng Yeow and Ren Hongliang

Abstract This chapter covers the design principles of magnetic actuated catheter
robot and is outlined as follows. Section1 discusses key fundamental principles to
design for an electromagnetic catheter/guide wire type surgical robot. The clinical
perspectives are covered in Sect. 1.1 and in Sect. 1.2 the overarching electromagnetic
theory is mentioned. Electromagnetic systems can be further decomposed into the
stators (stationary wound coils) and actuators (moving part usually consists of per-
manent magnet), where the stators can be interpreted as the input and the actuator the
output. Section2 will cover the design consideration of stators and Sect. 4 the design
principles of the actuators. Sections2 and 3, aim to provide the reader with an intu-
itive approach to designing their own electromagnetic system. Section3 will further
exemplify principles covered in Sects. 2 and 3 with a fabricated prototype from our
lab. These electromagnetic catheter systems can be classified by many parameters;
one important parameter is the bending angle and will be addressed in Sect. 4. The
use of this angle is demonstrated for a surgical context. This chapter concludes in
Sect. 8, providing an overview of the works presented and the future directions.

1 Medical Background

1.1 AV Fistula

Arteriovenous fistula is a specific treatment support option for patients experiencing
renal failure and requiring hemodialysis [24]. During dialysis, a machine replaces
the patient’s lost kidney function of blood filtration to prevent accumulation of toxic
waste products [18]. During dialysis, the blood from the patient has to be rerouted
into the machine and this requires venous access. There are other alternatives such as
an access catheter or via grafts [54], fistulas allowing an increase in blood volumetric
flux which is beneficial to the performance of the procedure. The increase in blood
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Fig. 1 Vasculature in the upper limbs.

flow comes from rerouting an artery to a vein which is connected via an anastomosis
[24]. This causes the vein to build up pressure over time and will dilate. The enlarged
vein acts as an easy access for dialysis and this technique can be applied to a wide
variety of location. Common sites include the upper limbs using the Radial, Ulnar,
Brachial and Cephalic [35], Fig. 1.

The connection technique between arteries and veins can vary depending on the
situation such as transposition (the distal drainage network of a vein is replaced with
flow from the artery) and interposition (flow from the arteries bifurcates into the vein
via a graft connecting the two) [24].

1.2 Stenosis

Utilizing thefistulas overtimewill develop into stenosis [1], as there is constant needle
access [20, 53]. The constant needle access results in tissue trauma and develops
scar tissue; furthermore, there could be fistula thrombosis [11]. These medical issues
result in the reduction of volumetric blood flow [17] and should be reopened via
angioplasty [25].

Angioplasty involves inserting a surgical balloon or stent into the lumen of the
vessel, which expanded to increase the size of the lumen. To reduce surgical trauma
and improve surgical success rates, it is common to access the target area via a distal
access site. A guide wire is to create an access line connecting the distal access site
to the target site. A catheter then run over the guide wire to replace the guide wire.
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Surgical tools such as the surgical balloon then traversed through the catheter to react
the target site to carry out its functions.

1.3 Challenges and Benefits

In the less ideal and more likely scenario, there will be challenges in performing the
procedure. In positioning of the guide wire under the guidance of angiography and
ultrasound, visual acuity in trying to place the guide wire is lacking. Further, there is
poor transmission of forces to the distal tip as control is mechanically initiated from
the proximal end and is expected to traverse the entire insertion length. The trans-
mission is easily compromised with torus environments where the guide wire easily
buckles. Physicians utilize various shapes of guide wire [37] and handling techniques
[26] to mitigate the current limitations in guide wires. The concepts described in the
following chapters intend to provide physicians with a more direct control over the
distal tip via electromagnetic coupling. The electromagnetic approach is more direct
as the control information outside of the patient is not attenuated along the guide
wire path.

1.4 Arteriovenous Fistulas and Electromagnetic Actuation

Minimally invasive surgeries [24] involve teleoperation of surgical equipment and are
widely employed in vascular surgeries due to benefits, in patient recovery times, over
open surgery [18]. Vascular surgeries typically involve guide wire placement prior to
angioplasty (balloon or stent) procedures [54]. There exist a wide variety of vascular
targets such as arteriovenous fistulas which are superficial veins/arteries at the dermal
surface. This reduces constraints on the design of the system as the magnetic fields
need not be as strong to penetrate and reach the deep vasculature. Arteriovenous
fistulas are important to hemodialysis patients as access sites for renal therapy; in the
2011 Kidney Dialysis Foundation report, 76.6% of Singapore hemodialysis patients
are reliant on arteriovenous fistula [35]. These fistulas, however, tend to close-up over
time due to constant needle access [1, 35] inducing tissue trauma and developing
stenosis [20]. Angioplasty remains an important surgical option for the management
of stenosis in arteriovenous fistulas [53].

The guide wire has to traverse the length of the fistula, mediating across the
stenosis. For our problem statement, we assume that complete total occlusion has
not occurred. The surgeon is challenged by limited vision and control in the deter-
mination of guide wire positions during the navigation phase [11]. Surgeons have
to be dexterous and experienced to not over exert pressure which can puncture the
vasculature [11] and employ skilful buckling of the different types [17] of guidewires
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Fig. 2 Overview of the electromagnetic system.

to reach the correct destination. The challenges presented also vary between patient
demographics [25] and the type of arteriovenous fistulas [37, 53]. In the case of
overly torus routes [26], multiple stagings of catheters guide wires exchanges are
needed, consuming time and resources.

Our system utilizes electromagnetic coil pairs that are configured near the stenosis
site and defines the magnetic flux density at a region which is operator determined.
When the guide wire is at the region of interest and the operator requires the guide
wire to deflect in a particular manner (to check for guide wire advancement), the
appliedmagnetic fields can be controllably changed. Changes in the appliedmagnetic
fields interact with the magnetic attachment on the guide wire, inducing mechanical
deflection of the guide wire, Fig. 2.

EM coil refers to the electromagnetic coils which generate the magnetic fields
(represented by dotted arrows). The guide wire deflects an angle of () due to inter-
action of the magnetic tip (red and blue box) in the magnetic field. The entire setup
is orientated relative to the patient’s arm where tele-navigation of the stenosis is
deemed necessary.
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1.5 Overview and State of the Art

The use of electromagnetic manipulation systems can improve present surgical pro-
cedures [45, 55] despite reported risk from magnetic resonance heating [32]. Preex-
isting tetherless electromagnetic arts are classified here based on the actuator (Particle
or Manipulator) or the stators (Electromagnetic coil). Arrangements [31, 33, 40] for
the various stators, the control methodology of the magnetic navigation system [4,
6, 8, 10, 43, 47, 48] and the applications of the system [13, 46] can be defined
separately. Publications associated with Stereotaxis [9, 21, 27, 36, 38, 39, 44, 49]
or claiming novel actuators will be further considered due to the similarity in art.

Novel actuator ideas include converting the associated magnetic responsive ele-
ments in the manipulator, which is traditionally ridged, into a fluid [52], nanoparti-
cles [12] or flexible magnets [16]. The magnetic component is also used to grab and
advance other instruments [50]. Additional functionalities were associated with the
navigation of the manipulator, such as with drilling tasks [5].

Comparing with guide wire actuator-based systems, magnetic micro-robot sys-
tems [3, 7, 19, 22, 23, 41] share similar operational mechanics to manipulator-based
guide wires [2]. Tetherless magnetic control has also been used to couple the motion
of a robotic arm to a magnetic capsule [31]. More recent setups include magnetic
actuation of in-vivo cameras [30] or for high-frequency actuation such as in needless
injectors [51].

Presently, the prototype holds much similarity in terms of methodology to designs
claimed by Stereotaxis. The predetermined position of themagnetic element interacts
with the external magnetic field enabling flexion. Our system differs from the above
based on the applications to plaque navigation in fistulas and in the portability of the
stator magnetic fields generators. Further, this prototype is preliminary and works
toward the eventual disposable guide wire attachment for tetherless electromagnetic
control. This will enable the angioplasty procedure to move into small clinics as
the electromagnetic coils are much smaller and more portable. Additionally, the
attachment will allow any type of guide wires to be controlled allowing ease of
integration into hospitals.

1.6 Clinical Relevance (In Geographical Context)

Peripheral artery disease (PAD) has been indicated to be a growing problem [28] and
is a type of atherosclerosis. In Singapore and many Asian countries, the risk factors
associatedwith PADare on the rise due to an unhealthy lifestyle and an increase in life
expectancy [42]. PADaffects both themortality and quality of lifestyle of patients and
shares similar risk factors with other cardiovascular disease. Common methods for
the diagnosis of PAD include the ankle brachial index [14] as PAD usually occurs
in extremities of patients especially the lower limbs, affecting mobility. Surgical
treatment such as atherectomy or angioplasty via stenting or balloon (US8348858,
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US8419681) will require a guide wire to deliver the end effector to the desired
location [15]. There are many types of catheter-guide wires configurations [34] for a
wide range of purposes and control is challenging as complications may arise from
perforations and buckling when using a distal controller. It is useful to define some
functional definitions [34] of a guide wire.

(1) Wire trackability—is ease in which a wire can be advanced through a tortuous
artery without buckling, kinking or prolapsing. This is related to the bend radius, arc
length and number of bends of the artery which the guide wire has to traverse. This
is similar to the dexterity requirements in the design of manipulators.

(2) Pushability—is the percentage of transmitted force from the shaft to the wire
tip and relates to the axial and radial advancement of the guide wire.

(3) Penetration power—is the pressure that the tip can exert without buckling.
This is essential when trying to penetrate through occlusions.

(4) Tactile response—is how the operator can comfortably and accurately control
changes in movement of the wire tip.

(5) Tip load—quantifies the force to bend the distal tip of a wire. Stiffer wires are
harder to bend and consequently easier to pierce through calcified/blocked arteries;
but as they are stiffer, they require more force to bend and the forces exerted may
cause puncture damage to the surrounding tissue. This is analogous to compliance
in a manipulator.

There are further functional aspects of guide wire, which we will not consider
as it is less related to the manipulability of the device durability, tip flexibility, tip
malleability, etc.

2 Electromagnetic Principles in Magnetic Catheter
Actuation

2.1 Magnetic Fields

All electromagnetic designs stem fromMaxwell’s equations which describe the cou-
pling between electromagnetic fields as well as their spatial representations. While
electric fields and magnetic fields are essentially carried by the same boson (pho-
tons), their oscillatory interactions with the human body are vastly different. Electric
interactions are useful as sensors where the changes in electrical resistances and
capacitance are detectable as in the case for ECG, EMG, EEG, etc. While magnetic
fields have also been used for sensing (MRI), the magnetic fields required have to
be very strong to pick up the atomic spin information. The human body is virtually
invisible to weak magnetic fields and thus magnetic fields are a good choice for
transmitting information into the body with minimal interference. The generations
of magnetic fields are achieved artificially with an electric current which is charac-
terized by Ampere’s circuital law. The generated magnetic fields can then be used
for subsequent actuation.
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2.2 Magnetic Circuit to Generate Magnetic
Fields/Magnetomotive Force

Much like Kirchhoff’s Law in electrical circuits, the magnetic circuits are the sim-
plified law to model magnetics and are analogous to their electrical counterpart.

The electromagnetic coils (or wire winding/solenoid) act as magnetic dipole
sources and generate the potential for magnetic fluxes. The flux density at the regions
of interest can then be calculated by considering the integral over the total perme-
ance/reluctances of paths.

The path considered for magnetic circuits can be challenging to define but it gives
a good approximation to magnetic flux densities when the flux leakage of the source
is small. This approach is best used when the air gap in consideration is small for the
magnetic flux path in question. The consideration of the magnetic potential sources
on the other hand is quite straight forward. Permanent magnets are characterized
by their intrinsic magnetization values and act as fixed dipole sources. Solenoids or
wound wires carrying current will generate magnetic fields and also act as magnetic
sources. The following example demonstrates the calculations for themagnetic fields
at any given point along the axis of a simple solenoid:

B = μ0N I

2

∫
R2dx

(x2 + R2)1.5
where

{
x = rctgβ

dx = −Rdβ 1
sin2β

}
(1)

B = μ0N I

2
(cosβ2 − cosβ1), (2)

where μ0 is the permeability of free space, (H/m), and R (not in fig) is the radius of
the solenoid (Fig. 3).

2.3 Interpretation of Lorentz Forces

This chapter considers the interactions between ferromagnetic materials in the gen-
erated magnetic fields. Two predominant models have been used in the calculation of
forces between magnets (Magnetostatics): the Gilbert model and the ampere model.
Finite-element models for the numerical derivation of magnetic force on ferromag-
netic objects are commonly adopted for experiments handling complex geometries.
The details of the Gilbert model and the Ampere model will not be discussed but
rather the more general governing equations of (Eqs. (3) and (4)). The reader should
still look up on the twomodels to check if their geometries fall under the classification
of either the Gilbert or Ampere model assumptions, in which case the analysis can
be simplified. Magnetic fields are controllable via current in electromagnetic coils,
and the interaction between the applied magnetic field and a magnetized object is
coupled by Lorentz forces which drive the mechanical actuation. By considering
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Fig. 3 Models of solenoid.

magnetic dipole sources, the net actuation can be split into forces (F) and torques
(τ ):

F = Volume (M · �) B (3)

τ = Volume (M × B) . (4)

This actuation can be applied to a medical context for manipulating micro-robots,
guide wires and catheters. The control over these instruments has a wide array of
impact and below we discuss one such impact.

3 Magnetic Stators

3.1 Basic Coil Design

For themagnetic catheter to conduct information, there should be interaction between
the external magnetic field generators and the magnetic element, which is inside the
patient. For the general setup, the external electromagnetic coils are good targets for
controller inputs.
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Fig. 4 Relative overview of actuator and stator in practice.

We begin with the design of electromagnetic coils which are the field genera-
tors. Varying currents in the EM coils will affect the eventual output position of the
in-vivo magnetic elements. The simplest electromagnetic core consists of wound
wires around a core material and can take on many designs depending on the require-
ments. The simplest design is a solid cylindrical core with wires winding coaxially
around the core to form a cylindrical shell around the solid core (Fig. 4).

3.2 Electromagnetic Core Parameters

For a given solenoid, we define a region of interest where the generated magnetic
fluxes from the solenoid change the magnetic field potentials and gradients for actu-
ation. While it is possible to have an air core system (depending on the design and
requirements), the currents may be high (resulting in heating concerns). Thus, incor-
porating a core material has benefits of concentrating magnetic fluxes and increasing
magnetic field strengths at the region of interest. To further enhance the magnetic
field, a closed flux path design is recommended to reduce the reluctance of the flux
path as much as possible. This is achievable by encasing the solenoid in a magnetic
permeable material, thus replacing the external air path with a more permeable mate-
rial. Magnetic permeable materials will have a BH response curve which is important
in the selection of materials [45].

BH curve shows the saturation/max operation for the material and is used to
select the appropriate material for the purposes intended. Any material will have a
response to the applied/surrounding magnetic fields; here, a magnetic field strength
of H is applied to the material and the magnetic field B (synonymous the magnetic
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flux density) in thematerial has a response characteristic to thematerial composition.
Mostmaterials have a saturation limit which should be above the design requirements
to reduce losses. Other preferential aspects are the gradient of the operational region
(such as optimized linearity, steepness), hysteresis loss (usually minimized via eddy
loss minimization common in high-frequency operations) and other physical factors.
The approach is to first solve for B field in the homogeneous region based on air coil
design. Based on physical parameters for the coil, including I for current, LEM for
length, OD for outer diameter, ID for inner diameter, ODwire for wire diameter and
Lwire for wire length, we determine the turns per unit length (n):

rave =
OD
2 − I D

2

2
+ I D

2
(5)

N = Lwire × 103

2π × rave
× F (6)

n = N × LEM

ODwire
. (7)

The turn per unit length indicates the density of the coils and allows an estimation
of the magnetic flux density at the centre of the solenoid (=1 for air core):

B = μ0nI. (8)

Next, the factoring of changes in the reluctances due to the magnetic permeable
core.

B is related to H (magnetic field strength) and thus MMF (magnetomotive
force F)

B = μH (9)

F =
∫

H · dl, (10)

where dl refers to the flux path.
Depending on the cross-sectional area, flux density is usually the better parameter

to describe the system as

φB =
∫∫

s
B · ds, (11)

which is the equation for describing the magnetic flux through a nominal surface S.
When using a soft magnetic core instead of an air coil, the reluctance (Rm) of the

magnetic flux path is reduced:
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φ · (Rm ↓) = (F ↑) . (12)

Thiswill increase the perceivablemagnetomotive force at theROI,which is similar
to the electric circuit. The changes to reluctance are determined experimentally to
find a factor (μk) which changes the magnetic permeance (μ) of the flux path:

μ = μkμ0. (13)

By relation to the above equations, the flux density is increased leading to the
actuator perceiving stronger electromagnetic field for actuation.

To factor in the spatial position of the region of interest away from the coils,
we utilize concepts covered in Sect. 2. The simplified and accessible approach to
magnetic field state above does suffer from some limitations. The magnetic fields
generated are in many cases not uniform but as EM coil area >> permanent mag-
net/ROI, this is still a good approximation. However, if the field is nonuniform in
the ROI, the above calculations will not be applicable such as when working near
the electromagnetic coil surface. If so, alternative computational methods may be
preferred.

From the general solenoid Eq. (2), I (current) and n (turns per unit length) are
preferably maximized within the physical design limitations. The values of I and n
are related inversely, and thus there exist an optimization between the values of n
and I. To increase the number of turns, the wire diameter can be decreased:

ρ = R
A

L
. (14)

The resistance is a function of the resistivity (R), material property and the geo-
metrical relations of cross-sectional area (A) and length (L). Thin wires can increase
the turns per unit length as the diameter of wires decreases and more wires can fit in
the same area. However, this will reduce current as the cross-sectional area decreases
(A) and resistance of thewire increases. An ideal case should optimize parameters for
number of turns per unit length to desired current. This can be done experimentally
or via simulation [55].

3.3 Geometrical Configuration

By varying the positions of coils, one can generate unique magnetic fields at the
regions of interest. Each coil generates magnetic fields, and the summation of all
these effects is translated into the eventual ROI fields. At higher frequencies and
magnitudes, the signal can constructively or destructively interact with other coils
which can be important to high-frequency and proximity designs. When considering
design, start from the simplest level of actuation and move towards desired level of
complexity. An example of magnetic translation can include 3 DOFs to translate a
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permanent magnet in the X, Y and Z axis. We associate one coil pair to each degree
of freedom (DOF). Thus, we would have three coil pairs one on each axis. Coil pairs
are common in defining 1 DOF; however, this is not always necessary and a single
coil is also capable of achieving the same. Coil pairs are, however, commonly used
as the magnetic potential falls of greatly when moving away from the coil, and hence
a much larger current is required. A coil pair counters this by having an opposite coil
to maintain the field strengths. Having Helmholtz or Maxwell coil pairs will allow
easier control over the well-modelled dipole field. The differences in input current
between the two coils define the gradient and potential along that axis. In addition to
field strengths, magnetic field uniformity at the region of interest is also preferred to
improve ease of control. This relates to Sect. 3.2 where using a soft iron core which
increases field strength will also make the magnetic fields less uniform.

3.4 Unique and More Novel Designs

While it is discussed above that coil pairs are coaxial to define a DOF, many other
designs do not follow this. One example being OctoMag [15] which has eight elec-
tromagnetic coils but is unique in the layout to achieve 5 DOFs. OctoMag design in
which four coils use opposite coil pair designs define the xy plane, while the other
four coils rest above the other four coils to provide the additional z-plane motion.
The control aspect of such a setup is very much more complicated and by this design
5 DOFs is achievable. Such a complex design is, however, well suited for ocular
procedures where it would be difficult to place coils posterior to the eye. This is
an example where the number of coil pair does not directly relate to the number of
DOFs due to the design restrictions.

Most coils adopt a circular design to capture the symmetry in magnetic fluxes.
However, coils need not always be circular; Square coils have been designed [40],
and more complicated designs are possible depending on problem specifications.
The physical assembly and arrangements of multiple coils (while individually sym-
metrical) can induce a loss of symmetry in the global system. Square coils can be
designed to compensate for this and maintain the global symmetry in magnetic fields
[33].

Other designs remove the need for an electromagnetic coil altogether. An actuator
with 5 DOFs was achieved in [31] but utilized a single permanent magnet as a
stator. Here, a robotic arm is used to provide the DOFs acting as the stator via a
permanent magnet attached to the robotic arm. Magnetic forces are used to couple
and transfer the position motion, and there are no electromagnetic coils used. The
control, however, has to be closed loop, and depending on image feedback the robotic
arm has to modulate the signals appropriately to control the positions of the actuator.
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4 Magnetic Actuators

4.1 Magnetic Tip Attached to a Guide Wire Modelling

When the guide wire undergoes deformation due to energy input from the external
coils, the increased energy state is balanced across the time frames. There are three
energy domains for consideration in each time frame where the sum of the internal
energies must equal to the energy state in the previous frame plus the energy change
from the external system [47, 48]. The three energy domains are (1) magnetic poten-
tial energy, (2) strain energy and (3) contact deformation energy. A magnetic dipole
in a nonuniform magnetic field will be displaced until it finds a stable low energy
state; the energy it must seek out this minimum is the magnetic potential energy and
is a result of the interactions between the magnetic field and the magnetic dipole. In
our case of guide wire, the deflection in the tip will increase the strain energy in the
guide wire. If the external forces acting to deflect the guide wire are interrupted, the
strain energy in the guide wire will restore it to its neutral position. This strain energy
can be modelled as a spring as a function of changes to neutral curvature or angular
displacement. The contact deformation energy is more complex and is applicable
to cases where the guide wire is in contact and is deforming a soft body, such as
the walls of the vessel. This component can be a simple linear deformation or more
complex viscoelastic Kelvin–Voigt deformation [4] and is dependent on the system
in question. To keep the analysis, we consider only the magnetic potential energy in
the following section.

4.2 Magnetic Forces and Torques on a Magnetic Dipole Point

Starting from the general equation, we reduce it depending on the system in ques-
tion. For one-dimensional problems, consider a small permanent magnet (a magnetic
dipole) moving on the coaxial axis (only By is nonzero, no Mz) between two elec-
tromagnetic coils.

The general force Eq. (15) and torque Eq. (16) equation can be reduced to one-
dimensional Eqs. (17) and (18) in each component:

F = Volume (M · �) B (15)

τ = Volume (M × B) (16)

Fy = Mx · dBy

dx
+ My · dBy

dy
(17)
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Table 1 The derivation of equations.

τ = V(
−→
M × −→

B ) F = V(
−→
M · ∇)

−→
B

⎛
⎜⎝

τx

τy

τx

⎞
⎟⎠ = V

⎛
⎜⎝

My · Bz − Mz · By

Mz · Bx − Mx · Bz

Mx · By − My · Bx

⎞
⎟⎠

⎛
⎜⎝
Fx
Fy
Fx

⎞
⎟⎠ =

⎛
⎜⎜⎜⎜⎜⎝

Mx · dBx

dx
+ My · dBx

dy
+ Mz · dBx

dz

Mx · dBy

dx
+ My · dBy

dy
+ Mz · dBy

dz

Mx · dBz

dx
+ My · dBz

dy
+ Mz · dBz

dz

⎞
⎟⎟⎟⎟⎟⎠

⎛
⎜⎝

τx

τy

τx

⎞
⎟⎠ =

⎛
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0

0

Mx · By − 0+

⎞
⎟⎠

⎛
⎜⎝
Fx
Fy
Fz

⎞
⎟⎠ =

⎛
⎝ Mx · 0+ + My · 0+ + 0

Mx · dBy

dx
+ My · dBy

dy
+ 0

⎞
⎠

τz = Mx · By Fy = Mx · dBy

dx
+ My · dBy

dy

τz = Mx · By (x, y) . (18)

The derivation of Eqs. (15)–(18) is shown in Table 1.
There is no magnetization in Z or magnetic fields in the Z direction when con-

sidering motion in a 2D plane (Bz = Mz = 0). Note, however, the torque can exist
in the Z plane as a consequence of the orthogonal vector convention. Further, there
will not be any gradient variation in the Z direction when considering a 2D plane
( dBz

d(x,y) = dB(x,y,z)

dz = 0).

4.3 Application of Forces and Torques to a Cantilever
Equation

By ignoring the strain energy and the contact energy, we can consider the system
as a point-loaded cantilever. To consider the strain energy, the Young’s modulus can
be replaced with a strain-dependent equivalent and contact deformation will include
another considering term into the differential Eq. (18) (Fig. 5).

The Cantilever equation is given as

d2y

dx2
=

∫∫ {F (x, y) < x − L >−1 −τ (x, y) < x − L >−2}
E I

. (19)

Fig. 5 Relatively small
angle deflection P1 & P2 of a
modelled cantilever.
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Fig. 6 Model of a bending segment.

For small angle approximations, the following relation holds:

dy

dx
= tan (θ) ∼ θrad. (20)

The curvature is then defined as

dθ

ds
= angle − relative − to − origin

posi tion − along − curve
= θ (p2) − θ (p1)

s (2) − s (1)
. (21)

The arc length is formulated by assuming that the plane sections remain plane
after bending, where S is the arc length, R is the radius and is the angle in radians.
Equation (21) is in differential form:

dS = R ∗ dθ. (22)

The curvature is more commonly expressed as a function of the bending radius
(Fig. 6),

dθ

ds
= 1

R
. (23)

The length of the neutral axis (dx) is

dx = ds = ρ ∗ dθ. (24)

Consider strain at the yellow region,

ε = 	x

x
= (ρ + z) · dθ − ρ · dθ

ρ · dθ
= z

ρ
. (25)

For an isotropic material with young’s Modulus E , the stress can be expressed as

σ = Eε = E
z

ρ
. (26)
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Fig. 7 Bending moment at dx.

Stress is also the force over an area. For this yellow portion, the forces are tensile,
and strain is positive:

dF = E
z

ρ
d A. (27)

For the opposite side, it will be in compression and we can couple both forces
into a moment (Fig. 7).

The bending moment is
dM = dF × z. (28)

Substituting Eq. (26) into Eq. (27),

dM = E
z2

ρ
d A. (29)

The integration of Eq. (28) over the area is commonly expressed as

1

ρ
= M

E I
, (30)

where I is known as the second moment of area and is the same as R in Eq. (22).
Using Eqs. (19), (22) and (29), we can get the beam bending equation:

d2y

dx2
= M

E I
. (31)

Depending on sign convention, the moment is sometimes written as –M. To solve
the equation, we need the support or displacement boundary conditions are used to
fix values of displacement (y) and rotations (dy/dx) on the boundary. Such boundary
conditions are also called Dirichlet boundary conditions. Load and moment bound-
ary conditions involve higher derivatives of y and represent momentum flux. Flux
boundary conditions are also called Neumann boundary conditions.

Shear forces are related to bending moments by
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dM

dx
= −F. (32)

A differential load q(x) at a point can be expressed as

q (x) = −dF

dx
= d2M

dx2
. (33)

Substituting Eqs. (31) and (32) into Eq. (30), we get

E I
d4y

dx4
= q (x) , (34)

which can be solved for a point-loaded cantilever with a tip load P:

y = − PL3

3E I
. (35)

We can also use singularity functions to represent loadings. Singularity functions
are indicated with angled brackets < > in contrast to traditional curved brackets
( ). Singularity function differentiates and integrates normally as one would with a
standard variable (integrating < x >2 would give us 1

3 x
3) but the unique thing about

singularity functions is that if the power is less than 0, we simply ignore the variable
(
∫

< x >−2 = −1
2 < x >−1= 0butwill be apparent to higher degrees of integration).

It is also similar to the unit step function in which if the evaluation in between the
brackets is less than 0, the term is zero, and it is the variable if it is more than 0, i.e.
(< x − a >2= 0 f or x < a, and < x − a >2= x2 f or x > a).

(i) Constant load such that the load at m is ω0 when L > m > a:

Load(m) = −ω0 < m − a >0 N . (36)

(ii) Linear load such that the load at m is b*(m−a) when L > m > a.< x − a >n

and n can take on higher orders (Fig. 8):

Load(m) = b < m − a >1 N . (37)

(iii) Moment load such that the load at m is M0 when L > m > a. < x − a >n

After each integration, the value of n increases by 1, and thus the moment load is
perceived only after two integrations (Fig. 9):

Load(m) = M0 < x − a >−2 N . (38)

(iv) Impulse load such that the load at m is P when m = a (Fig. 10):

Load(m) = P < x − a >−1 N . (39)
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Fig. 8 Constant loading.

Fig. 9 Linear loading.

Fig. 10 Moment loading.
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Fig. 11 Impulse loading.

Using free-body diagrams, the load and reaction forces at supports are defined
along the length of the rod. The loads(m) are integrated twice to obtain M which is
solved for Eq. (30) and is integrated twice again to find the deflection (Fig. 11).

For a magnetic tip experiencing magnetic forces and torques (bending moments),

q(x) =
∫∫

F < x − a >−1 N + M < x − a >−2 Nm−1. (40)

This is solved by applying techniques discussed above to determine the deflection
from the appliedmagnetics torques and forces.Additional boundary information such
as bending strain can also be considered depending on the requirements.

4.4 Other Applications of Magnetic Tip Actuation

Other than guide wires and catheters, the magnetic navigations of drill, balloon and
needles have also been recommended for a wide variety of surgical needs (Table2).

5 Theory to Prototype

Based on the theory covered in Sects. 4.2 and 4.3, a wide variety of magnetic manip-
ulators (Fig. 12) can be designed, tested and modelled. In the Fig. 12,

• A & B are guide wires with an attached magnetic head.
• C & D are 3D printed design which can be further modified to include a magnetic
tip.

• D has multiple magnetic segments.
• E & F are nylon wires with a magnetic tip glued on top.
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Table 2 A list of existing applications using magnetic tip actuation.

Surgical/Clinical application Source

Cardiac ablation StereoTaxis has developed magnetic catheters for
cardiac ablation [6, 8, 10, 13, 43, 46]. By attaching
multiple magnetics, the catheter has additional DOFs
which allows for more redundancy in actuation. This
directly translates to additional positioning of the
catheter which is important for cardiac ablation
where the heart is still beating and the tip of the
catheter has to pulse back and forth in tandem.
Stereotaxis has been implemented in a clinical
setting [12, 16, 29, 52]

Nasobiliary tube Placement of a magnetic catheter in a similar fashion
[50] to above but for the Gastrointestinal tract

Guide wire control US20070032746 [38]. A continuous magnetic strip
is wrapped around the length of the guide wire for
actuation. Such an approach allows for a
customizable selection of magnetic elements along
the guide wire to tune the magnetic response to
various surgical needs

Deep Brain Stimulation electrode implant Magnetic field is used to guide the insertion of the
needle into the deep regions of the brain [36]. The
stators utilized here are upscaled versions of
OctoMag and the actuators (permanent NdFeB
magnets) are hinge supported allowing independent
rotation relative to the base. Nitinol wires used to
provide translational information while remaining
compliant to bending along curvatures. The region of
interest is currently 10cm by 10cm. Magnetics could
also be used to assist needle puncture, making the
procedure safer [39]

Angioplasty A magnetic attachment to surgical balloons for
positioning of the stent or balloon during angioplasty
[44]

Stenting Combining guide wire navigation with stenting
allows the navigation of the stent to be directly
guided to the target location [49]

Alignment of devices Magnetics could also be used to connect to catheters
together in-vivo to create a continuous delivery line.
Without the aid of magnetics, this would be a tedious
and ardous task for the surgeon to perform in the
patient [9]

Drilling Precise Steering and Unclogging Motions of a
Catheter With a Rotary Magnetic Drill Tip Actuated
by a Magnetic Navigation System [21]

Drilling and Stenting Utilizing precession and rotations in magnetic fields,
both drilling and release of a sheathed stent are
shown [27]

Micro-endoscope A magnetic ferrofluid suspension rotor is used to turn
a small mirror for micro-endoscopy applications [5]
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Fig. 12 Flexible
manipulators.

5.1 Test Phantom (F)

The outer diameter of the guide wires and nylon wire were similar, 0.35mm, but the
nylonwire ismuchmore flexible than the guidewire. Tomake the distal region stiffer,
weused a polymer (polycaprolactone) coating via immersion coating; equivalently an
external catheter which is more ridged can encase the nylon wire. This will constrict
the flexible deflection length to about 20mm. Themagnetic attachments are based on
polycaprolactone as the adhesive. The attachment can be much more developed and
we cover some ideas in the next section. The size of the attachedmagnetic component
should be similar size to the GW itself; in our case fabrication limitations have left it
into a cube of 1 ± 0.5mm3. There is a trade-off if the attached magnetic component
is too small; the magnetic dipole moment from the dipole will be weak and may have
to be compensated by increasing the external magnetic fluxes from the stators.

5.2 3D Printed Designs (C and D)

Given cross-sectional area limitations, we propose two alternative methods to over-
come this via 3D rapid prototyping with flexible material, based on the stratasys
Objet260 Connex3 and TangoGray FLX950. The idea is to create allowance for
magnetic components along the axis of the manipulator such that the summation
of forces and torques will be able to compensate the individually small magnetic
moments. Additionally, the benefit of 3D printing comes in when the user wants to
customize the design. For example, the distances between the magnetic components
and the flexible regions can be rearranged to create unique compositions which can
cater to the various medical needs (Fig. 13).

A simple model of guide wire will consist of three portions. The relatively ridged
rod transmits axial translation forces from the proximal to the distal end. Since the
dimensions are usually fixed, the material choice is the key parameter to deciding its
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Fig. 13 Flexible manipulator D.

flexibility; notable choices are titanium and steel for small diameters. The sequential
segment is the flexible region and defines the bending length. This design removes
excess material to induce flexibility relative to the distal end, enhancing bending at
this region. Attached to the tip of the flexible region is the magnetically controlled
region. This region translates information from the external electromagnetic coils
for tetherless actuation. The attachment could come in many forms; here holes for
small cylindrical magnets are designed.

There are many methods for magnetic incorporation into the material. Other than
a ridged magnetic material, magnetic powder and liquid are also possible means to
make a manipulator magnetically responsive. While a simple adhesive solution is
possible for ridged permanent magnets, some design may require more sophisticated
methods. In extension to the adhesive method, the adhesive can be contained.

Polycaprolactone, a thermo-polymer can be stored in a predefined volume. It is
contained in the volume by surface tension and upon heating (water bath); above
transition temperature, the guide wire can be inserted into the cavity and the polymer
is cooled again to lock the guide wire in place (Fig. 14).

A mechanical tight fit design may also be an option to attaching a magnetic
component. In Fig. 15, the threads hold the pieces in place and as it is pushed into
the tapered hole. Many other variants are possible with this concept and it is also

Fig. 14 Connector design for adhesive attachment.
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Fig. 15 Connector design for mechanical attachment.

applicable to other fields, such as the luer-lock design. The concept of modular
attachment can be beneficial to guide wires which need different types of magnetic
attachments. It is also beneficial to the integration of electromagnetic devices into
the clinical setting where guide wires are already existent and it is not necessary to
custom design a guide wire with the electromagnetic coils. Physicians need only to
attach the magnetic tip for magnetic control when needed.

5.3 Control Electronics

Additionally, electronics should be utilized for control such as an Arduino environ-
ment. Amicrocontroller receives joystick bending and translates it into coil currents;
refer to Fig. 16 for electronic control. Feedback should also be incorporated for
closed-loop control.

Fig. 16 Information flow of the control electronics.
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A joystick or buttons can be used to register user input as an electrical signal.
This signal is read by a microcontroller (such as Arduino) and converts the signal
into a PWM wave form. PWMs capture the analogue information as a percentage
of the duty cycle. A motor controller unit (e.g. L298N) perceives the PWM signal
and outputs a DC signal which is an amplification of the initial joystick signal.
The motor control unit also defines the maximum voltages and hence the maximum
currents. The potential differences across the electromagnetic coils drive a current
and by ampere circuital law this generates magnetic fields. The magnetic potentials
and gradients in the region of interest interact with the magnetic tip, giving rise to
controllable mechanical deflection.

6 Classification of Guide Wire Model

While there are many important parameters to guide wires, we focus here on the
bending angle. The bending angle is an important aspect which indicates the type
of vessels/blockages it can navigate. We show here a Bézier curve reconstruction to
obtain the bending angles. TheBézier curve uses points along the curve to reconstruct
the parametric model.

6.1 Bending Angle

To obtain our points, we use colour-coded images (Fig. 17a) to define the centroids
(Fig. 17b) along the path of the guidewire. The red line shows the reconstructed curve
(Fig. 17). As this is a reconstruction using imaging, errors propagating from any of
the processes along the work flow will contribute to some degree of error. These
errors can be minimized by using more points along the curve especially at regions
when the curvature is high. For guide wire applications, the deflection is relatively
small and the bending radius is usually large across the length of deflections, and thus
errors perceived do not affect the conclusions drawn significantly. The colour codes
translate to cells which break the continuous manipulator into smaller segments.

To locate the centroid, processing software (such as MATLAB) is recommended
as it has pre-built functions to handle image processing. The mean/medians of each
segment is perceived as a histogram on the X/Y axis and is taken to be the centre. A
Bézier function takes in the coordinates of each point in order of progression from
base to tip. Each point is connected to subsequent points forming the first-order line.
A number of the parametric intervals are then selected. This number represents the
segmentation between points on the first-order line, and more parametric point will
mean a smooth curve at the cost of computational power. Points on the first-order
line corresponding to the parametric integer build the second-order line. The line-
forming process is nested until no further lines can be built. On the final-order line,
the point corresponding to the parametric integer represents the Bézier curve’s value
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Fig. 17 The image processing for curve reconstruction.

at that parametric integer. The Bézier curve allows a continuous connection between
the first and last coordinates, and allows us to interpolate and estimate coordinates
for the entire curve.

The bending angle can be taken at any point along the Bézier curve. Here, we
compare between the start and end of the curve. Given a joystick input (Fig. 18),
we can get bending angles (Fig. 19) and the reconstructed curves at time points of
interest (Fig. 20). Other notable parameters that are also extractable are the radius of
curvature.

7 System Experiment

In the surgical context, the bending angles achieved can navigate obstacles such as
stenosis.

Figure21a Upon encounter of an obstacle, the bending angle can create different
paths for advancement (Fig. 21b, c), and post-selection of path the guide wire can be

Fig. 18 Input from joystick.
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Fig. 19 Output in bending angles.

Fig. 20 Bezier curve reconstructions.

advanced to bypass the obstacle (Fig. 21d). In more realistic scenarios, the vision of
the operatormay be impaired and the actual deflection for advancement is not known.
Thus, the operator would constantly sweep through different bending angles at the
site to test for advancement; obstruction is detected either through angiography or
through ultrasound of tactile information. The deflection shown here is translatable,
although to a lesser extent, to more ridged guide wires.

Figure22b indicates the neutral position of the guide wire. The guide wire is pre-
curved and can preferentially bend in one direction (more compliant),while extension
in the opposite direction ismuchmore ridged. Compliant bending by electromagnetic
interaction is shown inFig. 22a and extension/straightening of the guidewire is shown
in Fig. 22c. As the bending angles are rather small due to the stiffness of the guide
wire, Fig. 22a, b and c is superimposed in Fig. 22d. The rigidity in straightening the
guidewire is also visible by comparing deflections between Fig. 22a and c. A stronger
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Fig. 21 Prototype navigating a modelled environment.

Fig. 22 Guide wire deflection.

magnetic field generated will allow further deflection angles but the concept shown
here will allow physicians to direct control over the distal tip which was previously
not possible. The reliance on buckling of the guide wire from traditional methods is
removed along with the associated risk and uncertainties.

8 Conclusions and Future Direction

Manipulator-based surgical equipment generally suffers from mechanical distur-
bance during operation and this chapter has illustrated the electromagnetic approach
to improve controllability over the distal end. Improving distal end control such as
in guide wires for surgical procedures can improve treatment options (angioplasty).
The use of untethered electromagnetic interactions consists of two main parts: the
actuator and the stator. There are many ways to design and construct the system but
ultimately the end goal is to achieve a controllable deflection/bending angle to nav-
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igate obstacle and overcome distal mechanical control limitations. We have further
shown in this chapter a method to achieve such a system with a simple magnetic tip
attachment. From the base design, more complicated features can be added to cater
for various needs. From a design stand point, the introduction of electromagnetic
control should reduce the mechanical complexity of the procedure. To illustrate, an
electromagnetic guide wire can replace a wide range (with different curvatures and
bending angles) of guide wire each catering to a specific anatomical region. There-
fore, one should consider electromagnetic manipulation as beneficial to distal control
and additionally can impact integration at a low-cost implementation.

While electromagnetics provides a goodmeans to actuate, the need for closed-loop
control in stability is not covered in this chapter. Present imaging modalities include
MRI, NIR and ultrasounds. The acoustic or optical images should be extracted for
features to perform real-time tracking such that automation can be achieved. The
system which is electromagnetically driven could, in theory, also be used for sensing
and position guidance. The domain of transducers and integrationwith external imag-
ing systems should not be overlooked. The incorporation of electromagnetic sensing
capabilities can be achieved with Hall effect sensors, flex sensor, or even inductor-
based sensors. However, considering that the use of ultrasound is well established,
incorporation of an Ultrasonic system for automated guidance and delivery of guide
wire is likely to be the direction in the near future.

8.1 Electromagnetic Actuation in PAD: Future Directions

A notable limitation in current magnetic navigation systems is the use of the external
magnetic field generators which are rather bulky in size in order to generate the 0.1–
0.15 Tesla fields. Thus if possible the external generators implemented should not
increase the bulk of the design to the point where it obstructs movement or vision of
the patient or the physician. In an idealized case, the external generators should be
eliminated completely and reduce the bulk of the system; this would be favourable
in saving the theatre space required to do the procedure.

Present catheters (4mm) used are also much larger than guide wires (1mm) and
there exists a challenge to minimize the design. However, the magnetic guidance
systems were documented to be effective on micro-robots (less than 1mm), and thus
it should be viable for a guide wire design to be magnetically manipulated. There
exists a gap in the current implementations for magnetically manipulated guide wires
for where there are more stringent requirements on the guide wires as the arteries are
much small in the distal positions of the peripherals limbs. Present implementations
are focused on the applications in the heart and the brain.

Implementation for the magnetic manipulation poses a viable option for PAD as
the magnetic fields to not harm the body and allows for contactless transmission of
force/control through human tissue. A concern could exist where the imaging X-rays
(CT) or MR imaging could interfere with control of the guide wire, but as Sterotaxis
Epoch system is an implemented device, this should be a trivial issue.
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An additional note is that current guide wire systems have only used imaging
techniques for position sensing, and thus it may be prudent to include force sensing
capabilities such as those used in calcific iliac occlusion devices TruePathTM to
provide haptic/tactile feedback to the surgeons. Further, while there have been many
approaches for magnetic guide wire design, none of them has been tested for imple-
mentation for PAD. Thus, there exists a need to design a specific system catered for
PAD.
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Design and Analysis of Magnetic Suspension
Actuators in Medical Robotics

Jinji Sun and Hongliang Ren

Abstract The introduction of surgical robots improves the quality of healthcare due
to the minimal invasiveness, reduced pain of patients, improved efficiency, accuracy,
and the efficacy of surgery. The majority of the existing surgical robotic systems
are based on master–slave teleoperation mode. The emerging handheld collaborative
control modes in robotic systems omit the teleoperation master, and instead use
handheld intelligent controls to directly drive its actuator end in order to eliminate
motion control uncertainties such as tremors. This chapter puts forward a novel kind
of handheld robot system driven by magnetic actuators based on the magnetically
suspended technology. The configuration analysis and the designmethod ofmagnetic
bearing with current bias are presented, and then the analysis and method of the
1-DOF (Degree of Freedom), 3-DOF, and 4-DOFmagnetic suspension-based robotic
actuator systems are proposed in details.

1 Introduction

1.1 Background

Minimal invasiveness and high accuracy are the two basic characteristics of modern
medical science. Information technology, digital medical technology, and intelligent
instruments, such as computer and robot, improve the modern medical technology,
especially the surgery medical technology [1, 2]. Since 1990s, surgical robot tech-
nology has become an international frontier research hotspot, and gradually formed a
cross disciplinarywith the integration of advancedmanufacturing, intelligent control,
information technology, medical science, and other fields [3, 4]. The introduction
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of surgical robot is the key means to realize and improve the quality of healthcare
because it can reduce the wound pain of patients, improve the efficiency, accuracy,
and the effect of surgery effectively.

For the main surgical robot system [5], the accuracy and stability of microsurgical
operation [6] include micro biological research [7, 8], micro operation for industrial
components, and so on. The current manual indirect micro operation mainly depends
on the microscopic image guidance and the end actuator action [9]. The general
method is solved by using a robot-assisted control system [10], and the novel hand-
held collaborative control mode robot system which can eliminate the tremor of the
actuator itself by intelligent control using handheld device. The biggest advantages
of the handheld method are intuitive operation, safety, and economic use of space
when compared to the traditional remote operation robot arm system [11]. The doctor
can get the same results without auxiliary tools and traditional visual feeling, while
retaining the existing surgical techniques. It is helpful to improve the recognition of
the robot. The handheld operation also has security advantages compared with the
other remote manipulator system. Not only does it need less space to operate, it can
also allow the doctor to control the movement of the end actuator. Consequently, the
terminal equipment can be removed rapidly at the condition of patients with acci-
dental movement [12]. Although the micro surgical robot technology has recently
appeared, the traditional master–slave remote operation robot industry standard sys-
tem is usually expensive, complex, huge, heavy, and cannot be used in handheld
micro-surgery [13].

To solve the problems mentioned above, this chapter puts forward a novel kind
of handheld robot system driven by magnetic actuators based on the magnetically
suspended technology. The analysismethod and designmethod are presented aswell.
At first, the primary components and working principles are introduced, second, the
configuration analysis and the design method of magnetic bearing with current bias
are presented, and then the analysis and method of the 1DOF (Degree of Freedom),
3DOF, and 4DOFmagnetic suspension- based robotic actuator systems are proposed
in detail. Finally, the expectation of magnetic actuator system, such as small volume
magnetic actuator and self-sensing magnetic actuator system and its control method,
is introduced.

Cleanliness of medical environment is said to greatly affect the reliability and
yield rate of semi-conductor circuits. Since the integration of semi-conductor circuit
is increasing and the width of the circuit pattern reaching the order of sub-micron,
prevention of dust and oil vapor generation in clean rooms is becoming an even
greater necessity. To avoid the dust generation from robots, the ideal one is to develop
inherently clean robots by using magnetic bearings and magnetic levitation to elimi-
nate mechanical contacts which are the worst source of dusts. The clean room robot
installing magnetic bearings in its joints is more expansive than the conventional
sealed robots. And since the robots without mechanical contacts need no lubricant,
they are quite suitable for applications in a vacuum and in space. Clean room robots
using magnetic bearings are expected to have the advantages and functions beside
the cleanliness as friction-free, stiffness-aware, force-sensing, vibration-balancing.
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Thanks to the clean actuation capability, magnetically suspended centrifugal
rotors have been utilized to pump blood flows for circulation assistance, working
in pericardial space. For example, the HeartMate 3 Left Ventricular Assist System
(LVAS) function is to bring oxygen-rich blood from the lungs throughout the body.

1.2 Magnetically Suspended Micro-manipulations

Traditional surgical procedures require a very high degree of precision for each action
performed by a physician. Complicated surgical procedures can only be carried out
in a few specialist hospitals depending on experienced doctors, resulting in imbal-
ances in medical resources. A small number of specialist hospitals overcrowding,
and a large number of primary hospitals cannot carry out complex surgery. The
application of robotic surgical technique makes operation more minimally invasive,
more precise and safer. The current surgical robot system, represented by da Vinci
of Intuitive Surgical Inc., USA, uses a robotic arm to simulate the surgeon’s arm
based on master–slave control, through a number of small, open-ended cavities into
the human body and mainly in general surgery, urology etc., to achieve a clinical
application. Its main purpose is for minimally invasiveness. While surgical accuracy
is mainly dependent on hand–eye coordination, usually up to millimetre level, spot
force perception also cannot be applied to sub-millimetre-level micro-operations,
such as ophthalmic surgery, neurosurgery micro-nerve anastomosis, and so on.

In response to the challenges of precise and stable micro-manipulation, robot-
assisted manipulators are used to stabilize or reduce hand movements. This has
demonstrated the advantages of the application and has yielded preliminary results.
Current micro-manipulation robotic systems are typically based on master–slave
robotic system frameworks or handheld robotic system frameworks. The former
master–slave control framework usually includes a main control console for input
manipulation, and the operation precision is greatly improved by the process control
by filtering out the surgical tremor and enlarging the operation ratio to the slave end.
Some early studies include the da Vinci Surgical Robotic System, the Steady Hand
system for retinal surgery developed by the team of R. H. Taylor, Johns Hopkins
University, and the cell micromanipulator system [14].

The emerging handheld collaborative control mode robotic system omit the tele-
operation master, and instead use handheld intelligent controls to directly drive its
own actuator end in order to eliminate system control uncertainties such as tremors.
This concept is similar to optical images in handheld cameras that are self-stabilizing
and do not usually require the use of robotic arms. Compared to traditional teleoper-
ation robotic arm systems, the biggest advantage of handheld approach are intuitive
operation, safety and economy. Doctors can get the same intuitive feelings without
the aid of the traditional way. Moreover, the doctors can keep the existing surgical
skills, but with the simplicity and convenience, of a small space to complete the
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operation. This will help improve the acceptance of the robot recognition. Handheld
operation also has the safety advantage of requiring less operating space than other
teleoperation robotic arm systems while allowing the surgeon to maintain control of
the end-effector movement.

2 Primary Components and Basic Structures

Nowadays magnetic suspended bearings have advantages over mechanical bearing
in terms of wearing-free, lubrication-free and therefore they have been widely used
in high-speed actuators or machines including flywheels and turbines. However,
the goal is very different between the industry field and the medical field. In the
industry field, high speed and large force are the main goals. In the medical field
and high precision, small volume and low power loss are the main goals in medical
field. Therefore, the structure of magnetic bearing will be different in these fields.
At first, the primary components are introduced, and then the basic structure and
working principle are presented, leaving the configuration of magnetic actuator is
for introduced at last.

2.1 Primary Components

For a magnetically suspended system used in the medical field, it typically includes
a rotor component, stator component, magnetic bearing and its control system. The
function of each part is as follows:

(1) Rotor component, which is mounted the rotor of magnetic bearing, including
the detected ring of displacement sensor if necessary.

(2) Stator component, which is typically the mounted stator of magnetic bear-
ing, including the stator of displacement sensor if necessary, protected bearings and
connectors. It not only supports the rotor, but also makes the rotor safe because the
protected bearing can prevent the damage of system when it is debugged or over-
loaded. The electronic circuit can also be mounted to the stator component.

(3) Magnetic bearing and its control system. Magnetic bearing includes its stator
component and rotor component, which can allow the rotor system to suspend stably
at defined degrees of freedom. In addition, the control system of magnetic bear-
ing includes a controller and power amplifier, and the associated control electronic
components.
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Fig. 1 Composition and working principle of magnetic bearing.

2.2 Basic Structure and Working Principle of Magnetically
Suspended Actuators

In general, a magnetic bearing is arising from the attraction forces between stator
and rotor, and it comprises of the coil or permanent magnet, rotor, sensor, controller
and power amplifier [15].

As shown in Fig. 1, the principle of the a typical magnetic bearing system is as fol-
lows. The displacement between the rotor and stator is detected by the displacement
sensor, and then it can be converted into control current for the coils through the con-
troller and power amplifier. This allows the rotor to be controlled to the equilibrium
position. However, the attraction force is not stable in essence between electromag-
netic and ferrite material due to the relationship between current and electromagnetic
force. The bias flux of magnetic bearings can be produced by the current and perma-
nent magnet. The latter is of low power loss, so it is widely used for the aerospace
application.

Magnetic bearings can be classified by many aspects. For example, it can be
classified by radial magnetic bearing and axial magnetic bearing according to the
direction of force. It can also be classified by the number of degrees of freedom
(DOFs), for example, 1 degree of freedom (DOF), 2DOF, 3DOF, 4DOF, and 5 DOF
[16], and by active magnetic bearing versus passive magnetic bearing according to
the mode of force application.

In a regular magnetically suspended system, rotary freedom is controlled by the
motor and other freedoms are controlled by the magnetic bearings. As mentioned
above, the magnetic bearings can be classified by 1DOF ∼ 5 DOF according to the
quantity of DOF, as shown in Fig. 2. In this figure, A denotes the active DOF and P
denote the passive DOF [17].
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Fig. 2 Degree of freedom of magnetically suspended system a 1DOF b 2DOF c 3DOF d 4DOF
e 5DOF.

3 Configuration Analysis

As mentioned above, the magnetic actuator system can be classified into 1DOF,
2DOF, 3DOF, 4DOF, and 5DOF magnetically suspended system according to the
number of DOFs. More DOFs can realize the higher control dexterity, so the 1DOF,
3DOF, and 4DOF magnetic actuator systems are in more common in practice. The
detailed contents are as follows.

3.1 Electromagnetic Analysis of Radial Magnetic Bearing
with Current Bias

The magnetic bearing with current bias has advantages such as small volume, good
controllability, easy to be assembled when compared to the magnetic bearing with
permanent magnet bias. The magnetic bearing with current bias consists of radial
magnetic bearing and axialmagnetic bearing according to the direction of load capac-
ity.

According to the theory of electromagnetism, the electromagnetic force is deter-
mined by the coil turns, permeability,magnetic pole area, current, and air gap between
the stator and rotor [17], as shown in Fig. 3.

F = B2A

μ0
= μ0AN 2

4

I 2

δ2
, (1)

where, μ0 is the permeability of free space, A is the area of magnetic pole, N is the
coil turns, I is coil current, and δ is length of the air gap between the stator and rotor.

The relationship between the force and the current is nonlinear according to the
Eq. (1).

Force Fx represents the difference of forces between bothmagnets. Both forces are
obtained by inserting the sum I0 + ix and the difference I0 − ix for current, as shown
in Fig. 4. For the air gaps, δ +x and δ −x are inserted, the Eq. (1) is transformed to,
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Fig. 3 Schematic of the electromagnetic force.

Fig. 4 a differential driving mode b End view of radial magnetic bearing Differential driving mode
of the active magnetic bearing.

Fx = F+ − F− = kr [ (I0 + ix )2

(δ + x)2
− (I0 − ix )2

(δ − x)2
]cosα, (2)

where kr = μ0N2A/4, α is the half of magnetic poles angle.
When x << x0 and ix << I0, the force of the rotor at an operation point can be

written in the linearized form in the Eq. (2),

Fx = (
4kr I0
δ2

ix − 4kr I 20
δ3

x)cosα = ki ix + ksx (3)

In general, ki is current stiffness, ks is displacement stiffness,

ks = −μ0AN 2 I 20
δ3

cosα (4)
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Fig. 5 Structure of radial
magnetic bearing and
magnetic circuit diagram.

ki = μ0AN 2 I0
δ2

cosα (5)

The typical radial magnetic bearing structure with eight magnetic poles is shown
in Fig. 5, and the force expression is expressed,

Fx = (
4kr I0
δ2

ix − 4kr I 20
δ3

x)cos22.5o (6)

3.2 Electromagnetic Analysis of Axial Magnetic Bearing
with Current Bias

The structure of axial magnetic bearing and magnetic circuit is shown in Fig. 6.
The forces acting on the plate is expressed in the Eq. (7) under the differential

driving mode, ignoring the leakage flux.

Fig. 6 Structure of axial
magnetic bearing and
magnetic circuit.
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Fz = Fz+ − Fz− = ka[ (I0 + iz)2

(δ + z)2
− (I0 − iz)2

(δ − z)2
] (7)

where,

ka = N 2

2( 1
μ0Aw

+ 1
μ0An

)

Then the displacement stiffness ks and current stiffness ki of the axial magnetic
bearing are expressed,

ks = − 2N 2 I 20
δ3( 1

μ0Aw
+ 1

μ0An
)

(8)

ki = 2N 2 I0
δ2( 1

μ0Aw
+ 1

μ0An
)

(9)

Especially, when the inner ring area is equal to the outer ring area, that is to say,
Aw = An = A, the Eqs. (8) and (9) can be simplified:

ks = −N 2 I 20 μ0A

δ3
= −4k I 20

δ3
(10)

ki = N 2 I0μ0A

δ2
= 4k I0

δ2
(11)

3.3 Electromagnetic Design of Magnetic Bearing
with Current Bias

For the design of magnetic bearing with current bias, the force is determined by the
flux density in the air gap between stator and rotor, ampere turns (Ni), which affect
the response speed and power loss. For magnetic bearing, ignoring the nonlinearity
of magnetic circuit, the equation can be obtained,

dF

dt
∝ dB2

dt
∝ d(Ni)2

dt
= 2N 2i

di

dt
(12)

The relationship between current and inductance is in the equation,

di

dt
= U

L
(13)



114 J. Sun and H. Ren

Fig. 7 Design process of magnetic bearing with current bias.

Then,
dF

dt
∝ i

U

L/N 2
(14)

where L is the inductance of coil, and U is the voltage of the power.
Because the coil inductance is proportional to the square of coil turns, the response

speed of electromagnetic force is proportional to the current. As a result, less turns
and larger current will be helpful to improve the response speed.

The design process of magnetic bearing with current bias is shown in Fig. 7. The
key of design includes the determination of magnetic pole area and ampere turns.
They are obtained by the equations as follows:

Nimax = 2Ni0 = 2Bmaxδ/μ0 (15)

A = μ0Fmax

B2
maxcosα

(16)
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3.4 Analysis of Relationship Between Structure Parameters
and Control System Parameters

The model of magnetically suspended rotor system is built as shown in Fig. 8. In
this figure, the magnetically suspended rotor system consists of displacement sen-
sor, controller, power amplifier, magnetic bearing, and rotor. The magnetic poles of
magnetic bearing are drawn in the X direction in this figure.

3.4.1 Dynamic Model of Magnetically Suspended Rotor System

According to Fig. 8, the dynamic model of magnetically suspended rotor system is,

⎧
⎪⎪⎨

⎪⎪⎩

mẍ = fx + fxd
Jy β̈ − H α̇ = py + pyd
m ÿ = fy + fyd
Jx α̈ + H β̇ = px + pxd

(17)

It can be expressed in matrix form,

Mq̈ + GHq̇ = f + fd (18)

Fig. 8 Model of magnetically suspended rotor system.
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where,

M =

⎡

⎢
⎢
⎣

m 0 0 0
0 J 0 0
0 0 m 0
0 0 0 J

⎤

⎥
⎥
⎦ ,GH =

⎡

⎢
⎢
⎣

0 0 0 0
0 0 0 H
0 0 0 0
0 −H 0 0

⎤

⎥
⎥
⎦ , f =

⎡

⎢
⎢
⎣

fx
py
fy

−px

⎤

⎥
⎥
⎦ ,

fd =

⎡

⎢
⎢
⎣

fxd
pyd
fyd

−pxd

⎤

⎥
⎥
⎦ , q =

⎡

⎢
⎢
⎣

x
β

y
−α

⎤

⎥
⎥
⎦

3.4.2 Model of Force in HMB

The force and torque of magnetic bearings in X and Y direction are given by,

⎧
⎪⎪⎨

⎪⎪⎩

fx = fax + fbx
py = ( fax − fbx )lm
fy = fay + fby
px = −( fay − fby)lm

(19)

⎧
⎪⎪⎨

⎪⎪⎩

fax = Kxhmax + Ki iax
fbx = Kxhmbx + Ki ibx
fay = Kxhmay + Ki iay
fby = Kxhmby + Ki iby

(20)

It can be also expressed in matrix form,

fm = Kxqm + Ki i (21)

where,

fm = [ fax fbx fay fby ]T , i = [iax ibx iay iby ]T , qm = [hmaxhmbxhmayhmby]T

According to Fig. 8, displacement and angle can be obtained,

⎧
⎪⎪⎨

⎪⎪⎩

x = (hmax
+ hmbx

)/2
β = (hmax

− hmbx
)/2/ lm

y = (hmay
+ hmby

)/2
α = −(hmay

− hmby
)/2/ lm

(22)
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The formulation is obtained by above expressions (22) and (19),

q = Tmqm (23)

f = T
−T
m fm (24)

3.4.3 Model of Control System in Magnetically Suspended Rotor
System

(i) Input and output model of the displacement sensor
Output voltage of displacement sensor model is expressed,

⎧
⎪⎪⎨

⎪⎪⎩

usax = −kshsax
usbx = −kshsbx
usay = −kshsay
usby = −kshsby

(25)

It can be shown in matrix form,

us = ksqs (26)

where,
us = [usaxusbxusayusby]T , qs = [hsaxhsbxhsayhsby]T

According to Fig. 8, the gap lengths deviation in X and Y direction and the angles of
rotation about X and Y can also be indicated,

⎧
⎪⎪⎨

⎪⎪⎩

x = (hsax + hsbx )/2
β = (hsax − hsbx )/2/ ls
y = (hsay + hsby)/2
α = −(hsay − hsby)/2/ ls

(27)

Suppose that,

Ts = 1

2ls

⎡

⎢
⎢
⎣

ls ls 0 0
1 −1 0 0
0 0 ls ls
0 0 1 −1

⎤

⎥
⎥
⎦

Matrix form is given by,
q = Tsqs (28)

(ii) Input and output model of PWM amplifier
Output voltage of PWM amplifier model is expressed by,
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gw = kwgwLPF (29)

According to Fig. 8, output current of PWM amplifier can be obtained,

⎧
⎪⎪⎨

⎪⎪⎩

iax = kwgwLPFucax
ibx = kwgwLPFucbx
iay = kwgwLPFucay
iby = kwgwLPFucby

(30)

Suppose that uc = [ucaxucbxucayucby]T , it can be shown in matrix form,

i = kw gwLPFuc (31)

Suppose that the controller is decentralized controller, the input and output voltage
can be given by, ⎧

⎪⎪⎨

⎪⎪⎩

uax = −gcusax
ubx = −gcusbx
uay = −gcusay
uby = −gcusby

(32)

where gc is linear operator, then the matrix form is shown,

uc = −Gdisus (33)

Gdis = gc × I4

Consequently, the current is also expressed according to (28), (31) and (33),

i = −kwksgwLPFGdisqs (34)

Therefore, Eqs. (23), (28) and (34) are substituted (21), and then the forces can
be obtained,

fm = Kxqm + Ki i = KxT
−
m

1q − KikwksgwLPFGdisT
−
s

1q (35)

Then the dynamic model of magnetically suspended rotor system based on decen-
tralized controller can be given,

Mq̈ + Gq̇ − T−
m

T KxT
−
m

1q = −KikwksgwLPFGdisT
−
m

TGdisT
−
s

1q + fd (36)

The whole control system can be shown in Fig. 9.
Consequently, the dynamic model of magnetically suspended rotor system can

also be expressed,
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Fig. 9 Diagram of magnetically suspended rotor control system.

⎧
⎪⎪⎨

⎪⎪⎩

mẍ = (2Kx − 2kiwsgwLPFgc)x + fxd
Jy β̈ − H α̇ = (2Kxl2m − 2kiwsgwLPFgclmls)β + pyd
m ÿ = (2Kx − 2kiws

gwLPF
gc)y + fyd

Jx α̈ + H β̇ = (2Kxl2m − 2kiwsgwLPFgclmls)α + pxd

(37)

where,
kiws = Kikwks .

When PID control is used,

gc(s) = kP + kI /s + kDs

The formulation (37) can be changed as,

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

ms2 + 2(kiwskP + kiws kI
s + kiwskDs − kh) = fdx (s)

x(s) = Gx (s)

Js2 + 2kiwskDlmlss2 + 2(kiwskPlmls − Kxl2m)s + 2kiws
kI lmls = Pdy (s)

β(s) = Gβ(s)

ms2 + 2(kiwskP + kiws kI
s + kiwskDs − Kx ) = fdy (s)

y(s) = Gy(s)

Js2 + 2kiwskDlmlss2 + 2(kiwskPlmls − Kxl2m)s + 2kiwskI lmls = Pdy (s)
α(s) = Gα(s)

(38)
According to Routh criterion, the stability condition of magnetically suspended

rotor system is derived according to the Eq. (38),

kp >

mki
2kD

+ Kx

kiws
(39)

Considering structural parameters, the stability condition can be expressed,

Kpmc <
1

1 + (
GIx−2Ix x

mkI
2kD

kpwsGδ−2Ix δ
mkI
2kD

)2
(40)

where kpws
= kpkwks .
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4 Design 1DOF Magnetic Actuator

As we all know, application of the robotic system for surgical application is getting
more and more widely used nowadays [18, 19]. In order to improve its accuracy,
variable suspension systems are used in the robotic system [20], especially the elec-
tromagnetic suspension system [20]. The 1DOF magnetic actuator system refers
that the controllable degree of freedom is axial, and it includes fully active and the
combination of passive and active actuation in the axial direction.

4.1 Design of Magnetic Actuator System with Passive
and Active Combination

The structure of 1DOF magnetic actuator with passive and active combination is
shown in Fig. 10.

This structure consists of housing, coil, plate, inner permanent magnet, outer
permanentmagnet, shell, and limit device.When electrical current is running through
in the coil, the attraction force will be produced between the housing and plate,
and then plate will then be moved in the −z direction. At the same time, the outer
permanent magnet will misalign with the inner permanent magnet, and an axial force
will be produced between them. Because the inner permanent magnet is unable to
move in the +z direction by the limit device, the outer permanent magnet will be
moved in the −z direction, along with the housing. Commonly, the axial air gap
is designed to be 1.5 ∼ 2.5mm between the housing and the plate, the radial air
gap is designed to be 2 ∼ 4mm between the inner permanent magnet and the outer
permanent magnet.

Fig. 10 1 housing 2 coil 3
plate 4 inner permanent
magnet 5 outer permanent
magnet; 6 shell 7 limit
device. The structure of
1DOF magnetic actuator
with passive and active
combination.
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4.2 Design of Magnetic Actuator System with Active
Magnetic Bearing

The structure of 1-DOF magnetic actuator with active combination [21] is shown in
Fig. 11.

This structure consists of housing, coils, plates, and stop-limit devices. When
electrical current is through in the left coils, the attraction force will be produced
between the left housing and the left plate, and then the plate will be moved in the
−z direction. Subsequently, current is running through the right coils, and then the
attraction force will be produced between the right housing and the right plate. The
axial force will be produced between them. Because the plate is unable tomove in the
+z direction by the limit device, the right housing will be moved in the−z direction.
Commonly, the axial air gap is designed 1.5 ∼ 2.5mm between the housing and the
plate.

5 Design of 3-DOF Magnetic Actuator

In order to reduce the volume of magnetic actuator, more degree of freedoms are
required. Consequently, the 3-DOF magnetic actuator system is introduced as fol-
lows.

• Overall structure design

The structure of 3DOF magnetic actuator [21] is shown in Fig. 12a and the structure
of 3DOF housing is shown in Fig. 12b.

This structure consists of 3-DOF housing, coils, plates, and stop-limit device. The
3DOF housing has four poles around the circumference in X and Y directions. When
all the coils are across the same current in the left 3DOF housing, the attraction force
will be produced between the left 3DOF housing and the left plate, and then the plate

Fig. 11 1 housing 2 coil 3
plate 4 limit device. The
structure of 1-DOF magnetic
actuator with active magnetic
bearing.
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Fig. 12 1 housing 2 coil 3 plate 4 limit device. The structure of 3DOFmagnetic actuator. a structure
b housing.

will be moved in the −z direction. Subsequently, all the coils are across the same
current in the right 3DOF housing, and then the attraction force will be produced
between the right 3DOF housing and the right plate. The axial force will be produced
between them. Because the plate is unable to move in the +z direction by the limit
device, the right housing will be moved in the−z direction. On the other hand, when
the coils are across the different current in the X and Y direction in the left 3DOF
housing, the attraction forces are different in the X and Y directions, as a result, the
torque will be produced to realize the tilt movement of the left plate. The right plate
will be emerge through the same phenomena when the coils are across the different
current in the X and Y direction in the right 3DOF housing. The axial air gap tends
to be designed 1.5 ∼ 2.5mm between the housing and the plate.

6 Control System in Magnetic Bearing System

For the early current integral control method, a novel current integral positive low
power loss is proposed for AMB. The proposed current control method diagram is
shown in Fig. 13 to solve the problem for uncontrolled coil redundancy [22].

Fig. 13 Low power loss diagram of magnetic bearing.
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The new state variable is as follows in magnetic bearing control loop,

Xag = [q̇T
a q

T
a

˙̃qT
eaq̃

T
eau pd u̇

T
b u

T
b u̇

T
f u

T
f i

T
a i

T
ca]T (41)

where ica = [icaβ , icaα , icaz ]T is the output vector of integral.
Then the state equation of magnetic bearing control loop is changed as,

i̇a = kaa
τaa

Duaua − 1

τaa
ia + kaa

τaaτia
Dia ica (42)

i̇aa = Tia ia (43)

Assuming the state equation of the magnetic bearing control loop is,

Ẋag = Aag Xag (44)

The current of power amplifier is described as differential equation using current
integral positive feedback.

i̇a = kaa
τaa

Duaua − 1

τaa
ia + kaa

τaaτia
Dia

∫

Tia iadt (45)

Given, {
Tia = RT

m
Dia = (RT

m)+ (46)

Then the domain solution is,
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(47)
where p3 = − 1

τaa
.

When the force produced by permanent magnet is equal to the external distur-
bance, the coil current needs the condition,

⎧
⎪⎨

⎪⎩

(C11 − C13)e
P1t + (C21 − C23)e

P2t = 0

(C12 − C14)e
P1t + (C22 − C24)e

P2t = 0

(C11 + C12)e
P1t + (C21 + C22)e

P2t = 0

(48)

f1(t) − f3(t) = f2(t) − f4(t) = f1(t) + f2(t) = 0 (49)
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where, ⎧
⎨

⎩

C11 = −C12 = C13 = −C14 = C1

C21 = −C22 = C23 = −C24 = C2

f1(t) = − f2(t) = f3(t) = − f4(t) = f0(t)
(50)

Then,

ia = eP
3t
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−1

⎤
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According to the equations above, the stable current in four coils of axial magnetic
bearing is as follows because of,

lim
t→∞ ia = f0(t)

[
1 − 1 1 − 1

]T
(52)

By the analysis root locus of control system, it can be known that the root is existed
to trend zero, so the rapidity and stability is improved. Control algorithm is used the
gain scheduling cross feedback control algorithm, and incomplete differential PID
algorithm is adopted in the PID.

HPI D(z) = KP [1 + T

Ti (1 − Z−1)
+ Td(1 − Z−1)

T + T f (1 − Z−1)
(53)

where Kp is the proportional coefficient, Ti is the integral coefficient, Td is the dif-
ferential coefficient, T f is inertial link the time constant of the differential coefficient.
T is the sample cycle.

The current control is generated by the difference between control current sig-
nal and feedback current signal in DSP. This current control is obtained by DSP
modulation, and the coil current will be generated in magnetic bearing coils, then
closed-loop current control is realized.

Thewhole controller includes an interface circuit,DSP system, andpowermodule.
In this control system, DSP system is adopted TMS2812, and the signals of eddy-
current displacement sensor and current sensor are enlarged by an interface circuit,
which transferred the voltage to match the input voltage of A/D. Control values of
3DOF are generated by an algorithm in DSP, which outputs six signals. In addition,
there is the interface of RS232 which connects with the monitor computer.

Because the TMS2812 has provided a whole system for designers, the design of
DSP system was not expanded on by any peripheral devices to realize the digital of
magnetic bearing power amplifier. Consequently, the proposed system can improve
the integration level and reliability when compared with an analog amplifier circuit.
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7 4DOF Magnetic Actuator

In order to reduce the volumeofmagnetic actuator system further, the 4DOFmagnetic
actuator system is presented as follows.

7.1 System Design

Anovel configuration of themicro-manipulation surgical robot has been put forward,
which is a kind of 4 degrees of freedom (DOFs) active magnetically suspended
system [23], as shown in Fig. 14. 4DOFs means radial translational motions along
the X-axis and Y-axis and rotational motions around the X-axis and Y-axis. The
structure of this active magnetically suspended system is composed of fixtures, the
radial displacement sensor module, the radial magnetic bearing module, the shaft,
and some guarded blocks. For the radial magnetic bearing module, stators located at
both sides are connected by the shell. Rotors are installed on the shaft, which form a
magnetic air gap with the stators. Each magnetic pole of stators is winded with coils.

Fig. 14 1 fixture 2 radial displacement sensor module 3 radial magnetic bearing module 4 shaft 5
guarded block 6 shell 4DOFs active magnetically suspended system.
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Located on either side of the magnetic bearing module is the radial displacement
sensor module, which consists of the stator, the probe, and the detection ring. For
this module, stators are connected to those of the magnetic bearing with their outer
sides fixed to the shell. The probes, which locate inside the stators of the sensors
module, are placed in four directions: +X, −X, +Y, and −Y. The detection ring
is installed on the shaft and located on either side of the rotors magnetic bearing
module. A detection air gap is then formed by probes and the detection ring. Outside
of the stators sensor module is the fixture, which is fixed to the shell. The guarded
blocks, which are fixed in the outer side of the shaft, are utilized to form a protection
gap. The size of the protection gap is 0.1 ∼ 0.15mm.

The working principle is as follows, by detecting the position of the shaft with
radial displacement sensors, the independent control of the coils winded on the mag-
netic bearings can be achieved, which leads to the force-output in the desired degree
of freedom. For example, when the shaft gets the disturbance from one direction,
the sensor module can detect the variation of the detection gap. The detected vari-
ation is then converted to voltage and transferred to the controller. Once receiving
the voltage, the controller generates the current according to the predefined control
algorithm. The amplified current is then distributed and output to the corresponding
coil according to the configuration of the radial magnetic bearings. It is important
to note that the variation detected by sensors is the position of the shaft. There-
fore, some detection and compensation methods of the rate of change of the shaft
position are necessary to improve the control precision of the magnetic bearings.
Additionally, in order to reduce the radial dimension of the entire device, two radial
displacement sensors and two radial magnetic bearings can be placed on either side.
One of two radial displacement sensors uses two probes to detect displacement in
the direction of the X-axis. The other adopts two probes to detect displacement in the
direction of the Y-axis. One radial magnetic bearing uses two magnetic poles in the
direction of the X-axis. The other one adopts two magnetic poles in the direction the
Y-axis. With this configuration, two probes, which have the same direction (X-axis),
simultaneously perform functions. By detecting the displacement, the translational
detection in this direction of X-axis can be achieved. By calculating the difference
of displacements detected by these two probes, the deviation displacement around
the Y-axis can be obtained. Based on these results, the controller actuates the two
radial magnetic bearings in the direction of the X-axis to generate force to eliminate
the displacement in this direction. At the same time, the controller actuates the two
radial magnetic bearings in the direction of the Y-axis to generate the torsion force to
eliminate the deviation displacement around the Y-axis. The other two probes work
in the same principle. As a result, displacements in four directions can be detected
and eliminated.

The proposed radial magnetic bearing and the radial displacement sensor are
shown in Figs. 15 and 16 respectively.
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Fig. 15 (Left) 31 stator 32 coil 33 rotor 34 air gap. (Right) The structure of radial magnetic bearing.

Fig. 16 (Left) 21 stator 22 probe 23 detective ring 24 detective air gap. (Right) The structure of
the radial displacement sensor.

7.2 Design and Analysis of the Radial Magnetic Bearing

The equivalent magnetic circuit of the radial magnetic bearing is shown in Fig. 17
and the equivalent magnetic circuit when four coils run is shown in Fig. 18.

In the figures, Rx1, Rx2 are the reluctances of air gaps in the+x and−x directions,
Ry1, Ry2 are the reluctances of air gaps in the +y and −y directions, φy1x1, φy1x2,
and φy1y2 are the air gap fluxes in the +x, −x, and −y directions respectively when
the coil current is across in the +y direction. φy1 is the total air gap flux in the +y
direction when the coil current is across in the y direction. φy2x1, φy2x2, and φy2y1

are the air gap fluxes in the +x, −x, and +y directions respectively when the coil
current is across in the −y direction. φy2 is the total air gap flux in the −y direction
when the coil current is across in the y direction. φx1y1, φx1y2, and x1x2 are the air
gap fluxes in the +y, −y, and +x directions respectively when the coil current is
across in the +x direction. φx1 is the total air gap flux in the +x direction when the
coil current is across in the x direction. φx2y1, φx2y2, and φx2x1 are the air gap fluxes
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Fig. 17 Equivalent magnetic circuit.

Fig. 18 Equivalent magnetic circuit when four coils run; a coil in the +y direction, b coil in the
−y direction, c coil in the +x direction, d coil in the −x direction.

in the +y, −y, and +x directions respectively when the coil current is across in the
−x direction. x2 is the total air gap flux in the −x direction when the coil current is
across in the x direction.

According to the Fig. 18 the total fluxes of every branches in the equivalent circuit
of control flux are as follows,
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⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

φy1 = N Iy1
Ry1+Ry2 //Rx1 //Rx2

φy2 = N Iy2
Ry2+Ry1 //Rx1 //Rx2

φx1 = N Ix1
Rx1+Rx2 //Ry1 //Ry2

φx2 = N Ix2
Rx2+Rx1 //Ry1 //Ry2

(54)

Fluxes of every branches are expressed,

⎧
⎪⎪⎨

⎪⎪⎩

φy1y2
= N Iy1−φy1 Ry1

Ry2

φy1x1
= N Iy1−φy1 Ry1

Rx1

φy1x2
= N Iy1−φy1 Ry1

Rx2

⎧
⎪⎪⎨

⎪⎪⎩

φy2y1
= N Iy2−φy2 Ry2

Ry1

φy2x1
= N Iy2−φy2 Ry2

Rx1

φy2x2
= N Iy2−φy2 Ry2

Rx2

(55)

⎧
⎪⎪⎨

⎪⎪⎩

φx1x2
= N Ix1−φx1 Rx1

Rx2

φx1y1
= N Ix1−φx1 Rx1

Ry1

φx1y2
= N Ix1−φx1 Rx1

Ry2

⎧
⎪⎪⎨

⎪⎪⎩

φx2x1
= N Ix2−φx2 Rx2

Rx2

φx2y1
= N Ix2−φx2 Rx2

Ry1

φx2y2
= N Ix2−φx2 Rx2

Ry2

(56)

where, ⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Rx1 = δ+x
μ0A

Rx2 = δ−x
μ0A

Ry1 = δ+y
μ0A

Ry2 = δ−y
μ0A

where x denotes the offset of rotor in the X direction, y denotes the offset of rotor
in the Y direction, δ is the length of air gap at the equilibrium position, R denotes
the reluctance of magnetic circuit, the subscript x1 and x2 denote the positive and
negative X direction, the subscript y1 and y2 denote the positive and negative Y
direction, and N Iy1, N Iy2, N Ix1, N Ix2 denote ampere-turns respectively.

⎧
⎪⎪⎨

⎪⎪⎩

φyp = φy1 + φy2y1
+ φx2y1

− φx1y1
φyn = φy2 + φy1y2

+ φx1y2
− φx2y2

φxp = φx1 + φx2x1
+ φy2x1

− φy1x1
φxn = φx2 + φx1x2

+ φy1x2
− φy2x2

(57)

Then the forces in the Y and X directions are described,

⎧
⎨

⎩

Fy = φy2p
−φy2n

2μ0A

Fx = φx2p
−φx2n

2μ0A

(58)
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So, ⎧
⎨

⎩

Fy = (Py1 Iy1+Py2 Iy2+Px1 Ix1+Px2 Ix2 )(P
′
y1
Iy1+P ′

y2
Iy2+P ′

x1
Ix1+P ′

x2
Ix2 )
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Fx = (Qy1 Iy1+Qy2 Iy2+Qx1 Ix1+Qx2 Ix2 )(Q
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Iy1+Q′
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x2
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(59)

where, ⎧
⎪⎪⎪⎪⎪⎨
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Ry1 Ry2Cx2
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where ⎧
⎪⎪⎨

⎪⎪⎩

Cy1 = Ry1 + Ry2//Rx1//Rx2
Cy2 = Ry2 + Ry1//Rx1//Rx2
Cx1 = Rx1 + Rx2//Ry1//Ry2
Cx2 = Rx2 + Rx1//Ry1//Ry2

The 2D FEM model of radial magnetic bearing is built, and the diagram of coil
current directions is shown in Fig. 19. The dimension of the radial magnetic bearing
is shown in Table1.

(1) ix1= ix2= ix3= ix4=0.2A
When ix1=0.2A, ix2=0.2A, ix3=0.2A, ix4=0.2A, the flux distribution is

shown in Fig. 20.
(2) ix1= −ix2= −ix3= ix4=0.2A
When ix1=0.2A, ix2= −0.2A, ix3= −0.2A, ix4=0.2A, the flux distribution is

shown in Fig. 21.
From these figures, it can be seen that the proposed radial magnetic bearing with

four magnetic poles can be realized with the 2DOF of the magnetic actuator by
controlling every coil currents.

8 Discussions and Future Work

The handheldmedical robot is required to have a very small volume of robot body and
high precision of localization/tracking, so the requirement ofmagnetic bearing is also
to be small and to have high control precision. The existing structure of displacement
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Fig. 19 The diagram of coil current directions.

Table 1 Main parameters of radial magnetic bearing (Inner diameter: ID; Outer diameter: OD).

Item Value

Stator OD/mm 36

ID of stator /mm 13.4

OD of stator teeth /mm 28

OD of rotor /mm 13

ID of rotor /mm 5

Width of magnetic pole /mm 4

Turns of coil /turn 70

sensors are still too big to be placed in the small volume ofmagnetic bearing structure.
Therefore, it is important to study a new structure of magnetic bearing with a small
volume and non-sensor technology in the surgical field. Therefore, this future work
includes a novel multiple-DOF integral magnetic bearing configuration and a self-
sensing detecting method.
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Fig. 20 Flux distribution (ix1= 0.2A, ix2= 0.2A, ix3= 0.2A, ix4= 0.2A).

Fig. 21 Flux distribution (ix1= 0.2A, ix2= 0.2A, ix3= 0.2A, ix4= 0.2A).
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8.1 Design of Magnetic Actuator with Small Volume

Figure22 illustrates the flux distribution of the traditional radial magnetic bearing
when the coils current in the Y channel is 0.3A in simulations. From Fig.22, it
is apparent that the magnetic field coupling exists between X and Y channels. In
order to decouple the flux between X and Y channels, the field coupling structure is
proposed [24], as shown in Fig. 23.

In order to reduce the radial volume of magnetic actuator system, the tradition
radial magnetic bearing with four magnetic poles can be designed with twomagnetic
bearing and two magnetic poles, as shown in Fig. 24. In this figure, one of the radial
magnetic bearing is consisted of two magnetic poles which are placed along the Y
direction (Fig. 24a), and the other is of two magnetic poles which are placed along
the X direction (Fig. 24b).

In addition, the tradition radial displacement sensor with four probes can be
designed with two sensors and two probes in order to reduce the radial dimension
of the whole magnetic actuator system, as shown in Fig. 25. In this figure, one of the
radial displacement sensors is of two probes which are placed along the Y direction
(Fig. 25a), and the other is of two probes which are placed along the X direction
(Fig. 25b).

Fig. 22 Flux distribution of
traditional radial magnetic
bearing.
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Fig. 23 The proposed structure of field decoupled radial magnetic bearing.

Fig. 24 Radial magnetic bearing with two magnetic poles. a two magnetic poles in the Y direction;
b two magnetic poles in the X direction.

8.2 Research on Control Method of Self-sensing Magnetic
Actuator System

Self-sensing is the research emphasis of this project. The magnetically suspended
system stability and control precision are determined by the reliability and precise
detection of rotor component. The displacement detection device is required to have
a small volume and light mass because of the requirement in medical field. There-
fore, a novel detected method is needed. Self-sensing needs to be adopted for this
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Fig. 25 Radial displacement sensor with two probes. a sensor with two probes in the Y direction;
b sensor with two probes in the X direction.

application. The idea is to detect the rotor displacement by detecting the coil voltage
or current in magnetic bearing. It has many advantages such as,

(1) High precision. This method can solve the problem of placement between
displacement sensor and magnetic bearing. The signal of self-sensing implies the
center of magnetic bearing, so the difficulty of control can be decreased and can be
good for high precision active control.

(2) High stability. The dimension of rotor component can be effectively decreased
and thus improve the system stability.

(3) High reliability. This method can be separated from the displacement sig-
nal demodulation circuit and magnetic bearing coil. Therefore, the magnetically
suspended system is away from strong magnetic fields, high temperatures and vibra-
tions. As a result, the system reliability is improved. At the same time, self-sensing
detecting method can provide a new idea of sensor redundancy and fault tolerant
control of magnetic bearing.

Self-sensing method is usually used for the active magnetic bearing with cur-
rent biased. This project has proposed a novel self-sensing method to the AMB for
micromanipulators. Based on the principle of existing self-sensing method [25], a
novel self-sensing method is proposed for two degrees of freedom of rotor based on
dual PWM carrier wave. The merit of this method is to avoid the effect of sample
processing which is caused by PWM carrier wave on power amplifier performance.
So the self-sensing sampling cycle will be shorten.

The following contents introduce the fundamental principle of self-sensing. There
are four coils in x or y direction for the radial part of the AMB, and it can be classified
six different connection methods according to the coil with series and parallel mode.

To realize the rotor self-sensing using the principle of differential transformer, the
coils in positive and negative x direction is in series and the same to the y direction.
Besides the self-inductance among coils, mutual inductance is existed because of
the magnetic circuit coupling. Consequently, self-sensing method can be realized by
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detecting the difference of voltage in positive x (or y) direction and negative x (or y)
direction.

For the convenience of analysis, leakage, iron core magnetic reluctance, and
the magnetic saturation are ignored. According to the equivalent magnetic circuit
of radial magnetic bearing, assuming, ix+ = ix− = ix , iy+ = iy− = iy , ignoring the
voltage caused by coil reluctance, the radial displacement variation is very slow com-
pared with current variation. So the relationship between coil voltage and coil flux
linkage is at the equilibrium position. Then the voltages in x and y direction are as
follows [26]:

vx = vx+ − vx− = d(ψx1 − ψx−)

dt
= 4μ0AN 2

2g2 − (x2 + y2)
(x

dix
dt

− y
diy
dt

) (60)

vy = vy+ − vy− = d(ψy+ − ψy−)

dt
= 4μ0AN 2

2g2 − (x2 + y2)
(y

dix
dt

− x
diy
dt

) (61)

ux = vx+ − vx− = d(ψx+ + ψx−)

dt
= 4μ0AN 2

g(2g2 − x2 − y2)
[(2g2 − y2)

dix
dt

− xy
diy
dt

]
(62)

uy = vy+ − vy− = d(�y+ + �y−)

dt
= 4μ0AN 2

g(2g2 − x2 − y2)
[(2g2 − x2)

diy
dt

− xy
dix
dt

]
(63)

where vx (vy) is the voltage difference in positive x (or y) and negative x (or y)
direction, ux (uy) is the coil voltage in x (y) direction.

Considering the above four equations, it can be solved as follows,

vx = 1

2g
(ux x − uy y) (64)

vy = 1

2g
(uy y − ux x) (65)

It can be seen from the above equations that the voltage difference in coils with
positive and negative directions is proportional to the radial displacement. Because
the coil voltages ux and uy are known which are controlled by PWM, the radial
displacements x and y are obtained by detecting the coil voltages in positive and
negative directions vx (t1), vx (t2) (or vy(t1), vy(t2)) at two adjacent time steps.

Two electric level full-bridges PWM switching amplifier is generally adopted in
the controlling of HMB. The amplitude and direction of coils currents are changed
by controlling the coils alternating voltages. In order to obtain two adjacent time
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Fig. 26 Principle block diagram of self-sensing of magnetic bearing.

intervals as short as possible, the displacement signals of x and y are detected from
the difference of coil voltage vx . Two triangular wave generators with 90-degree
phase act as PWM pulsation of coils in x and y directions, namely carrier signals, in
order that two unrelated detected status will be created in a PWM period.

The working principle of PWM switching power amplifier is as follows, the
computing of control signals frommagnetic bearing control system and signals from
current transformer are mixed to send the pulse width modulator to generate PWM
square signal. This square signal canmake power switch tube output electromagnetic
force by optocoupler and drive the circuit, which changes according to the change
of the control signal changes.

The principle diagram of self-sensing of magnetic bearing is shown in Fig. 26.
It includes orthogonal phase PWM carrier generating circuit, differential comparing
circuit, and logic detecting circuit.

As shown in Fig. 26, the voltage vx+ in positive coil and vx− in negative coil
are exacted using linear optocoupler. Then the detected signals can be obtained by
comparing circuit, which is proportional to the displacement of rotor.

In the actual signal detection circuit, it does not require the numerical solution of
equations. According to the positive status coil voltage ux and negative status coil
voltage uy in the x and y directions, the detecting signalswhich is proportional to rotor
displacement can be obtained by these signals through addition and subtractions.
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Magnetic Tracking in Medical Robotics

Shuang Song and Hongliang Ren

Abstract Biomedical robotic applicationswith accuracy requirements demand real-
time position and orientation tracking, such as in the field of human motion tracking,
rehabilitation, surgical instrument tracking, among many others. Among the state-
of-the-art tracking technology, magnetic sensing method is an effective technology
to provide fast and accurate tracking result without suffering from occlusion draw-
backs. Magnetic sensing techniques are used to sense the distribution of a magnetic
source field. With the sensing signals, the pose (position and orientation) between
the sensor(s) and the source(s) can be estimated according to the magnetic field
distribution model. In contrast to other optical tracking technologies in the clinical
setup, magnetic sensing has no line-of-sight problem and is easy to be embedded
with many instruments. Therefore, it is useful in intracorporeal applications to pro-
vide the location information of the tracked targets inside the human body. For this
reason, magnetic sensing techniques have potential to further improve the applica-
tions of computer assisted surgeries. For example, flexible curvilinear manipulators
or endoscopic devices nowadays need to be tracked in real time for better and safer
operations. This chapter gives an overview of how the magnetic sensing technology
works in the field of medical instrument tracking. After that, the sensing applica-
tions will be given in detail. Three typical medical applications will be discussed: (1)
magnetic sensing for wireless capsule robots; (2) Current magnetic sensing devices
in clinic setups; and (3) magnetic sensing for flexible surgical robots.

1 Overview of Magnetic Tracking

Magnetic tracking has been studied and applied inmany areas, such as humanmotion
tracking, human rehabilitation application, virtual reality, human robot interaction
[13], guidance [18], surgery [21] and interventions [20], among many others [3, 16,
32].
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Based on the way of generating magnetic field sources, two types of magnetic
sensing methods are typically utilized, the permanent magnet-based tracking [26–
28], which uses permanent magnet as the magnetic field source; and the quasi-static
electromagnetic coils-based tracking [27, 28, 31], which uses current to fed on the
coil to generate the magnetic field. For both of these two types, the magnetic dipole
model can be used to provide an appropriate tracking result. However, for special pro-
pose, such as 6-DOF tracking, the dipole model will fail. Therefore, analytical model
will be needed. In this section, we will first introduce the magnetic dipole model and
the analytical magnetic field model. After that, the magnetic tracking method will be
shown, including the permanent magnetic tracking and the electromagnetic tracking
methods.

1.1 Magnetic Dipole Model

The magnetic dipole model is the mostly used model for calculating the magnetic
field. Figure1 shows the magnetic dipole model, in which (a, b, c)T is the position
parameter of the magnet in the global coordinate system.H = (m, n, p) is the direc-
tion of the magnetic moment and m2 + n2 + p2 = 1. Therefore, the magnetic field
at position (x, y, z)T can be estimated with the following equation

BD = BT

(
3(H · P) × P

R5
− H

R3

)
, (1)

where BT = μrμ0MT /(4π), and μr is the relative permeability of the medium, μ0

(with unit Tm/A) is the magnetic permeability of the air. MT (with unit Am2) is

Fig. 1 Magnetic dipole
model.
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a constant defining the magnetic intensity of the magnet. P is the vector that from
(a, b, c)T to (x, y, z)T and R is the distance between these two points.

P = (x − a, y − b, z − c)T

R =
√

(x − a)2 + (y − b)2 + (z − c)2

1.2 Integral Based Models

The magnetic dipole model is an approximate model for magnetic field distribu-
tion. It has been used in many researches, however, the direction parameter H in the
dipole model is a unit vector. Therefore, only 2-DOF orientation information can
be obtained. If 3-DOF orientation information is needed, the dipole model will fail.
Hence, a closed-form analytical model for special magnet is needed which can pro-
vide the 3-DOF position and 3-DOF orientation. In the following part, an example
of closed-form analytical model will be shown based on an annular magnet, which
can integrate with the capsule endoscope well.

As shown in Fig. 2a, per the Biot–Savart law and the superposition principle, an
annular magnet can be regarded as one cylindrical magnet subtracts the other but
different radius in terms of the magnetic field. Therefore, we will first present the
model of cylinder magnet and then the annular one will then be obtained from the
model of the cylinder one.

As shown in Fig. 2b, the cylindrical one has the length parameter as 2a and the
radius as r . The magnetic moment direction is the same with the Z-axis. Define the
origin point of the magnet’s coordinate system as the centre of the magnet and the X-
axis as the length direction. The magnet can be regarded as surface currents IABCDA.
The surface current I = Idl is shown in Fig. 2b using red lines, where I = Jsdz0 is
the current magnitude, dl is the current direction and Js is the current density (A/m).
The magnetic field at the position generated by a surface current with thickness of
can be calculated according to the Biot–Savart law. Therefore, the magnetic field at
position P generated by the cylinder magnet can be estimated by

B =
∫ r

−r
dB (2)

Current can be divided into four segments with different directions. We will first
calculate the magnetic field that generated by each segment. After that, can be esti-
mated according to the superposition principle.

The direction of current is. According to the Biot–Savart law, the magnetic field
generated by current can be estimated: The direction of current IAB with segment
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Fig. 2 Modeling of annular magnet. a Superposition principle (upper figure) b Biot–Savart law
(lower figure).

AB is (1, 0, 0). Based on the Biot–Savart law, the magnetic field strength generated
by current IAB can be calculated using the following equation:

dB1 = μ0

4π

Idl × P0

|P0|3

= Kdz0

∫ a

−a

∣∣∣∣∣∣
i j k
1 0 0

x − x0 y − y0 z − z0

∣∣∣∣∣∣[
(x − x0)

2 + (y − y0)
2 + (z − z0)

2
]3/2 dx0

(3)

where K = Jsμ0/4π .
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For segment BC with current IBC direction of (0, 1, 0), the magnetic field can be
calculated with the subsequent equation

dB2 = μ0

4π

Idl × P0

|P0|3

= Kdz0

∫ y′

−y′

∣∣∣∣∣∣
i j k
0 1 0

x − a y − y0 z − z0

∣∣∣∣∣∣[
(x − a)2 + (y − y0)

2 + (z − z0)
2
]3/2 dy0

(4)

For current ICD , the direction is (−1, 0, 0) and the magnetic field will be

dB3 = μ0

4π

Idl × P0

|P0|3

= Kdz0

∫ a

−a

∣∣∣∣∣∣
i j k

−1 0 0
x − x0 y − y0 z − z0

∣∣∣∣∣∣[
(x − x0)

2 + (y − y0)
2 + (z − z0)

2
]3/2 dx0

(5)

For current IDA with the direction (0,−1, 0), the magnetic field will be

dB4 = μ0

4π

Idl × P0

|P0|3

= Kdz0

∫ y′

−y′

∣∣∣∣∣∣
i j k
0 −1 0

x + a y − y0 z − z0

∣∣∣∣∣∣[
(x + a)2 + (y − y0)

2 + (z − z0)
2
]3/2 dy0

(6)

The magnetic field dB = (dBx , dBy, dBz) generated by surface current IABCDA

can then be estimated as follows

(dBx , dBy, dBz) =
(

4∑
i=1

dBx i ,

4∑
i=1

dByi ,

4∑
i=1

dBzi

)
(7)

Therefore,

B = (Bx , By, Bz) =
(∫ r

−r
d Bx ,

∫ r

−r
d By,

∫ r

−r
d Bz

)
(8)

The magnetic field of cylinder magnet can be presented as

Bcylinder = (Bx , By, Bz) = fc(x, y, z) (9)
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Therefore, the solution of the magnetic field generated by an annular magnet
will be

Bannular = fannular (x, y, z)

= fc(x, y, z, r1) − fc(x, y, z, r2)
(10)

where r1 and r2 are the outer and inner radius, respectively.

1.3 Magnetic Tracking Method

One key factor of the magnetic sensing method is how to sense the magnetic field.
Two methods are usually used, magnetic sensor and magnetic coils. Principles of
these two methods are similar; therefore we take the magnetic sensor method as an
example.

A magnetic sensor array is shown in Fig. 3. Each sensor measures the magnetic
field at its position and outputs three signals, and, which indicate the field strength
on three orthogonal directions parallel to the global coordinate system axes.

Taking i-th sensor as an example: Let its position be Pi = (xi , yi , zi )T . The output
voltages will be Vi = (Vxi , Vyi , Vzi )

T . Using the magnetic field model, we can have
an estimation of the magnetic field at position Pi , which is Bi = (Bxi , Byi , Bzi )

T =
f (x, y, z, α, β, γ, xi , yi , zi ). (x, y, z)T is the position parameter of the magnet and
(α, β, γ )T is the orientation parameter. Define the error function as

Fig. 3 Magnetic sensor
array.
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ferr =
N∑
i=1

||Bi − si Vi ||2 (11)

where is a scale factor for the i-the sensor, which relates to the amplifier and the
AD chip of the sampling part. By minimizing the error function using an effective
optimization algorithm, the position and orientation parameters can be obtained.
Here Bi can be estimated with the magnetic dipole model or the analytic model. We
will first introduce the magnetic dipole model-based method in the following part.

1.4 Magnetic Dipole Method Based Methods

There are two methods for the dipole model-based positioning. One is linear algo-
rithm and the other is nonlinear method. We will first introduce the linear algorithm.

Through some vector computation on (1), we can have the following equation

(B × P) • H = 0 (12)

This equation can be further simplified as a linear form

F • � = b (13)

where
F = (Bx , By, Bz, Bz y − Byz, Bx z − Bzx)

� = (b − cn′, cm ′ − a, an′ − bm ′,m ′, n′)T

and ⎧⎨
⎩
m ′ = m

p

n′ = n
p

b = Bx y − Byx

With the data from the sensor array, a matrix M = (F1; F2; ...; FN ) and a vector
B = (b1, b2, ..., bN ) can be calculated, and then we have

� = (MT M)−1MT B (14)

Once � is solved, the parameters (a, b, c,m, n, p)T can further be solved.
The nonlinear method generally minimizes the error function (11) by an appro-

priate nonlinear optimization algorithm, such as LM algorithm. One drawback of the
nonlinear method is that the result depends on the initial guess of the parameters. A
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bad guess can easily lead to a local minima result. One solution is to combine the
linear method together with the nonlinear method. The linear method is first used to
obtain the initial guess, and then the nonlinear method is performed to find a better
global result.

1.5 Integral Model-Based Methods

Since the model of the annular magnet in (10) is established in the local coordinate of
the magnet, we have to transform it to the global tracking coordinate system, which
is built on the sensor array. Taking i-th sensor as an example, its position is Pi =
(xi , yi , zi )T with output signal Vi = (Vix , Viy, Viz)

T . The position and orientation
parameters of the magnet are (x, y, z, α, β, γ )T , which can be seen in Fig. 4.

Therefore, the magnetic field at position Pi can be estimated as follows

Bi = fa(xil , yil , zil)R
−1

where
(xil , yil , zil) = ((xi , yi , zi ) − (x, y, z))R

We can then minimize (11) to estimate the unknown position and orientation param-
eters.

Fig. 4 Coordinate
transformation.
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2 Electromagnetic Tracking Methods

Compared to the localization approaches based on passive or permanent magnets, the
active electromagnetic (EM) localization has better anti-interference performance
and a larger sensing range. Usually, three-axis orthogonal transmitting coils are
utilized to generate magnetic field seen in Fig. 5. The sensing coils can have different
or similar orthogonal structures to the transmitting coils, depending on the design
requirements and the applications. In terms of the estimation method, we developed
two different methods that can be used, namely direct estimation and rotation-based
estimation.

In the direct estimation method, each magnetic field source coil is independent
with others. Sensing coils output the signal from every transmitting coil. With an
appropriate algorithm, pose information of the sensing coils can be determined.

Raad et al. [11] proposed a tracking method using triaxle transmitting coils and
triaxle sensing coils. By processing the sensed signals, small changes of the sens-
ing coils in the coordinates can be detected. Therefore, 3-DOF position and 3-DOF
orientation of the sensing coils can be determined. Hu et al. [20] presented an algo-
rithm which is also based on three-axis generating coils and three-axis sensing coils.
By expressing the relationship between the transmitting coils and sensing coils with
analytic equations, 6-DOF pose information of the sensor coils can be determined
directly. Plotkin et al. [10] used a coplanar array consisting of eight transmitting
coils to serve as the magnetic field sources. By using the Levenberg–Marquardt
(LM) algorithm to solve nonlinear equations, the sensor position can be determined.

Fig. 5 Electromagnetic tracking method. The magnetic field is generated by the three-axis orthog-
onal transmitting coils, which are fed with low-frequency alternating current (AC). The sensing
coils have the similar structure with the transmitting coils. With the sensing signals, position and
orientation of the sensing coils about the transmitting coils can be determined.
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The rotation-based method is to rotate the transmitting coil(s) in a particular
pattern to generate a rotating dipole field. By extracting features of the rotating field
from the sensing signal, position and orientation parameters of the sensing coils can
be estimated. Features can be phase, amplitude, maximum value, minimum value
and so on. The rotation process can be carried out either mechanically or electrically.
For example, a two-axis orthogonal transmitting coils fed with orthogonal sinusoidal
signals can be regarded as a single-axis rotating coil. Kuipers et al. [16] proposed a
tracking method using a nutating magnetic field. The nutating field is generated by
a three-axis coil. Two-axis orthogonal coils fed with orthogonal sinusoidal signals
to serve as a rotating coil and the other coil is fed with a direct current (DC) signal.
Therefore, a synthetic nutating dipole coil is established. Paperno et al. [9] used two-
axis coils fedwith the phase quadrature current to serve as a rotatingmagnetic dipole.
By extracting the features such as the phase, maximum and minimum values of the
squared total of the AC part of the sensing signal, 3D position and 3D orientation
of the sensing coils can be estimated. A similar method was also proposed by Song
et al. [28], in which only the amplitude and phase information of the sensing signal
are needed.

No matter which estimation method is applied, the tracking method is mainly
based on the magnetic dipole. Equations with unknown position and orientation
parameters are built based on the dipole model and then can be solved to obtain
the pose result. Sometimes, the nonlinear optimization method is used to solve the
equation, and in some case the closed-form analytic solution can be found.

As mentioned at the beginning of this chapter, the magnetic tracking method has
no line-of-sight problem. In the following part, some applications in medical field
will be introduced with the magnetic sensing technology.

3 Magnetic Sensing for Wireless Capsule Robots

First introduced in 2001 by Given Imaging, wireless capsule has provided an easy
and comfortable way to diagnosis the gastrointestinal tract. One key limitation factor
of the capsule robot is that the image cannot be linked to the position of the GI tract,
which makes it hard for physicians to acquire comprehensive clinical information.

One solution is to apply the magnetic sensing method to track the individual
capsule endoscope robot. By embedding amagnet into the capsule, real-time tracking
can be achieved. As shown in Fig. 6, an annular ringmagnet and the associated sensor
array can be placed around the capsule, then the real-time position information can
be obtained along with the image from the camera. The reason for using annular
magnet is that it does not occupy the usable space in the endoscope, and meanwhile
will provide enoughmagnetic field strength for tracking. Figure7 shows twomagnets
with different magnetic moment direction. Magnetic moment of magnet “a” is along
the length direction of the magnet, which can only provide 3D position and 2D
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Fig. 6 Endoscope with annular magnet.

Fig. 7 Different types of annular magnet.

orientation, with the self-rotation information missing. Magnet “b” can provide 6D
information, since its magnetic moment it along the height direction, which makes it
an asymmetrical structurewhen rotating about themoment direction. For the tracking
withmagnet type “a”, magnetic dipolemodel can be used to estimate the 5D position.
The method of tracking of magnet type “b” is presented in the previous part of this
chapter.
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When applying the magnetic sensing method for real life application, the inter-
ferences from the movement of the human body should be eliminated, since the
coordinate transformation between the tracking sensor array and the human body is
varying when movement happens. One feasible solution is to apply a multi-object
tracking method [31]. Twomagnets fixed on the surface of the human body can serve
as a reference coordinate system for the human body. A third magnet is mounted on
the capsule and tracked with respect to the reference. Therefore, movement between
the human body and the sensor array can be determined in real time and the inter-
ferences can be reduced.

4 Electromagnetic Sensing in Clinical Setup

The magnetic sensing system for surgical robots typically includes three parts: the
field generator (FG), which creates a magnetic field of known geometry; the EM
sensor, which can sense the magnetic field and output signals related to the field. The
tracking system unit is designed to control the FG and sample the sensing data to
output the position and orientation information.

Usually, the sensor is mounted in the robot and moves with the robot. Therefore,
the real-time position information of the robot can be estimated. There are many
commercial products that can be used, as shown in Fig. 8.

In-vivo experiments on human body such as the skull [7, 8] and vessels [32] have
been performed with actual interventions [12, 22]. These studies provide a practical
experience to demonstrate the potential and limitation of EM tracking in in-vivo
applications.

It has been shown that EM tracking has potential to be used for catheters, needles,
wires and soon.However, tracking accuracymaydecrease due to themetal equipment
or environment [12, 22]. For example, an increased error due to metal equipment
was found during neurosurgical applications [7, 8].

5 Magnetic Sensing for Flexible Robots

Inspired by snakes or other dexterous animals or organs, flexible robots have been
well studied for the application of minimally invasive surgery (MIS) with enhanced
performance in MIS [13–15, 17, 18]. The flexible robot can deform to unexpected
shapes when there is contact with the environment, which may cause damage and
hard to detect. Therefore, a real-time shape detection method is needed during the
operation for the following reasons.
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Fig. 8 Commercial electromagnetic tracking products. a 3D Guidance b Aurora c Fastrak.
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• Safety issue. During the operation, robot may interact with tissues, which results
in not only inaccurate shape estimation, but also potential damage to the tissues.
Therefore, positional and shape information of the robot needs to be monitored in
real time to detect the contacts and evaluate the scale of the contacts, to provide a
safer operation.

• Control issue. Feedback control is required during the operation to provide accu-
rate operation. Therefore, real-time positional and shape information should be
provided as feedback to the operator or controller.

Usually, a kinematic model is used to predict the tip and shape information [31].
Under assumptions, such as constant curvature assumption, the shape can be pre-
dicted. To achieve more accurate shape estimation, Cosserat Rod Theory [35, 36],
geometrically method [34], elliptical integrals [33], Rayleigh-Ritz formulation [23,
28] have also been studied. However, these methods can only estimate the shape only
if the external payload is known. In the real operation situation, the contact forces
between the robot and the tissues are usually unknown. Therefore, kinematic models
may fail to predict the tip position and shape estimation. To overcome the disad-
vantage, sensor-based shape prediction or reconstruction methods have been studied
[31]. Medical images, such as Ultrasound image [32], CT image [19] or Magnetic
Resonance Imaging (MRI) [3, 5], have been studied and proved to be feasible to
provide shape estimation. Besides the image-based method, Fiber Bragg Grating
(FBG)-based technology has been widely studied [6, 32]. This method uses a num-
ber of FBG sensors to be mounted in specific positions of the robot. These sensors
can provide the axial strain of the placed position. With the axial strain information,
curvature of the placed position can be computed. Therefore, 3D robot shape can be
estimated from the curvatures of each place position and then the tip pose can also
be estimated.

In our previouswork, we have demonstrated that Electromagnetic tracking (EMT)
method can be used to estimate the shape of multi-segment continuum robots [29–
31]. In the following parts, two applications of the shape sensing will be introduced,
one is the wire-driven flexible robot and the other is the concentric tube robot.

5.1 Wire-Driven Flexible Robots

Figures6, 7, 8, 9 and 10 Multi-section wire-driven flexible robot with two bending
sections. Each section can be controlled independently to deform as an arc with
different curvatures.

The wire-driven flexible robot is a kind of continuum flexible robots developed
for minimally invasive surgeries (MIS). As shown in Figs. 6, 7, 8, 9 and 10, the
robot contains two parts: the driven part and the bending part. The link between the
driven part and the bending part is wire. Each bending section can be controlled
independently to deform to a curve.
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To achieve better and safer performance, the real-time tip position and shape
information are important to provide feedback control. Thanks to its no line-of-sight
problem,magnetic sensingmethod is a good choice to provide the tip tracking results.
Based on the tip position and orientation results, real-time shape can be estimated.

The general work flow of the EMT-based shape estimation method is as follows,

• Mount the electromagnetic sensors on the predetermined positions of the robot.
These positions are usually the starting points and the ending points of the fitting
curves. The order of the curve is decided with the bending of the robot. Generally,
both quadratic Bezier curve and cubic Bezier curve [30] can be used and the
detailed selection scheme will be presented in the discussion section.

• Use the curve length information to serve as the target function and then perform
the optimization algorithm to estimate the unknown parameters of the curve. The
curve length is predetermined by the length of the flexible robot.

• Estimate and show the robot’s shape based on the Bezier curve. For a wire-driven
flexible robot, each joint can have an estimated position from the Bezier curve. For
the concentric tube robot, the shape information can be sampled from the Bezier
curve with small interval.

An example for shape sensing can be seen in Fig. 9. The robot has two independent
sections mounted with three magnetic sensors. One sensor is mounted on the distal
end of the robot to perform the tip tracking and shape sensing. One sensor is mounted
on the base of the robot is to provide transformation information between EMT
coordinate system and robot’s coordinate system. The third sensor is mounted on
the cross joint of the robot, which is to serve as the reference to evaluate the shape
sensing accuracy. Different colours have been used to represent different section.

Figure10 shows the shape estimation forwire-driven flexible robot in the transoral
surgery. A forceps is mounted at the tip of the robot. Once the tip arrives at the desired
position, the forceps will grip the tissue for the biopsy experiments. The real-time
shape information is shown on screen to monitor the insertion procedure. The tip
position information is also displayed in real-time overlaid with the CT image. A
sequence of the real-time shape sensing can be seen in Fig. 11.

Fig. 9 Experimental platform for the shape sensing with quadratic Bézier curves.
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Fig. 10 Shape estimation
for wire-driven flexible robot
in transoral surgery. 1 The
wire-driven flexible robot in
the transoral procedure; 2
The image inside the
cadaver. It shows the forceps
in the tooltip of the robot to
grasp the tissue; 3 Real-time
shape information and 4
Real-time tip position in the
CT image.

5.2 Concentric Tube Robots (CTR)

Concentric tube robots (CTR) [1, 18, 35] are a kind of continuum flexible robots
developed for minimally invasive surgeries (MIS). Typically, a CTR contains two
or more concentric tubes nested one by one. Each tube can be controlled to rotate
and translate independently. With different configurations of tubes’ rotation and
translation, shape of the robot can be controlled. Therefore, CTR has the potential
to follow curved paths into the human body via small open orifices, and meanwhile
avoiding collision with tissues due to its controllable curved shape. As a result, more
efficient MIS can be achieved.

To achieve better performance, the shape of the tubes is a key factor. Inaccurate
estimation of the shape may cause direct contact with the tissues, which may results
in unnecessary tissue overload or trauma. Usually, the kinematic model is used to
estimate the shape information. However, it may be inaccurate if there are unknown
external forces. To solve this problem, we proposed to use magnetic sensing method
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Fig. 11 The sequence shows the inserting procedure during the transoral procedure. For each step,
the left figure is the shape estimation result and the right figure is the tooltip position in the CT
image. The yellow points in the CT image are the registration points and the red points are the target
points to verify the registration precision. The cross point of the two red lines in the CT image
indicates the tip position.

to perform the shape sensing. The method is similar with the algorithm used in
the shape sensing of wire-driven flexible robot mentioned in the above sections. As
shown in Fig. 12, two sensors have been mounted on a CTR with two tubes. For each
tube, one sensor has been mounted at the distal end of the tube. Figure13a shows an
experiment of the robot moving inside a plastic mould and the real-time is shown in
Fig. 13b. Different colour has been used to represent different tube.



158 S. Song and H. Ren

Fig. 12 Shape sensing for a concentric tube robot.

Fig. 13 Shape sensing
experiments for concentric
tube robot. a Shape sensing
application b Shape sensing
results.
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Fig. 14 Motion star and
LIBERTY.

6 Magnetic Sensing in Rehabilitation

Magnetic sensing method can be used to provide visual-free tracking results in
biomechanics, human motion study and rehabilitation field. To achieve this goal,
human motion tracking is necessary as a feedback to correct any undesired motion
or behaviour. Usually, sensors are mounted to the human body to collect motion
information. Some commercial products have already been used in such filed, such
asMotion Star fromAscension Technology, LIBERTY fromPolhemus (Fig. 14). The
advantage of the sensing method is no line-of-sight problemwith low cost. However,
the ferromagnetic materials may reduce the accuracy of the tracking results. More-
over, the sensing distance is quite short compared to the optical tracking method.

7 Challenge and Future Work

The electromagnetic tracking method has the following drawbacks:

• Each sensor needs a cable to connect to the control board, which makes it hard to
be used in the wireless tracking applications.

• The sensor is kind of expensive and sometimes it cannot be reused due to some
health condition.
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• The tracking results will be affected by the metal materials in the clinical environ-
ment.

One more issue of the EMT and PMT methods is that the tracking range is small
compare to the optical tracking. Therefore, in the future developments for better use
in the clinical applications, the above issues must be solved, especially the affection
from the metal materials, which is the main restriction as the barrier of the widely
use of the EMT in clinical applications.

Moreover, shape sensing for flexible surgical robots in minimally invasive surgery
is also essential to provide safety and effective procedure. Hence, accurate shape
estimation should be well studied, not only for the shape sensing, but also for the
force sensing with shape information.
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Passive Magnetic Localization in Medical
Intervention

Zhenglong Sun, Luc Maréchal and Shaohui Foong

Abstract In the past decade, with continual advancement in the magnetic field sens-
ing technology, passive magnetic tracking has become an emerging trend in the field
of medical intervention. By embedding a small permanent magnet in the medical
instrument, the passive magnetic tracking approach makes the system possible to
have untethered, compact and wearable, even modular design for better ergonomics
and lower hardware requirements. In this chapter, an overview of the working princi-
ple and methods of the passive magnetic tracking technology was presented. Imple-
mentation of the technology in actual medical interventions were also demonstrated.
Lastly, the challenges in the development of this technology were explored and dis-
cussed.

1 Introduction

Motion tracking and navigation systems are paramount for both safety and efficacy
in a variety of medical interventions and procedures. Magnetic field-based tracking
technology becomes appealing for such applications. It utilizes the phenomenon
that the distance and orientation of the magnetic source will change the amplitude
and direction of the local magnetic field in space. By mapping the measurements
of the local magnetic field to the distribution of the magnetic source, it is able to
estimate up to six degrees-of-freedom (DOFs) positional information (both position
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and orientation). Because the magnetic fields are of a low field strength and can
safely pass through human tissue with least interference, it can be used for tracking
instruments/tools inside the human body without line-of-sight restrictions.

In general, based on the type of themagnetic source, the tracking techniques can be
divided into two groups: active electromagnetic (EM) tracking and passive magnetic
tracking. In active electromagnetic tracking, the magnetic source is generated by
excitation coils; while in passive magnetic tracking, the magnetic source is from a
permanent magnet. Although both groups are often referred asmagnetic tracking, the
underlying principles are fundamentally different [4]. Several tracking systems based
on the active approach have been commercially available. It requires sending a small
sensor coil (e.g. AURORA system, NDI Medical, US) or an EM transmitter (e.g.
CORTRAK system, Corpak Medsystems, US) together with the medical instrument
into the human body. The source will generate controlled, varying electromagnetic
field. Small voltage signals will be induced in the sensor coil, and therefore be
characterized to calculate the position and orientation of the sensor. In this process,
tethering wires are usually indispensable for power supply as well as electrical signal
transmission. In comparison to that, the passive magnetic tracking provides a less-
invasive option. It only requires associating a small permanent magnet with the
medical instrument as the passive source, and all electronic components (such as the
magnetic sensors) can be left outside the human body. By measuring the magnetic
fields at fixed points in space, the position, and orientation of the permanent magnet
can be calculated. In such manner, the system can be designed to be completely
untethered and wireless. Because of this feature, passive magnetic tracking approach
has been adopted in many medical research studies, such as the wireless capsule
endoscope [14, 22], heart valve prostheses [1], ventriculostomy [11] and nasogastric
intubation [2, 20].

Therefore, in this chapter, the magnetic field model often used in passive mag-
netic tracking is first reviewed. Then twodifferent localizationmethods are described,
namely the inverse optimization method and the direct ANN (artificial neural net-
work) method; the advantages and disadvantages of the two methods are discussed
using two actual medical intervention procedures for practical illustration. Lastly,
some limitations and challenges faced by the passive magnetic tracking are dis-
cussed.

2 Modeling the Magnetic Field of Permanent Magnet

2.1 Dipole Model

Same as in the active EM tracking technique, the magnetic source is often modeled
by a magnetic dipole as shown in Fig. 1. The Dipole Model (originally suggested
by Fitz Gerlad in 1883) is commonly adopted in these works for its simplicity.
Schlageter et al. first presented a 5-DOFs tracking system with 4 × 4 2D-array of
Hall sensors [15]. Hu et al. evaluated different nonlinear optimization methods in
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Fig. 1 Illustration of
modeling the permanent
magnet as a single magnetic
dipole.

tracking 3D location and 2D orientation of the capsule endoscopemovement [7]. Yao
et al. demonstrated the detection ofmagnetic objectwith afixed three-axialHall probe
for tracking control [26]. Lee et al. developed a magnetic gradient tensor method to
detect ferromagnetic objects for guiding the visually impaired [8, 9]. Researches
have also been done in the sensor arrangement and optimization to achieve higher
tracking accuracy [6, 12, 13].

InDipoleModel, the totalmagnetic flux density at i th observation point (magnetic
sensor) due to the magnetic dipole is modeled as

B(Psi ) = μrμ0 · M
4π

(
3(Hm · Pi )Pi − R3

i · Hm

R5
i

)
, (1)

whereμr is the relative permeability of the medium,μ0 is the magnetic permeability
of free space (mT· mm/A), M is the constant strength of the dipole moment (A·
mm2) measured from the permanent magnet, Hm is a unit vector along the magnet
magnetization axis. and Pi is a vector from the magnet Pm pointing to the i th sensor
Pi
s , and Ri is the magnitude of the vector Pi ,

Pi = Psi − Pm . (2)

Dipolemodel is known for its simplicity, since it has only one unknown parameter,
the dipole moment strength M . Usually it is considered to be constant, and can be
decided by the material magnetic field strength and the magnetic object volume.
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Fig. 2 Illustration of a the
Charge Model and b the
Distributed Multipole Model
of a cylindrical permanent
magnet.

h l

Ps
(a) (b)

2.2 Charge Model

While the dipole model has been widely adopted, it ignores the geometry of the
permanent magnet and it gives poor approximation of the near field of the magnet. In
general, it is often studied best for needle-like magnets, or the distance is sufficiently
larger than the dimension of the magnet. To account for the geometry of a permanent
magnet, the Charge Model can be used. In the Charge Model, the magnet is modeled
as a distribution of equivalent “magnetic charge” as shown in Fig. 2a. It is derived
from the magnetostatic field equations, and the fields are obtained using standard
methods [5]. It defines two parameters

ρm = −∇ · M (A/m2) (volume charge density)

σm = M · n̂ (A/m) (surface charge density),
(3)

where M = MsHm is the magnetization, and n̂ is the outward unit normal vector.
Considering a magnet is free space, the magnetic flux density at observation point
Ps can be written as

B(Ps) = μ0

4π

∫
V

ρm(Pc)(Ps − Pc)

|Ps − Pc|3 dv′ + μ0

4π

∮
S

σm(Pc)(Ps − Pc)

|Ps − Pc|3 ds ′, (4)

where Pc = [xc, yc, zc]T is the source point (the surface magnetic charge).
For a constant magnetization in a magnet, the volume charge density ρm equals

to zero, and the magnetic field can be calculated by integration of the surface charge
density. In such manner, both the shape and the magnetization of the magnet will
contribute to the magnetic field calculation.

2.3 Distributed Multipole Model

Distributed Multipole (DMP) model is another method that is often used to account
for the shape and magnetization of a permanent magnet. It was firstly proposed and
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generalized in [10]. In the DMP model, a dipole is defined as a pair of source and
sink separated by a distance l̄. And it may contain multiple k loops (or columns) of
n dipoles distributed within the magnet volume, as shown in Fig. 2b.

The magnetic flux density at any point Ps contributed by all the dipoles (in terms
of the i th dipole in the j th loop) is thus given by

B(Ps) =
k∑
j=0

n∑
i=0

Mjiβ j i , (5)

Here Mji is the strength of the j i th dipole, and the term β j i represents

β j i = − μ0

4π

(
aR ji+

R2
j i+

− aR ji−

R2
j i−

)
, (6)

whereaR = R/R, and R ji+ and R ji− expressed in termsof distance l̄ are the distances
from the source and sink of the j i th dipole to the observation point Ps .

The unknown parameters in (5) are the number of dipoles per loop n, the loop
number k, the separation distance between the source and sink l̄, and the strength of
the moment for each dipole m ji . Given more degrees of freedoms, the DMP model
outperforms the DipoleModel in depicting the magnetic field of a permanent magnet
of random shape and magnetization; but all the parameters have to be calculated
accordingly through proper calibrations, since there is no physical meaning behind
the distributed dipoles.

2.4 Hybrid Model

Although the model accuracy deteriorates as it approaches the surface of the magnet,
the Dipole Model is still able to adequately characterize the magnetic field at large
distances from the source for many applications. Therefore, a hybrid model has been
proposed by Wu et al. to keep the simplicity of the model while compensating for
the incompetence of the Dipole Model at near field [23].

In this hybrid model, non-parametric Artificial Neural Network (ANN) model is
employed to depict themagnetic field in spatial areas at close proximity to themagnet;
and the parametric Dipole model is employed at spatial locations sufficiently far
away from the magnetic source. By exploiting the magnetic field of an axisymmetric
permanent magnet in cylindrical coordinates as elaborated in Fig. 3, the workload
for data collection and training for the ANN model can be reduced significantly.
In order to ensure smooth transition between the two models in the hybrid model,
the magnetic equipotential (region in free space where every point is at the same
potential, i.e., B = constant) is used. The concept of the hybrid model is as shown
in Fig. 4.
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Fig. 3 Schematic
illustration of the magnetic
field of an axisymmetric
cylinder/annular magnet
(above) and the ANN
mapping process with
conversions between
Cartesian and Cylindrical
Coordinates (below). W and
H representing the width
and height of the field, while
L and R representing the
length and radius of the
magnet respectively.

Here a potential threshold Bth is introduced. By observing the magnetic field Bp

as measured at location p, the ANN model will be used if Bp ≥ Bth (closer to the
magnet) and Dipole model will be used if Bp ≤ Bth (further away from the magnet).
A sigmoid function is used together to determine the percentage of contribution from
the two models as shown below,

Bhybrid = BANN × y + BDipole × (100 − y), (7)

where the percentage y is expressed as

y = 50

[
Bp − Bth√

A + (Bp − Bth)2
+ 1

]
. (8)

In such manner, the hybrid model is able to maintain the modeling accuracy at
locations near the magnet, and retain the capability of extrapolating the fields using
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Fig. 4 Illustration of the
hybrid model of a cylindrical
magnet in the transverse
plane. ANN model region
(S1) and Magnetic Dipole
(MD) model region (S2)
segregate along the
equipotential line.

the simple parametric Dipole model. The hybrid model is also able to account for the
geometry and size of the permanent magnet, but the method discussed here is only
optimized for axisymmetric magnetic object. It is worthy to note that it can be easily
generalized to arbitrary geometry and magnetization if needed. Still pre-calibration
procedure is required for the ANN model, and re-calibration of the Dipole model
might be necessary for best performance.

3 Principle of the Passive Magnetic Tracking

Previous section demonstrated some of the mathematical models that are often
adopted to depict the magnetic field of a permanent magnet. The inputs to these
models are the positional information (both position and orientation) of the mag-
netic source (e.g. the permanentmagnet) and the observation point (e.g. the sensor) in
space, while the outputs are themagnetic field at the observation point (e.g. the sensor
measurement). However, due to the non-linearity of the models, there is no analyt-
ical solution to the inverse function to retrieve the positional information directly
from the sensor measurement. In the following, two distinct tracking principles are
reviewed and discussed.

3.1 Inverse Optimization Method

Inverse optimization method requires solving an inverse problem as illustrated in
Fig. 5. The sensors measurements are used to compare with the estimation results
by feeding positional information into the magnetic field models. A cost function C
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Fig. 5 Principle of passive magnetic localization with inverse optimization method.

is then defined to quantify the differences between the measured and the modeled
magnetic field at all k sensors in the sensor array:

C =
k∑

i=1

||Bmodeled(Psi ) − Bmeasured(Psi )||2. (9)

Then the positional information of the magnetic source can be calculated through
nonlinear optimization in a least-square manner. By minimizing this cost function
through iterative optimization, the position vector Pm and orientation H of the per-
manent magnet can be estimated.

As illustrated in Fig. 1, H represents a unit vector along the magnetized axis of
the permanent magnet, so the three components of H are actually correlated:

m2 + n2 + p2 = 1. (10)

Therefore, at least five sensormeasurements are required in order to solve the position
and orientation information of the permanent magnet. Often more sensors are used
to increase the system redundancy for better resilience against environment and
hardware noises. It is noted that only five DOF information can be retrieved as
elements in the orientation vector [m, n, p] are coupled. This is because themagnetic
field models are in particular axis-symmetric about the magnetization axis of the
permanent magnet.

The inverse optimization method is widely adopted in a number of research and
applications. It is easily to be implemented, with no or little pre-procedural prepa-
ration is required, and no specified workspace is needed. The accuracy of the track-
ing depends on the adequacy of the magnetic field model used, the convergence
of the optimization algorithm adopted, and the robustness of the magnetic sensors
employed. In general, complexity of thefieldmodel and computational expensiveness
of the optimization algorithm may lead to a compromise between the requirements
of tracking accuracy and processing speed.
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3.2 Direct ANN Method

Contrary to a physical model, the ANN model is a non-parametric model that is
inspired by biological neural networks. It consists of artificial neuron as a funda-
mental information processing unit in the neural network structure. At each neu-
ron, it contains one or more input signals (x1, x2, · · · , xn) associating with weights
(w1, w2, · · · , wn) and one output signal y.Mathematical representation of thismodel
at kth neuron can be written as

yk = g(
n∑
j=1

wki xi ), (11)

where function g is a nonlinear activation function, such as a sigmoid function [3].
The output of each neuron is computed and propagated through all the hidden

layers. In practice, the implementation of direct ANN method accepts n magnetic
sensors field data as inputs (Bx1, By1, Bz1, ..., Bxn, Byn, Bzn) and directly produces
the position and orientation of the permanent magnet (x, y, z,m, n, p) as outputs as
illustrated in Fig. 6. Basically, the ANN consists of sets of adaptive weights, which
requires supervised learning from pre-procedural training. Once the training is done,
the outputs can be directly obtained by performing linear transformation of the inputs.
Compared to the traditional inverse optimization method, the direct ANN method
bypasses the solving of the challenging inverse problem. Moreover, it can directly
incorporate the intrinsic characteristics of the sensors, such as the sensor precision
and noise. In such amanner, the directANNmethod is able to provide straightforward
and fast calculationwith high accuracy. But on the other hand, the directANNmethod
also poses the requirement of pre-procedural data collection and training within the
region-of-interest (ROI). Therefore, for each medical intervention, determining an
ad hoc ROI for training is crucial for the direct ANN method in order to reduce the
workload for the pre-procedural data collection and training process. In a nut shell,

Fig. 6 Principle of passive
magnetic localization with
direct ANN method.
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the direct ANN method provides an ideal solution for those medical interventions
with relatively low variance in trajectory but requirements of high accuracy and
real-time tracking.

4 Implementation of the Passive Magnetic Tracking
in Medical Applications

In this section, two medical intervention procedures are presented to illustrate the
implementation of the passive magnetic tracking in practical medical applications:

• The Ventriculostomy, also known as External Ventricular Drain (EVD), which
requires inserting a catheter through a burr hole on the skull into the brain tissue
to access brain ventricles.

• The Nasogastric (NG) intubation, which consists of inserting a flexible hollow
tube through the nose, past the throat and down into the stomach.

Illustrations of two medical intervention procedures are shown in Fig. 7. The
problem in the conventional routines for both procedures is that they are manu-
ally performed “blind” by clinicians without any visual aids or indications. Without
real-time instrument tracking, it may result in safety risks in identifying erroneous
insertions, which could potentially cause significant complications and even mor-
bidity. By embedding a small permanent magnet at the tip of the catheter, the passive
magnetic tracking could be applied to provide real-time monitoring of the position
and orientation information of the magnet at the tip of the catheter. In such manner,
the system would allow untethered instrument tracking. It is expected that potential
erroneous insertions could be prevented and corrected right away; thus, the success
rate of the intervention procedures could be improved.

Nasal cavity
NG tube

Esophagus

Stomach

Catheter

Lateral Ventricle

(a) (b)

Fig. 7 a The Ventriculostomy b the Nasogastric (NG) intubation.
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In the following, implementation of the passive magnetic tracking in these two
procedures are presented. Experiments were carried out on specifically designed
localization systems. Both the traditional inverse optimization method and the direct
ANNmethodwere applied in tracking random conical-helix paths and representative
medical specific trajectories. Tracking performance of the two distinct methods was
then assessed and compared.

4.1 Localization Systems and Experimental Setup

For each application, a customized localization system with embedded sensor array
was designed and built. As shown in Fig. 8, for the Ventriculostomy procedure, eight
sensors were used and arranged in a specific pattern on a flat circular board around
the burr hole on the skull for the catheter to go through; for the NG intubation, eleven
sensors were used and distributed inline on a semi-circular neck attachment (radius
65 mmwith sensor spacing 15◦), where the center sensor laid on the thyroid cartilage
with its surface perpendicular to the neck.

To experimentally test the localization performance, a bench test was set up, as
featured in Fig. 9. A Grade N52 Neodymium (Nd-Fe-B) magnet from K&J Mag-
netics (Jamison, PA, USA) was mounted at the end-effector of a 6-axis articulated
robotic arm (VS-068, Denso Robotics, Aichi, Japan). The dimensions of the per-
manent magnet (3.2 mm diameter and 9.5 mm length) were chosen to fit the inner
diameter of the catheter. An off-the-shelf digital 3-axis magnetic sensor, MAG3110
(Freescale Semiconductor, Austin, USA)was employed for its high sensitivity to low
magnetic field measurement, with a resolution of 0.10µT and a range of ±1000µT.
The sensors measurements were then acquired by a real-time controller cRIO 9082
(National Instruments, Austin, USA). With a positional repeatability of ±0.02 mm,
the robotic arm was commanded to accurately move the magnet along reference
trajectories in designed configuration (both position and orientation).

Same sets of experimental data were concurrently tested on the two methods:
the inverse optimization method and the direct ANN method. For the direct ANN
method, a ROI for pre-procedural data collection and training was firstly decided
based on the specifications of corresponding medical application. For example, for
Ventriculostomy procedure the catheter is inserted through a small hole in the skull.
Consequently, the whole expected tracking ROI for Ventriculostomy can be reason-
ably defined as a cone. The possible orientations of the magnet can also be limited
regarding the physical constrains of the catheter, which is unlikely to bend an angle
exceeding 45◦ from the axial plane. The same approach can be applied for NG intu-
bation where the ROI can be represented by a tube encompassing the esophagus and
trachea. Hence, the orientation of the magnet is highly limited around the sagittal
axis. The spatial resolution within the ROI was set at 1 mm. At each position, instead
of testing different configurations, a randomorientation [m, n, p] of themagnet about
its magnetization axis was assigned within a designed range, in order to include as
much as variations without significantly increasing the number of training data sets.
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Fig. 8 Design and installation of the localization systems for two different medical interventions
a Ventriculostomy b the Nasogastric (NG) intubation.

permanent magnet

ni CRIO

robot arm

magnetic sensors

Fig. 9 Experimental setup for tracking performance tests. The six-axis robotic arm provides the
ground truth localization of the permanent magnet.



Passive Magnetic Localization in Medical Intervention 175

Table 1 ROI parameters for two medical applications.

Parameters Ventriculostomy NG Intubation

Volume (cm3) 90 60

Number of points 52811 19530

Range m [0, 0.4] [−0.1, 0.3]

Range n [−0.2, 0.2] [−0.1, 0.1]

Range p [−1,−0.6] [−1,−0.8]

Calibration time (hour) 13 5

The detailed parameters of the ROI for both applications are shown in Table1. Neural
network toolbox from MATLAB (Mathworks, USA) was used to train the data sets
with ten hidden layers and Levenberg-Marquardt back propagation algorithm. For
the inverse optimization method, the Dipole model was used for its simplicity and
fast calculation processing speed; and Levenberg-Marquardt Algorithm was used as
the optimization algorithm.

4.2 Experimental Results

The tracking performance of both methods can be visualized in Figs. 10 and 11,
where the true reference trajectory in solid line, the estimated trajectory in colored
dots. In Fig. 10, non-application specific conical-helix paths were tested for both
procedures. For the Ventriculostomy procedure, the center of the circular sensor
board was placed at (0, 0, 0); for the NG intubation procedure, the center of the
semi-circular attachment was placed at (0, 0, 0) with the opening towards the positive
X-axis direction. In Fig. 11, medical representative trajectories based on in situ data
from either real patient or realistic manikin dummy were tested. In this case, the
coordinates of the localization system were planned according to the actual settings.
For the Ventriculostomy procedure, the sensor board was placed on the top right
corner where the trajectory went through the center hole; for the NG intubation
procedure, the center of the attachment remained at (0, 0, 0) but the attachment was
placed perpendicular to the neck with 20◦ above the positive X-axis direction.

Table2 summarizes the RMSE (root mean square error) and the maximum local-
ization error along different paths tested. It can be seen that both methods are able
to track the reference trajectories. It can be seen that the direct ANN method outper-
forms the traditional inverse optimization method in terms of localization accuracy
in all cases. The RMSE of the tracking error using the direct ANN method can be
as small as less than 2 mm. Higher errors were seen in the NG intubation system
for both localization methods. That is because the Euclidean distance between the
passive source (permanent magnet) and the sensors are generally farther in the NG
intubation system, resulting in lower Signal-to-Noise Ratio (SNR). This can be seen
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Fig. 10 Performance of the passive magnetic tracking of non-application specific conical-helix
path in two different medical applications using the direct ANN method (left) and the inverse
optimization method (right).

from Fig. 12, where the localization errors for all trajectories were plotted against the
Z-axis (considering as the penetration direction). It is also shown that the SNR has
much higher influences on the inverse optimization method than on the direct ANN
method. Significantly increases in the localization error can be observed as the source
moved away from the sensors when the inverse optimization method was used, but
the localization error remained on the same level throughout the range for the direct
ANNmethod. However, such robustness requires pre-procedural data collection and
training within the defined ROI.

It is also noted that in Fig. 11, when the inverse optimization method was used in
Ventriculostomy procedure, the first few points were off the reference trajectory. That
is because some of the sensors readings were saturated as themagnet passing through
the center hole and getting too close to the sensors. Such adverse sensor readings
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Fig. 11 Performance of the passive magnetic tracking of medical representative trajectories in two
different medical applications using the direct ANN method (left) and the inverse optimization
method (right).

Table 2 Tracking performance of two methods in different medical applications.

Tracking paths Methods Inverse optimization method Direct ANN method

Procedures Ventriculostomy NG Intubation Ventriculostomy NG Intubation

Non-specific
conical-helix

RMSE (mm) 9.8 6.4 0.8 1.5

Max (mm) 14.3 17.2 1.2 5.3

Representative
trajectory

RMSE (mm) 5.8 6.8 1.1 1.8

Max (mm) 12.9 15.4 1.6 4.5

could affect the convergence in the optimization algorithm, resulting in erroneous
estimation. Thus, it requires control algorithm for real-time sensor fault detection
and correction [16, 21]. In comparison, as long as the trajectory was covered by the
trained ROI, the direct ANN method was able to take account of the adverse sensor
readings such as saturation.
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Fig. 12 Euclidean distance errors for conical-helix path and representative trajectory altogether
along the insertion direction a Ventriculostomy System b NG Intubation System.

4.3 Discussions on the Method Selection

Implementation of the passive magnetic tracking has been demonstrated in twomed-
ical intervention examples. Both the inverse optimizationmethod and the direct ANN
methodwere used. In general, the direct ANNmethod provides higher tracking accu-
racy, at the cost of pre-procedural training. Thanks to its non-parametric nature, the
direct ANN method is able to take account of the sensor characteristics; but also
because of that, the direct ANN method can only be implemented within the ROI
where the pre-procedural calibration was performed in. In order to have larger track-
ing region, more data points have to be measured for training, resulting in prolonged
data collection process and increased training complexity. But once the preparation
work is done, the computation of the ANN would be linear transformation from the
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inputs to the outputs; implementation of the method would be straightforward and
fast. In comparison, the inverse optimization method is based on a physical model
of the permanent magnet. It only requires calibration of the model parameter(s),
then it can be implemented at any point in space. However, the tracking accuracy
would be greatly affected by the modeling errors. More sophisticated models can
be used to increase the model accuracy, but the model complexity would greatly
affect the processing speed as the inverse optimization algorithm requires iterative
computations.

In a nutshell, both methods could be used in realization of untethered medical
instrument tracking. The selection of the methods for the tracking is driven by the
variation of the intervention trajectory, the size of the ROI, the requested track-
ing accuracy and the refresh rate. Generally speaking, the direct ANN method is
more accurate and versatile, requiring application specific pre-procedural training but
offering fast processing in real-time; the inverse optimization method is more adap-
tive but more computationally intensive. If the ROI is relatively small, the required
accuracy is high and most importantly the measurement conditions are consistent,
the direct ANNmethod is preferable. Thoughwhen the tracking area is large, the path
has high variance or the accuracy is less critical, the inverse optimization method is
better to be considered.

5 Challenges and Outlook of the Passive Magnetic Tracking

There are quite a number of advantages of adopting passive magnetic tracking tech-
nology in medical applications. The passivity of the magnetic source makes it pos-
sible to have untethered tracking of the medical instrument. The localization system
for passive magnetic tracking technology only requires arrays of magnetic sensors,
which are widely used in the consumer products and consume much less power than
the commercially available electromagnetic tracking system. Therefore, the local-
ization system using passive magnetic tracking technology could be designed in a
compact and wearable package with battery powered and wireless feature.

As aforementioned, the feasibility of the passive magnetic tracking in medical
intervention has been experimentally validated. Comparing with those commercially
available Electromagnetic tracking system (e.g. NDI Aurora), the developed passive
magnetic tracking system has been proven capable of delivering comparable perfor-
mance in terms of tracking accuracy and refresh rate, for example using the direct
ANNmethod. However, the lacking of multiple objects tracking and 6-DOF tracking
capabilities in the passive magnetic tracking technology is still criticized and con-
sidered as technical barriers in implementation. In the following, some of the recent
development in these two areas in passive magnetic tracking are introduced.
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5.1 Multiple Objects Tracking

One of the features of the commercial electromagnetic system is the capability of
simultaneous tracking multiple sensors. Through a controlled varying electromag-
netic field, voltages induced in the sensor coils can be differentiated and identified
individually. For example, the NDI Aurora V 3 System can be customized to provide
simultaneous tracking of up to 16 sensors. On the opposite, in passivemagnetic track-
ing, the system has less controlled variables to manipulate with since the magnetic
sources are fixed. The identification of the multiple magnetic objects (sources) will
depend on the algorithm only, as discussed in the following.

In general, when multiple magnetic objects coexist in free space, the principle of
superposition applies. This concept simply means that the magnetic field in space is
the sum of the contribution due to each magnetic source. Therefore, each magnetic
object can bemodeled as a single dipole as shown in Fig. 13.Although it is impossible
to directly decouple the contributions fromeachmagnetic source out of the totalMFD
measurements, the inverse optimization method can still be used by constructing
a combined magnetic field model to calculate the most appropriate positions and
orientations of each magnetic source. Based on Dipole Model, the total magnetic
field at i th observation point due to N magnetic objects can be described as

Fig. 13 Illustration of modeling each object as a single magnetic dipole.
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B(Psi ) =
N∑
j=1

μrμ0 · Mj

4π

(
3(H j · Pi j )Pi j − R3

i j · H j

R5
i j

)
, (12)

whereμr is the relative permeability of the medium,μ0 is the magnetic permeability
of free space (mT· mm/A), Mj is the constant strength of the dipole moment (A·
mm2) for j th magnetic object, and Pi j is a vector from the j th magnetic object Pm j

pointing to the i th sensor Pi
s , and Ri j is the magnitude of the vector Pi j ,

Pi j = Psi − Pm j . (13)

A cost functionC is then defined to quantify the differences between themeasured
and the modeled magnetic field at all k sensors in the sensor array:

By minimizing this cost function through iterative nonlinear optimization, the
position vector Pm = [Pm1 ,Pm2 , . . . ,PmN ] and orientation H = [H1,H2, . . . ,HN ]
of all N magnetic objects can be estimated from the sensor measurements.

Following the same definition as in (refeq:H), Hj represents a unit vector along
the magnetized axis of the j th magnetic object, so the three components of Hj are
actually correlated:

m2
j + n2j + p2j = 1. (14)

Therefore, there are total of five independent variables in each dipole model (12),
corresponding to the 5-DOFs tracking. Because of the axis-symmetric nature of the
Dipole Model, only the Yaw and Pitch motions are represented. The Roll motion
about the magnetized axis makes no differences in the magnetic field distribution.

Yang et al. first explored this method to simultaneously localize three identical
magnets [24], such that the optimization problem could be simplified by sharing the
same magnetic dipole strengths for all objects. But in such settings, it was difficult
to distinguish the objects from each other, unless the initial positions of all objects
were previously known. Recently, Song et al. used the same localization system to
localize three magnets with different magnetic strength parameters [17]. The idea
was verified in both simulations and experiments; but the magnets were assumed to
be fixed in static.

At the current stage, only inverse optimization method could be applied due to
the high uncertainties introduced by multiple objects. And the number of magnets
also needs to be pre-defined and fixed; otherwise the likelihood of the optimization
cost function converging to local minimum increases with the increasing number
of unknown parameters. Due to such complexity, the processing time would also
be affected. Along this research direction, it is expected to have a fast and robust
algorithm to identify the number of objects as well as to estimate their positional
information (both position and orientation) with reasonable accuracy.
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5.2 6-DOF Tracking

As stated previously, 5-DOF tracking in magnetic tracking is the most common one
since the magnetic field is usually symmetric about the magnetization axis of the
magnet. In order to have 6-DOF tracking to include the roll motion, the commercial
electromagnetic tracking system incorporates two sensor coils perpendicularly to
each other; thus, by tracking the positional information of both sensor coils simulta-
neously, all 6-DOF parameters could be recovered.

Similar concept could be used in passive magnetic tracking to enable 6-DOF
tracking. Song et al. reported using assembly of two identical perpendicular aligned
permanent magnets inside a wireless capsule endoscopy (WCE) [19]. Dipole model
was used and two magnets were localized separately with constraints on the param-
eters. However, due to the limitation of the dipole model, there would be no unique
solutions if two magnets are too close to each other; the estimated orientation errors
would be large. Thus, the two perpendicular aligned magnets have to be kept at a
distance. For example, in [19], the two magnets were placed 10cm apart from each
other.

Anothermethod to enable 6-DOF tracking in passivemagnetic tracking is to adopt
a better physical model that is able to take account of the geometry rather than dipole
model. Then an odd geometric shaped magnet can be used to bring asymmetry in
the magnetic field about the magnetization axis. For example, Yang et al. suggested
using a thin rectangular shape magnet [25] and Song et al. suggested using a dia-
metrically magnetized long annular shape magnet [18]. But only simulation results
were presented as concept verification. But in their work, the simulation also shown
that the differences in the magnetic field asymmetry caused by the geometry of the
magnet could be quite limited; compared to the dipole model, the differences at a
distance away from the magnet could be only in 10−2µT level which could be hardly
picked up by the magnetic sensors.

Following the idea used in the active electromagnetic tracking, one novel idea
to amplify such asymmetry in the magnetic field is to use magnet assembly. As
shown in Fig. 14, three different assembly designs are presented to form twomutually
orthogonal magnetic fields by using axially and diametrically magnetized magnets.

N

N

S

S

N

N

S

S

N

N

S

S

(a) (b) (c)

Fig. 14 Three different magnet assembly designs a Axially magnetized cylindrical magnet inside
diametrically magnetized annular magnet b Diametrically magnetized cylindrical magnet inside
axially magnetized annular magnet c Two cylindrical magnets with axially and diametrically mag-
netized each.
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Fig. 15 Performance of 6-DOFs tracking using Charge Model.

• An axiallymagnetized cylindrical magnet inside a diametricallymagnetized annu-
lar magnet.

• Adiametricallymagnetized cylindrical magnet inside an axiallymagnetized annu-
lar magnet.

• An axially magnetized magnet in serial with a diametrically magnetized magnet.

Then the charge model could be used to represent the actual magnetic field of
the assembly. The derivation of the magnetic field of a cylindrical/annular magnet
using the charge model can be found in the Appendix. Taking the assembly design
A as an example, a simulation is performed as follows. Based on the specifications
frommagnetmanufacturer K& JMagnetics, one axiallymagnetized cylindrical mag-
net (D28-N52), and one diametrically magnetized annular magnet (R424-DIA) are
chosen. The radius of the cylindrical magnet is the same as the inner diameter of
the annular magnet. Using the nasogastric intubation application as reference, the
simulation is performed with the cylindrical magnet pointing upward straight with
magnetization at [0, 0, 1], while the annular magnet rotating around the Z-axis. The
results are shown in Figs. 15 and 16.

As shown in Fig. 15, the proposed method is able to detect three positions as well
as the three orientation of the assembly. Figure16 shows the position and orientation
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Fig. 16 Tracking errors of 6-DOFs tracking using Charge Model (top) position error (bottom)
orientation error.

errors at each data point. It is noted that the error becomes larger as the assembly
moves further away from the sensor array. That is expected as the further away
from the sensor array, the larger the Signal-to-Noise Ratio (SNR); thus, the tracking
accuracy will be affected.

The concept of 6-DOF tracking in passive magnetic tracking has been theoret-
ically verified. The next step is to validate this method using experimental data.
One foreseen limitation would be the processing time due to the iterative calcula-
tion using the complex physical models. For example, adoption of the charge model
would result in hectic computation load of the integration in the optimization stage.
A computationally inexpensive model would be desired to solve this problem.

6 Conclusion

In this chapter, the concept of passive magnetic tracking technology has been pre-
sented. The advantages of using permanent magnets as passive magnetic source for
medical intervention localization are explored. Comparing with the commercially
available active electromagnetic tracking systems, it is shown that the passive mag-
netic tracking technology is able to provide comparable performance in terms of
the tracking accuracy and refresh rate. The challenges and limitations in the current
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development of this technology were also discussed. It is expected that the passive
magnetic tracking technology could open a new era in the design and development
for instrument localization in medical interventions, This would allow for less mod-
ification and invasiveness in the current routine, enable untethered / mobile system
design and target better ergonomics and cost-efficiency.
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Appendix

Magnetic Field of a Cylindrical Magnet Using the Charge
Model

In order to calculate the surface integration of a cylindrical magnet, the variables are
first transformed into cylindrical coordinates by

xc = r · cos(θ)

yc = r · sin(θ)

zc = z.

(15)

For a cylindrical axially magnetized magnet, only the top and bottom surfaces are
considered since the outward surface vector of the lateral surface is perpendicular to
the magnetized vector, thus M · n̂ = 0. Let the magnetization be M = Ms ẑ, then it
can be obtained σ = Ms for the top surface (zctop = h/2), σ = −Ms for the bottom
surface (zcbottom = −h/2). The magnetic field at observation point Ps can be written
as

B(Ps) =μ0Ms

4π

∫ 2π

0

∫ R

0

Ps − Pctop

|Ps − Pctop |3
rdrdθ

− μ0Ms

4π

∫ 2π

0

∫ R

0

Ps − PcBottom

|Ps − PcBottom |3 rdrdθ.

(16)

For a cylindrical diametrically magnetized magnet, only the lateral surface is
considered. Let the magnetization be M = Ms ŷ. The outward normal vector at the
lateral surface can be written as

n̂ = cos(θ)x̂ + sin(θ)ŷ. (17)
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Then the surface charge density equals to

σ = M · n̂
= Ms ŷ · (cos(θ)x̂ + sin(θ)ŷ)

= Ms sin(θ).

(18)

The magnetic field at point Ps can be calculated

B(Ps) = μ0Ms

4π

∫ 2π

0

∫ h/2

−h/2

Ps − Pc

|Ps − Pc|3 Rdzdθ (19)

For an annular magnet, its magnetic field can be obtained by the principle of
superposition. It is equivalent to the magnetic field of a cylindrical magnet with the
size of the outer diameter subtract that of a cylindrical magnet with the size of the
inner diameter.
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Tracking Magnetic Particles Under
Ultrasound Imaging Using
Contrast-Enhancing Microbubbles

KaiTing Loh and Hongliang Ren

Abstract In this chapter, motion of magnetic particles were captured using ultra-
sound imaging with contrast-enhanced microbubbles. Ultrasound videos were
captured and analyzed by the created tracking algorithm to determine the efficiency
and accuracy of the algorithm. It is necessary to ensure an efficient and accurate
tracking method of the particles in order to evaluate future in vitro or in vivo
applications of the microbubbles, when implanted into an enclosed system and
imaged using ultrasound. First, it was found that the porous structure of the mag-
netic microbubbles could be successfully fabricated based on a gas foaming tech-
nique, using alginate (low viscosity, 2% (w/v)) as the polymer, mixed
homogeneously with sodium carbonate (4%) solution. The reaction between
sodium bicarbonate and hydrogen peroxide (32 wt%) in the collecting solution
allowed the creation of encapsulated microbubbles. The alginate went under
crosslinking in the collecting calcium chloride (25% w/v) solution. Second, it was
proven that the encapsulated microbubbles enhanced the resultant ultrasound
images, with the air bubbles appearing as bright white spots. In contrast, the solid
spheres appeared dull and at times could not be seen under ultrasound. The contrast
enhancing properties of the microbubbles allowed the microbubbles to be detected
by the tracking algorithm, as compared to the solid spheres which could not be
detected at all. Third, ground truth of the (x, y) coordinates of the microbubble
centroids were determined using manual selection by the user mouse. Based on the
accuracy analysis done, the accuracy of the tracking algorithm was 3.33 pixels, or
0.0354 cm, between the algorithm detected and the manually selected (x, y)
coordinates of the centroids. Also, the optimal number of particles to be tracked was
up to five particles with an accuracy studies.
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1 Introduction

1.1 Purpose

Magnetic particles 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 microbubbles as a system for drug delivery using ultrasound imaging,
there is an interest to develop a tracking algorithm to locate the in vivo position of
the microbubbles once delivered. In this chapter, ultrasound imaging of magnetic
particles with encapsulated microbubbles is further studied. The objective of this
chapter is to optimize the tracking of microbubbles from the ultrasound images and
to perform image analysis to identify the location of the microbubbles.

1.2 Problem

Currently, clinical use of microbubbles are being visualized by methods such as
ultrasound Particle Image Velocity or Echo particle image velocimetry, which
return velocity vectors of the particles under flow conditions. The literature review
shows a limited number of studies on microbubble localization under ultrasound
imaging when using external controlled manipulation of the magnetic particles. As
such, this chapter aims to create a tracking algorithm for tracking of magnetic
particles with encapsulated microbubbles under controlled conditions.

(1) Fabrication of Magnetic 
Microbubbles 

(2) Ultrasound Image Setup 
and  Recording 

(3) Tracking Using 
OpenCV

Fig. 1 Overview of chapter.
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1.3 Scope

Figure 1 shows the overview of this chapter. First, a suitable technique to fabricate
the required microbubble encapsulated magnetic particles for imaging under
ultrasound was investigated. Second, the most suitable experimental setup for
obtaining the required ultrasound images was used. Third, the tracking algorithm to
locate the microbubbles was applied. After which, the results from the experiments
and future works for the chapter are discussed.

2 Literature Survey

2.1 Microbubbles as Ultrasound Contrast Agents

Microbubbles as contrast agents for ultrasound imaging [1] typically consist of a
gas core (filling gas) encapsulated by a coating (shell) normally made from a
protein, lipid or polymer [2]. When the compressible gas bubbles are smaller than
the wavelength of incidental ultrasound signals, the microbubbles oscillate in the
ultrasound acoustic field, causing the resulting backscattered ultrasound signal to be
detected and differentiated from tissue [3]. In addition, ultrasound imaging is
advantageous as ultrasound imaging allows capturing of dynamic moving targets
inside human body noninvasively [4].

Recent growing researches shed lights on the fabrication of magnetic
microbubbles by infusing magnetic nanoparticles into the microbubble shell.
Research done by Yang et al. (2009) on superparamagnetic iron oxide (SPIO)
particles incorporated into the microbubble polymer shell demonstrated that
embedding magnetic nanoparticles into bubble shells enhanced the stability of
microbubbles, preventing premature destruction of microbubbles during ultrasound
imaging [5]. Magnetic particles may be further developed for diagnostic and
therapeutic drug delivery.

2.2 Clinical Applications of Magnetic Microbubbles

2.2.1 Diagnostic Applications: Magnetic Microbubbles as Dual
Contrast Agents

Research done by Stride et al. (2008) showed that addition of magnetic nanopar-
ticles to the microbubble encapsulating layer enhanced ultrasound imaging contrast
due to increased asymmetric bubble oscillations [6]. Furthermore, the close way of
packing the magnetic particles limits bubble compression, causing increased har-
monic components of the scattered ultrasound signal. Consequently, the
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microbubbles can be imaged at lower ultrasound power levels, minimizing the risk
of high-power complications. In addition, lower ultrasound intensity used for
imaging reduces unwanted premature bubble break, which is advantageous for drug
or gene delivery [7]. Specific applications of microbubbles for ultrasound diag-
nostic include cardiac ultrasonography. Microbubbles allow for improved visual-
ization of beating heat chambers [8] and also for the evaluation of microvascular
perfusion as its similar rheology to red blood cells [9].

2.2.2 Therapeutic Applications: Targeted Drug Delivery

Magnetic robotic microbubbles can be designed as a drug delivery vehicle and
delivered to the target site driven by external magnetic fields. Upon reaching the
target site, robotic microbubbles can be destroyed by local application of high
transmitted ultrasound acoustic powers [10], releasing the loaded drug. Targeted
drug delivery by magnetic microbubbles prevents exposure of surrounding tissue to
harmful side effects, and may be especially useful for cancer treatment [11].
Furthermore, microbubbles may improve effectiveness of drug delivery due to the
phenomenon of sonoporation [12]. The transient cell permeability during
low-intensity ultrasound was found enhanced with microbubbles [13] and thus
regulating the drug release rate.

2.2.3 Therapeutic Applications: Gene Delivery

Both ultrasonically and magnetically-mediated transfection improves uptake of
DNA by target cells interacting with phospholipid coated microbubbles with
magnetic nanoparticles, which enhanced the transfection of the target cells [14].

2.3 Ultrasound Microbubble Tracking

Microbubbles currently used in clinical applications such as echocardiography or
imaging of angiogenesis are visualized by contrast pulse sequencing [15]. The
velocity of the microbubble under ultrasound imaging can be estimated by Echo
Particle Image Velocimetry (EPIV), which has been utilized for measurement of
local hemodynamics and wall shear rate [16] and intracavitary blood flow 2-D
velocity vectors [17].
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2.4 Optical Tracking of Microbubbles

The literature review here compares three methods for moving object detection:
background subtraction, optical flow and frame difference [18], as indicated in
Table 1. Furthermore, studies on moving object detection demonstrate that there is
no fixed method in developing a tracking algorithm, as the approach taken depends
largely on the application, imaging setup and contrast agents being used [19].

3 Methodology

3.1 Fabrication of Encapsulated Microbubbles

The methods of producing gas microbubbles include sonication, high shear emul-
sification, inkjet printing, and microfluidic processing and the later two can better
control over stability, uniformity, size and composition of microbubbles [23].
Dharmakumar et al. (2005) characterized three different constructs of magnetic
microbubbles [24]. Fabrication techniques which can be used to achieve the three
different magnetic microbubble constructs have been classified accordingly as
shown in Table 2.

Of the three magnetic microbubble structures, the second structure (B) was
chosen for fabrication due to ease of reproducibility as additional gas source and
equipment were not required. The magnetic microbubbles were fabricated using gas
foaming; a simple, inexpensive and easy to operate method to generate a porous
structure [27].

Table 1 Comparison of moving object detection methods.

Technique Technique description Applications

1. Background
subtraction

Assumes that background is static [20]
The most frequently used technique of object
foreground segmentation by performing image
subtraction by threshold to obtain the foreground

• Traffic
monitoring

• Human action
recognition

• Object
tracking

2. Optical flow Assumes that brightness of tracked image patches do
not change, consistent appearance and spatial
smoothness [21]. Determination methods include
differential methods such as the Lucas-Kanade method
or the Horn-Schunck method

• Feature
tracking

3. Frame
difference

Assumes that object to be tracked is constantly in
motion
Algorithm checks for difference between two
consecutive video frames [22]

• Vehicle
tracking

• Human
tracking
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3.1.1 Materials

Polymer was chosen as the encapsulating material due to its advantage of
mechanical stability. Alginate was the chosen polymer as alginate is biocompatible,
biodegradable and is easily fabricated to gelated capsules by crosslinking [37].
Other polymers which have been used to fabricate microbubbles, such as poly
(lactic-glycolic) acid (PLGA) [38], polyvinyl alcohol (PVA) and poly (DL-lactide)
(PLA) [2] require a more complex multiple emulsion method. Furthermore, alginate
allows for the fabrication of more ‘air-tight’ biopolymer shells, reducing the out-
ward diffusion of air-filled microbubbles.

3.1.2 Methods

The encapsulated microbubbles were prepared according to a modified protocol by
Huang et al. (2013) [39]. The solution was first prepared by mixing sodium
bicarbonate (4%) homogeneously in Na-alginate (low viscosity, 2% (w/v)) solution.

Table 2 Schematic diagram of three magnetic microbubble constructs.

Magnetic microbubble
constructs

Method description Fabrication technique

– Magnetic nanoparticles
incorporated onto encapsulating
surface

• Electrostatic coupling
[25]

• Chelating agent [25]
• Microfluidics [26]

– Magnetic particles embedded in
microbubble shell

– Porous

• Gas foaming [27]
• Air pressure-driven
injection [28]

• Porogen elimination
[29]

• Emulsion/freeze drying
[30, 31]

• Expansion in super
critical fluids [32]

• Inkjet printing [33, 34]
• Coaxial
electrohydrodynamic
atomisation (CEHDA)
[35]

– Nanoparticles embedded within oil
layer of multi layered structure
microbubble

• Double emulsion
procedure [5]

• One-pot emulsion
polymerization [36]
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4% sodium bicarbonate concentration was chosen as it gave the most desired
structure of porous spheres. 1 ml of the homogeneous Na-Alginate mixture was
mixed with 0.05 g of carbonyl iron powder and loaded in a syringe (TERUMOR®
Syringe, 1 cc/mL). The mixture was manually extruded from the needle tip (25G,
0.50 � 25 mm). The drops of Na-alginate solution were collected in a solution of
25% w/v calcium chloride solution mixed with H2O2 (32 wt%) for gelation of the
alginate.

The collected Na-alginate-iron spheres measured in the range of about 2–3 mm
in diameter. The Na-alginate-iron spheres were left in the collecting solution for
10 min, undergoing the chemical reactions. Figure 2 illustrates the diffusion of
hydrogen peroxide into the Na-alginate spheres to react with sodium bicarbonate,
creating the resultant porous structure.

After the reaction went on for 10 min, the desired porous Na-alginate-iron
spheres (group B) were removed and rinsed with distilled water. The procedure was
repeated to prepare two more sets of spheres: (group A) Na-alginate porous spheres
with no iron particles and (group C) control solid magnetic spheres with no
encapsulated microbubbles as distilled water was used in place of hydrogen
peroxide.

3.2 Imaging Setup

After the encapsulated microbubbles were fabricated, an imaging setup as shown in
Fig. 3 was used to capture the preliminary videos for image processing. Imaging
was done using an Ultrasonix machine, with a 4DL14-5/38 Linear 4D probe. The
probe allows for applications such as abdominal, MSK, nerve block, small parts and
vascular imaging. The bandwidth for the probe is 14–5 MHz with a depth range of
2–9 cm and a geometric focus of 28 mm [40]. The ultrasound probe was immersed
in a water tank, to minimize attenuation of the ultrasound waves in air.

Alginate droplet containing 
NaHCO3 and carbonyl iron 

powder

H2O2 diffuses inward 
to react with NaHCO3 

NaHCO3 + H2O2 ↔ NaHCO4.H2O

Evaporation leaves porous structure behind

NaHCO4.H2O → Na2CO3.1.5 H2O2 + CO2 +
1.5 H2O + 0.25 O2

Fig. 2 Porous structure formation by inward diffusion of H2O2 to react with NaHCO3.
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The magnetic spheres were aligned on a MISSION® ExpressMag® Super
Magnetic Plate measuring 127.8 by 85.5 cm. The ultrasound probe was placed
directly above the tube to be imaged and was kept in a fixed position by exerting
force via an external structure. Stabilizing the ultrasound probe was critical in
obtaining consistent images and prevent swaying of the probe as the magnetic field
from the moving magnetic plate interfered with the magnetic field of the probe.
Stabilization also prevented false detections caused by disturbances in the tracking
algorithm [41]. The ultrasound videos were captured by moving the Super
Magnetic Plate in the x direction, as shown in Fig. 4.

Fig. 3 Stabilized ultrasound probe immersed in water tank setup.

PC

Fig. 4 Experimental setup for capturing of ultrasound videos.
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3.3 Image Analysis by Frame Difference Algorithm

After the ultrasound videos of the moving microbubbles were captured, the tracking
algorithm used to analyze the videos was created in C++, using libraries from Open
Source Computer Vision (OpenCV). OpenCV contains a library of programming
functions specifically for the use for real-time computer vision.

From Table 1 in Sect. 2.4, the frame difference algorithm was found to be the
most suitable in detecting the moving microbubbles. Figure 5 shows an overview of
the frame difference algorithm. First, the tracking algorithm reads in the input video,
which can also be programmed to allow for live input from the ultrasound probe.
Second, the ultrasound video is converted to grayscale. Third, a difference image is
computed by using two consecutive frames from the video. Fourth, the frame
difference images are thresholded by binary threshold, where the resultant image is
converted to either black or white. Fifth, the thresholded image is smoothened to
increase whitespace between the two consecutive frames. Last, the function to
detect the centroids of the microbubbles is called, finding the contours in the image.
The output of the total number of microbubbles detected in each frame is given,
with the respective (x, y) coordinates of each microbubble and the centre of the
microbubbles highlighted with a crosshair and circle.

Table 3 details the OpenCV functions that were used in the tracking algorithm.

3.4 Ground Truth Validation

For the purposes of this chapter, the ground truth for the (x, y) coordinates of the
centroids of the moving spheres were manually selected. The following adjustments
were made to the tracking algorithm: First, the user mouse was adjusted to allow the
(x, y) coordinates to be the output upon clicking (Fig. 6). Second, the crosshair and

(1) Input ultrasound 
video 

(2)  Convert input 
video to grayscale

(3)  Compute 
difference image 

using two consecutive 
frames

(4) Threshold images 
based on intensity

(5)  Smoothen 
threshold image 

(6) Output: 
Microbubble labelled 
using crosshair and 

circle, (x, y) 
coordinates returned 

Fig. 5 Outline of tracking analysis of ultrasound videos.
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circle labelling were removed to prevent prejudice during the manual selection of
the centre of the spheres (Fig. 7). Third, the video playback speed was reduced by
increasing the waitKey switch to 400 (Fig. 8), to allow for a sufficient pause

Table 3 Overview of OpenCV functions used in tracking algorithm.

Function name Purpose of function

1. cv::cvtColor(frame1, grayImage1,
COLOR_BGR2GRAY)

cvtColor is used to convert the videos to grayscale,
in order to use the absdiff function. Hence, both
frame1 and frame2 inputs are converted to
grayscale prior to using the absdiff function

2. cv::absdiff(frame1, frame2, output)
void absdiff(InputArray src1,
InputArray src2, OutputArray dst)

absdiff function compares the images in both
frames and takes the absolute difference between
the pixels on the images, giving resultant threshold
image. The threshold image shows the pixels
which have changed between the compared two
images. The output is stored in the matrix:
differenceImage, which contains values between 0
and 1 s

3. cv::threshold(differenceImage,
thresholdImage,
SENSITIVITY_VALUE)

Binary threshold was used to convert the faint grey
pixels to white. SENSITIVITY_VALUE was a
predefined value used to control the amount of
noise allowed. If the object to be detected was too
small, a lower sensitivity value was used

4. cv::blur(thresholdImage,
thresholdImage, cv::size(BLUR_SIZE)

BLUR_SIZE was another predefined value to be
inputed into the function cv::size. The blur
function was used to increase the amount of white
space (in the third window) as compared to the
second window. Blurring allows for smoothing of
the image, by reducing noise or camera artefacts.
The blur function allows the threshold image path,
which is almost closed, to be effectively closed

5. findContours(temp, contours,
hierarchy, CV_RETR_EXTERNAL,
CV_CHAIN_APPROX_SIMPLE)

The findContours function was used in the created
MicrobubbleSearch tracking function. The
function returns a bounding rectangle which is
drawn around the detected centroid

Adjustment 1: CallBackFunc to allow return of (x,y) location with mouse click

Fig. 6 Using CallBackFunction for manual selection of microbubble centroids.
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duration between each frame. Lastly, the video was enlarged for clearer selection of
the centroid (Fig. 9). The ground truth readings were taken when all the moving
spheres were in the frame.

The Ground Truths were calculated using Pythagoras’ Theorem. By calculating
the pixel difference in both the x and y coordinates, the distance between the actual
and detected centroid locations was calculated using

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

A2 þ B2
p

(Fig. 10).

Adjustment 2: Remove crosshair and circle labelling to remove obstruction and 
prevent prejudice when labelling 

Fig. 7 Crosshairs and circle labelling of code commented away.

Adjustment 3: Increase waitKey value to 400 to reduce frame speed

Fig. 8 Playback speed of ultrasound videos slowed down via waitKey value.

Adjustment 4: Using cv::resizeWindow to expand size of output video for more 
accurate selection

Fig. 9 Code to expand window size of video.

Algorithm detected 
(xa,ya) coordinates

Manually selected 
(xm,ym) coordinates B= xm- xa

A= ym- ya

Fig. 10 Calculation of distance between detected and manually selected centroids by Pythagoras’
Theorem.
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3.5 Pixel Resolution Calculation

The resolution of the ultrasound probe was calculated by taking physical mea-
surements of the distance between the magnetic spheres and the corresponding
pixel distance in the resultant ultrasound image obtained. Figure 11 shows the
physical measurement of the distance between the edges of the spheres and the
corresponding measurement of pixel distance through manual selection of the edges
via the manual mouse selections.

From the results in Table 4, the average calculated resolution was 0.0106 cm/
pixel for the ultrasound probe. This value would be used in Sect. 4.4 to calculate
the tracking accuracy of the algorithm.

4 Results

4.1 Properties of Magnetic Microbubbles

Following the methodology in Sect. 3.1, the three sets of collected 2–3 mm spheres
were observed under the microscope (x4 magnification). Figure 12 shows group A,
the control Na-alginate only spheres with distinct microbubbles but without iron
particles. Figure 13 shows group B, the desired Na-alginate-iron spheres with
encapsulated microbubbles. Figure 14 shows group C, the control solid spheres,
with no encapsulated microbubbles.

Furthermore, to verify that the fabricated magnetic particles contained encap-
sulated microbubbles, the Na-alginate-iron spheres with encapsulated microbubbles
(group B) and the solid iron spheres (group C) were placed inside eppendorf tubes
filled with water. Figure 15 shows that the magnetic microbubbles (group B)
floated to the surface, while the control solid spheres (group C) sunk to the bottom.
In addition, Fig. 16 shows that the magnetic microbubbles were attracted to a strong
magnet.

The microscopic images and experimental tests clearly prove the magnetic
properties and presence of encapsulated microbubbles in the desired group B
spheres.

Fig. 11 Corresponding
ultrasound image of 10
aligned magnetic spheres and
measured physical distances.
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4.2 Ultrasound Contrast Results

Upon successful encapsulation of the microbubbles, the effects of the encapsulated
microbubbles as ultrasound contrast agents was tested using the setup as shown in
Fig. 17. Four of the microbubble encapsulated spheres (group B) and four of the
solid magnetic spheres (group C) were lined on the MISSION® ExpressMag®

Fig. 12 (Group A)
Na-alginate spheres with
encapsulated microbubbles,
no carbonyl iron.

Fig. 13 (Group B)
Na-alginate-iron spheres with
encapsulated microbubbles.

Fig. 14 (Group C) Control
solid iron spheres with no
encapsulated microbubbles.

202 K. Loh and H. Ren



Super Magnetic Plate. The magnet was placed at the bottom of the water tank with
the ultrasound probe positioned vertically above the magnetic particles.

The obtained ultrasound images in Fig. 18 show that at equal distance from the
ultrasound probe, the encapsulated microbubbles (group B) were distinctively
clearer, appearing as bright white spots. However, the solid magnetic spheres

Fig. 15 Magnetic
Microbubbles floated to the
surface while solid control
spheres sunk.

Fig. 16 Fabricated magnetic
microbubbles attracted to a
magnet.

Fig. 17 Experimental setup
to compare the contrast
enhancement properties of
microbubbles.
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(group C) appeared duller. Hence, the experimental results obtained verify the
expected contrast enhancing properties of microbubbles as explained in Sect. 2.1.

4.3 Tracking Results by Frame Difference Algorithm

From the experiments conducted, it was found that the tracking algorithm worked
best for up to five magnetic spheres. For six magnetic spheres and onwards, the
algorithm could not track each sphere as consistently. Figure 19 shows the results
of the applied tracking algorithm for 1 sphere (a), 2 (b), 3 (c), 4 (d) and 5
(e) spheres, with complete windows shown in Appendix 1. The results show that
the algorithm could successfully detect the movement of the microbubbles, and
give the (x, y) coordinates of the centroids of the microbubbles with a and a
crosshair and circle used to label the position of the microbubble.

Furthermore, the algorithm returns the total number of particles detected at each
frame and the respective (x, y) coordinates of each particle, as shown in Fig. 20.

4.4 Tracking Accuracy

Table 5 shows the calculated difference in pixels and actual distance between the
detected centroids from the algorithm and the manually selected centroids, based on
the method described in Sect. 3.5.

From Table 4, the total average difference between the algorithm detected and
manually selected centroids of the five tracking experiments was 3.33 pixels, or
0.0354 cm.

Fig. 18 Encapsulated microbubbles compared with solid spheres under ultrasound imaging.
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4.5 Tracking Results of Solid Spheres Compared
to Microbubbles

Furthermore, when the tracking algorithm was applied to both the solid sphere and
microbubble encapsulated sphere under the same conditions, only the microbubble

Fig. 19 Results of applied frame difference algorithm on captured ultrasound videos for 1 sphere
(a), 2 (b), 3 (c), 4 (d) and 5 (e) spheres.
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Fig. 20 Tracking algorithm
returns total number of
particles detected and
respective (x, y) coordinates.

Table 5 Calculated difference in pixels and actual distance between detected and manually
selected centroids.

Number of
particles

Number of frames
captured

Average difference in pixel
difference/px

Actual difference in
distance/cm

1 34 3.286 0.03496

2 25 2.966 0.03155

3 17 2.917 0.03103

4 14 4.688 0.04987

5 12 2.779 0.02956

Solid sphere
undetected

Fig. 21 Comparison of
tracking results of moving
solid and microbubble
encapsulated spheres.
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encapsulated sphere was detected by the tracking algorithm. Figure 21 shows the
crosshair labelled microbubble sphere whereas the solid sphere was barely visible
and was left undetected.

5 Discussion

The goals of this study were to fabricate magnetic spheres with encapsulated
contrast enhancing microbubbles and to create an experimental setup to capture
ultrasound videos to analyze the position of the spheres using a tracking algorithm.
The results obtained above demonstrate an alternative to the current state of the art
of ultrasound microbubble imaging and the application of OpenCV functions for
biomedical tracking purposes.

5.1 Ultrasound Imaging Setup

From the experiments conducted, it was found that the resultant OpenCV tracking
approach used depended largely on the ultrasound imaging setup used to obtain the
ultrasound videos. Appendix 2 shows a comparison of the various imaging setups
that were tested to obtain the ultrasound videos.

After experimental trials with the different setups, it was found that setup 5,
using a large planar magnet, was the most suitable setup for the purposes of this
chapter. Furthermore, the purpose of this chapter was to track the particles in
controlled motion for targeted drug delivery, and not in specific flow conditions
such as that used for vascular applications. However, additional precautions have to
be taken.

First, it was also observed that the large magnet created magnetic fields that
would interfere with the ultrasound video, as shown in Fig. 22. As such, the
tracking algorithm used had to be able to remove the interfering magnetic field in
order to track the moving microbubbles.

Second, the magnetic field created also interfered with the ultrasound probe,
causing the ultrasound probe to swing with the change in magnetic field caused by
movement of the magnet. As such an external force had to be exerted to stabilize
and keep the ultrasound probe in a fixed position.

Last, it was found that the hollow magnetic spheres were fragile and had to be
handled with care. When positioning on top of the magnet, the spheres were easily
crushed and destroyed. A dropper was used to position the spheres on the magnet
linearly.
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5.2 Tracking Algorithm

As the purpose of the tracking moudule is to return the coordinates of the
microbubble location, the EPIV or PIV methods discussed in Sect. 2.3, which
incorporates velocity of the microbubbles, were not applied.

One of the challenges faced in developing the tracking algorithm was the
irregular shape of the magnetic spheres. Due to its hollow structure, the magnetic
spheres were easily deformed. Figure 23 shows a flattened magnetic particle on the

Interference of magnetic field

Fig. 22 Interference of magnetic field with ultrasound image.

Fig. 23 Irregular shape of magnetic particles affects resultant ultrasound image.
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planar magnet with the corresponding ultrasound image above. Therefore, under
ultrasound imaging, the magnetic particles did not always appear as a spherical
white spot and at times had irregular shapes. As such the frame difference tracking
algorithm used allowed for more robust detection, as compared to methods such as
Hough transform which detects more spherical shaped artefacts.

5.3 Future Works

Towards integrating the tracking approach here for further drug delivery, future
tests would have to be done using a magnetic system, such as an actuation system
consisting of a pair of Helmholtz and Maxwell coils [42]. By using an external
magnetic system, the capturing of the ultrasound videos could be more realistic and
allow for tracking as well in the x, y and z directions. Furthermore, the experimental
conditions can be adjusted to include more in vivo like conditions, such as the
presence of red blood cells, white blood cells to test the versatility of the methods in
more realistic conditions.

6 Conclusion

In this project, the use of ultrasound contrast enhancing microbubbles was tested in
an experimental setup inducing the motion of microbubbles through moving a large
planar magnet in the x direction. The tracking algorithm used, based on frame
difference, proved capable of tracking and returning the (x, y) coordinates of the
moving microbubbles. The optimal number of particles to be tracked was up to five
particles with an accuracy of 3.33 pixels, or 0.0354 cm, between the algorithm
detected and the manually selected (x, y) coordinates of the centroids. The limi-
tations of the project include the lack of use of in vivo like conditions, such as the
presence of other particles, for example, red blood cells. The fabricated magnetic
microbubbles could be further used as test particles for external manipulation
systems for drug delivery studies.
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Appendices

Appendix 1: Algorithm Results

Tracking of 1 detected particle
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Tracking of 2 detected particle
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Tracking of 3 detected particles
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Tracking of 4 detected particles
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Tracking of 5 detected particles
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Appendix 2: Comparison of Various Ultrasound Imaging
Setups

Tested ultrasound imaging setups

1. Flow of microbubbles through rubber tubes

Movement of microbubbles induced through flow

Advantages Disadvantages

(+) Setup mimics flow of microbubbles in
vessel-like conditions

(–) Magnetic particles do not appear
spherical
(–) Ultrasound intensity attenuated by
rubber tube

2. Floating particles

Advantages Disadvantages

(+) Particles appear spherical
(+) Movement is in both x and z direction

(–) Ultrasound attenuation at plastic-water
interface
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3. Magnetic Particles in Dish

Advantages Disadvantages

(+) Movement of multiple magnetic
spheres can be recorded

(–) Magnetic spheres do not appear as distinct
particles with clustering of spheres

4. Small magnet used to control movement of magnetic spheres

Advantages Disadvantages

(+) Easy control
(+) No attenuation from interface, direct
observation

(–) Magnet interferes with ultrasound
imaging
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5. Large magnet planar magnet

Advantages Disadvantages

(+) Direct observation of microbubbles without
attenuation from interface
(+) Movement along x axis captured

(–) Magnetic field from magnet interferes
with ultrasound probe
(–) Movement of particle in z direction is
not captured
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