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1. Introduction

Robotic systems were initially developed to automate manual tasks typically
performed by industrial workers, such as precisely positioning objects along
assembly lines. The initial wave of robotic systems that reached a level of matu-
rity suitable for commercial applications centered around articulated robotic
arms. This development in industrial robotics also sparked interest in the med-
ical field, where researchers explored the potential of employing articulated
manipulators as substitutes for human clinicians in tasks such as tool position-
ing and tissue extraction during surgical procedures.

In medical procedures, the first robotic systems were employed in the realm
of stereotactic surgery, particularly in minimally invasive procedures aimed at
the central nervous system [1]. Thus, a neurosurgical procedure of image-
guided needle biopsy of the brain became the first clinical application of robot-
ics [2]. Following this initial success, articulated robots were proposed for
autonomous tasks within other medical disciplines [3]. However, the wide-
spread adoption of these devices has not been supported by compelling results
to warrant their large-scale clinical deployment. The concept of autonomous
operation presents inherent challenges, particularly concerning the legal
responsibility for any failures of the device. Additionally, these robots have
been encumbered by both technical complexities and economic constraints.

Contemporary perspectives on robotic technology in minimally invasive
surgery (MIS) acknowledge the unique capabilities of human operators in plan-
ning and overseeing manual tasks. Instead of seeking to entirely supplant
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clinicians, modern robotic systems are conceived as advanced surgical instru-
ments for collaborative use. Employed by clinicians in real-time through
specialized interfaces, these systems aim to enhance human abilities on a smal-
ler scale, facilitating a synergistic partnership between humans and machines in
the surgical setting [4]. The most commercially successful system embodying
this approach is certainly the da Vinci Surgical System (Intuitive Surgical,
Sunnyvale, CA, USA). First used in 1997 in laparoscopic cholecystectomy in
Belgium, it received Food and Drug Administration (FDA) approval in 2000.
Since then, Da Vinci became the de facto standard tool for robotic endoscopic
surgery [5].

The success of da Vinci in endoscopic applications motivated the intensifi-
cation of surgical robotics research both in academia and industry. The general
objective of this research was to explore and develop viable robotic technolo-
gies that enable a broader range of surgical procedures to be conducted using
minimally invasive techniques. Particular emphasis was put on potential solu-
tions for reducing the invasiveness of procedures performed in challenging
locations, such as inside the brain or the heart. The need for miniaturization ren-
ders the use of articulated arms in such procedures near impossible, with asso-
ciated risks of tissue damage they impose, due to their inherent rigidity [6].
Thus, the attention of the surgical robotics community has focused instead
on various groups of manually operated flexible surgical instruments, such as
needles, catheters, and endoscopes, which are used when minimally invasive
access to a remote target is required.

From an engineering perspective, flexible surgical instruments are continuum
devices. Their behavior differs significantly from the one of industrial robotic
arms. Continuum devices (see Fig. 1) do not bend in discrete locations, but incor-
porate elastic elements, which continuously change shape in response to mechan-
ical loads [7]. This property allows them to inherently respond to the
environmental forces upon contact. The safety of that contact is determined by
the degree of their compliance matching with the environment. Nevertheless,
flexible instruments with compliance closely matching the one of soft tissues
experience significant deformation in response to unpredictable external loads
present within the surgery site [8]. This fact restricts their precision during manual
operation. To remedy that, dedicated sensing and actuation means can be inte-
grated into the structure of flexible surgical instruments to harness their contin-
uum nature. The resulting systems—continuum robots—offer completely new
opportunities for surgical procedures realized in a minimally invasive fashion [9].

Taking the concept of flexibility even further, soft robots have strong poten-
tial for use in medical applications, particularly MIS, since their shape-
programmable soft bodies are more flexible than their rigid counterparts in
enclosed and confined spaces [10,11]. Existing soft robots have been demon-
strated to be maneuverable and controllable [12]. However, soft robots intended
for MIS are required to be not only flexible, but also functional, biocompatible,
and scalable to small sizes.
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FIG.1 The two main classes of robotic devices used in surgical procedures are rigid robotic arms
(blue) and continuum robots (yellow). @ Rigid robotic arms with stiff links connected by discrete
motorized joints. @ da Vinci Surgical System employing robotic manipulators for teleoperated
endoscopic procedures. ® Continuum robots use deformation of elastic elements within their entire
structure to generate motion. In addition to catheters, other principal types of continuum robots used
for surgical procedures involve: @ flexible needles, ® steerable endoscopes, among them the Mon-
arch Platform (Auris Health, Redwood City, CA, USA), which is a commercial tendon-driven plat-
form for bronchoscopy, and ® concentric tube robots. (@ Images courtesy of Intuitive Surgical,
Sunnyvale, CA, USA ©. ® Images courtesy of Auris Health ©). ® Images courtesy of Dupont
et al. and Butler et al. ©2009 and 2012 IEEE. Taken from J. Sikorski, Magnetic Catheters: A Jour-
ney Across Orders and Scales, University of Twente, 2020.)

In this chapter, recent results on magnetically actuated continuum robots
and soft robots developed for medical applications will be detailed. It will cover
topics on magnetic actuation systems, magnetic materials, variable stiffness ele-
ments, and soft robots targeting minimally invasive interventions. Medical
applications such as catheterization and polypectomy will be demonstrated with
examples of new robots. Related aspects such as ultrasound (US) and computed
tomography (CT) imaging, as well as biocompatibility will be discussed. The
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discussion will start with an overview of magnetic actuation and its application
within medical robotics.

2. Magnetic actuation

The technique of magnetic actuation can be applied to any object with magnetic
properties. When such objects interact with a magnetic field, they experience a
wrench [13]. This interaction is complex and occurs at molecular scale. How-
ever, in robotic applications, it can usually be modeled analytically by using
efficient approximations based on linear algebra [14].

These approximations assume that the object with magnetic properties
occupies a point-location in space. The sum of these properties across the entire
nondeformable volume of that object is represented by a single vector quantity:
the magnetic dipole moment g € R* [15]. By generating an external field, repre-
sented as a vector B¢ R3, at the location of the object, magnetic force
F, €R? and magnetic torque 7,€ R’ are exerted on the object as follows:

ORI

where nabla (V) is a gradient operator [16]. Fig. 2 provides an illustrative expla-
nation of this phenomenon.

Magnetic interaction is versatile and can be applied for actuation in a variety
of fashions, depending on the structure and desired application of the actuated
system. It has gained particular attention in medical robotics due to its noncon-
tact nature. This allows the infrastructure used for magnetic actuation—usually
comprising of large permanent magnets or electromagnetic coils—to be kept
outside the body of the patient. At the same time, the actuation forces and tor-
ques can be applied directly at the desired point within the structure of a robot.
A large body of research uses magnetic actuation for motion control of various
microrobotic agents [17,18]. Most of the classical designs of infrastructure for
the generation of external magnetic fields, such as the pioneering OctoMag,
come from that field [16,19]. Research on magnetic needles and endoscopes
has also produced remarkable results, indicating a potential for clinically appli-
cable solutions [20].

The idea of using magnetic interaction to actuate a flexible catheter is not
new [21]. The most conventional realization of this method involves integrating
permanent magnets close to the tip of the device. By using a source of variable
external magnetic field, such a catheter can be deflected in a given direction
[22-24]. Other prominent types of magnetic catheters are designed to work
in static external field of the MR scanner. MR-compatible catheters employ
electromagnetic coils with different geometries integrated onto its body. Direc-
tional motion is achieved by activating a particular combination of coils to gen-
erate a variable dipole moment, dependent on the orientation of the catheter
with respect to the external field [25].



Magnetic actuation of flexible and soft robotic systems Chapter | 13 327

Magnetic Torque I ¥ Magnetic Force | Y
L}X L}X

T,L\ 4— - < <-B

- ¥
I Electromagnetic | Actuation with Multiple Coils
X

Coil

Gradient Superposition

s l;, oo ’ Z .
E r) Tu E ,

FIG.2 Any object with magnetic properties experiences force and torque when placed in external
magnetic field. Misalignment of dipoles in a magnetic field produces torque, while magnetic forces
are generated by field gradient. As both magnetic fields and gradients superpose at any location,
multiple magnetic field sources can be used to determine the total field and spatial gradient at a
location of the object. This way, prescribed forces and torques can be exerted on the actuated object.
This allows for control of both the position and the orientation of an object in a noncontact manner.
(Taken from J. Sikorski, Magnetic Catheters: A Journey Across Orders and Scales, University of
Twente, 2020.)

—

A few commercial solutions involving magnetically actuated catheters have
been developed across the past two decades. The most successful of them is
Niobe (Stereotaxis, St. Louis, MO, USA). Niobe is a system for remote guid-
ance of magnetic catheters during cardiac ablation by utilizing two large elec-
tromagnets to generate an external field deflecting the catheter tip [26]. The
direction of the field is controlled directly by the clinician, who monitors the
position of the catheter using fluoroscopy. A recent metaanalysis has demon-
strated distinct advantages of Niobe in cardiac ablation, reporting almost
50% lower risk of complications with respect to standard catheterization
[27]. Furthermore, the reduced size and improved dexterity of the catheters
actuated by Niobe makes them a viable solution for challenging coronary inter-
ventions in small and torturous vessels. However, other studies indicate that
procedures performed using Niobe suffer from significantly longer execution
time than conventional methods [28,29]. Recently, an improved version of
the Niobe system, named Genesis, has been proposed by Stereotaxis and has
received FDA approval for clinical use.
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In literature, different configurations of magnetic actuation systems have
been designed based on application requirements. Such systems employ station-
ary electromagnets [16,30], mobile electromagnets [31,32], or mobile perma-
nent magnets [20], as sources of the magnetic field. The mobile actuation
systems have the advantage of an open and typically larger workspace than sta-
tionary systems while requiring smaller external magnets [33]. For all methods,
precise magnetic field information from each field source is required for actu-
ation. Previously used approaches model the magnetic field either using an arbi-
trary function and fit unknown coefficients with least squares optimization
[31,34], or use a first-order dipole approximation [20]. The former approach
does not typically enforce constraints on the spatial gradients of the magnetic
field, and the latter ignores higher order field effects that are more prominent
closer to the field source [15]. A recently used approach, which solves the afore-
mentioned disadvantages, is to express the magnetic field as the gradient of a
scalar potential (scalar harmonic function), and use measurement-informed
least squares optimization to fit unknown coefficients [35].

2.1 Example: Orientation control of discrete magnets in a continuum

The technical aspects of magnetic actuation, in particular with regards to
field generation and application of mechanical loads on magnetic compo-
nents, can be seen in Ref. [36]. Here, an approach for closed-loop multipoint
orientation control of discretely magnetized continuum manipulators (CMs)
is presented.

A CM with two magnetic segments and two flexible segments is suspended
horizontally within the workspace, visualized using a stereo vision setup, and
actuated with a magnetic field generated by electromagnets with currents.
The CM magnet poses are measured with stereo vision, and the measured poses
and actuation parameters are used to compute magnetic wrenches acting on the
CM. An orientation Jacobian is computed that maps incremental changes in cur-
rents to changes in CM magnet orientations. Finally, the CM magnets are
steered toward a desired orientation by updating the actuation parameters,
namely, the currents in the coils and the positions of the coils. The control
scheme (Fig. 3) is divided into four blocks (A-D).

A magnetic field model is used to accurately describe the magnetic field and
field gradients required for computing the exerted magnetic torques and forces.
In addition, a quasistatic Cosserat rod model of the CM was able to predict the
magnet orientation changes in a varying nonhomogeneous magnetic field. Both
the field and Cosserat rod models were applied to construct a numerically com-
puted orientation Jacobian to linearize changes in actuation parameters to
changes in magnet orientations. In the end, the presented control strategy has
shown able to achieve accurate independent orientation control of two perma-
nent magnets in experiments with six moving coils, and in 3D simulation using
an extended virtual clone the experiment setup.
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FIG. 3 Orientation control diagram. (A) A stereo vision setup records a 3D point cloud of the continuum manipulator (CM) that holds information about the mea-
sured magnet poses {p,,, ¢,,}. Knowledge of the magnetic wrench (w) acting on the magnets is used to solve the CM statics (shape) with a Cosserat rod model, which
holds information about theoretical magnet poses {'p,., ‘¢ }. (B) Measured magnet poses and electromagnet currents and positions {/, 8} of the system are used to
compute the magnetic wrench. (C) An orientation Jacobian (J;4) is computed that maps incremental changes in {/, 8} to changes in magnet orientations. (D) The
orientation Jacobian and error between desired and measured magnet orientation are used to update {/, 6}. (Taken from M. Richter, V.K. Venkiteswaran, S. Misra,
Multi-point orientation control of discretely-magnetized continuum manipulators, IEEE Robot. Autom. Lett. 6 (2) (2021) 3607-3614.)
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Fig. 4 provides side views of time-evolved shapes of the CM during the
experiment. These experiments and simulations showed that it is possible to
achieve convergence of multiple magnets to desired orientations by generating
a nonhomogeneous magnetic field. However, when moving to practice, there
are some limitations. First, the large multicoil magnetic actuation systems
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FIG. 4 Model of the continuum manipulator (CM) consisting of flexible polyurethane rubber
(PMC-770) and rigid neodymium magnets (NdFeB), with dimensions given in millimeters. The
magnet dipole moments, y,,, are shown at t = Os. Magnet angles of rotation (AoR) are measured
relative to the global z " axis, superimposed on the magnet center, shown at t = 320s. The CM is
actuated inside the workspace of BigMag in plane with six electromagnets. Side views of time-
evolved shapes of the continuum manipulator are shown and desired, ¢, measured ¢,,, and pre-
dicted, ‘¢,,, AoR are plot for magnet 1 (blue) and 2 (red) in degrees against time t. (Taken from
M. Richter, V.K. Venkiteswaran, S. Misra, Multi-point orientation control of discretely-magnetized
continuum manipulators, IEEE Robot. Autom. Lett. 6 (2) (2021) 3607-3614.)
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are infeasible due to their small and generally immobile workspace. These sys-
tems are therefore ideally substituted for systems with fewer coils and more spa-
tial degrees of freedom. Second, the computational cost of shape reconstruction
and the Jacobian limited the control frequency, suggesting challenges to
achieve closed-loop control.

3. Magnetically actuated continuum robots

The field of continuum robots has seen significant growth in the past few
decades. The designs of snakes, elephant trunks, and octopus tentacles have
encouraged researchers to devise bioinspired hyper-redundant robots for dex-
terous manipulation of objects [37]. Continuum robots have great potential
within medical applications, and in particular for robot-assisted MIS. In current
literature, the focus is on designing miniaturized manipulators which are suffi-
ciently flexible to be steered inside the body and reach difficult-to-access sur-
gical sites with high dexterity. Such devices find applications in neurosurgery,
endoscopy, laparoscopy, biopsy, and other surgical procedures in which these
devices enter the body through small incisions [38,39].

Recently, magnetic actuation is gaining interest in creating miniaturized
manipulator designs as it enables manipulator control without the need for
cables or tendons. For instance, a 4-mm flexible catheter (NaviStar-RMT, Bio-
sense Webster, Inc., California, USA) integrated with small permanent mag-
nets, controlled using the Niobe magnetic navigation system (Stereotaxis
Inc., Missouri, USA) and a motor drive (Cardiodrive, Stereotaxis, Inc.,
USA), is a leading technology for cardiovascular interventions [40]. Kratchman
et al. demonstrated 3D tip trajectory planning of a magnet-tipped rod using
Kirchoff elastic rod model in open-loop [41]. Model-based closed-loop control
has been studied by many researchers using feedback of actuating wrenches
[42]. For instance, the first 3D closed loop control of a magnetic catheter
was demonstrated by Edelmann et al. using Cosserat rod model; however, an
external camera-based localization was implemented which is not clinically
feasible [23].

Magnetized CMs can be discretely or continuously magnetized. Discretely
magnetized CMs contain rigid magnetic, and flexible nonmagnetic material.
The rigid magnetic material can be divided into actively magnetized electro-
magnets [43], or permanent magnets [20]. Alternatively, continuously magne-
tized CMs consist of magnetic composite polymers [44]. These can be used to
fabricate specialized magnetization profiles for target applications [45,46]. The
magnetized CMs deform due to a magnetic wrench, exerted by an external mag-
netic field. A theoretical minimum of seven magnetic DOFs is required for
wrench control. However, these systems may suffer from magnet orientation-
dependent singularities. By instead providing eight magnetic DOFs such singu-
larities are avoided [14].
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3.1 Catheters as continuum robots

Catheters find medical uses due to their inherent safety. Their compliance
matches that of soft tissues. This allows the catheters to be inserted into the cav-
ities of the human body with low risk of tissue damage. For manual operation,
stiffer catheters are usually preferred due to their increased pushability [47].
Originally, simple catheters with a hollow lumen inside were used for drainage
of body liquids or delivery of drugs into the bloodstream [48]. In recent years,
more structurally and functionally complex catheters gained wide acceptance as
an established class of instruments for MIS [49].

The success of currently established catheterization techniques drives the
motivation for a wider adoption of this class of instruments within MIS, also
outside cardiovascular applications [50,51]. However, performing a procedure
with such a flexible instrument is challenging. When the catheter insertion
depth increases, clinicians gradually lose the ability to control the motion of
catheter tip by operating at the insertion port, due to interaction of the deform-
able, compliant structure of the catheter with the environment along its entire
length within the body [47].

Regardless of the applied actuation technique, manual operation of steerable
catheters is still challenging due to limited information available to the clinician
regarding the state of the device and its pose with respect to body tissues. Thus,
even the execution of standard MIS procedures involving catheters requires
clinicians with extensive experience, limiting the accessibility of treatment
[52]. The dexterity of steerable catheters is further degraded by the presence of
unpredictable biological forces. Thus, robotic technology has increasingly been
used to enhance the capabilities of clinicians to control steerable catheters, result-
ing in improved in vivo behavior [53,54]. Additionally, robotically steered cath-
eters can potentially be used in places where manual operation is considered too
dangerous due to delicate structures, such as in neurosurgical procedures [55].

Magnetic actuation of catheters enables simple structure with no moving
components, which allows for substantial miniaturization [56]. They are actu-
ated through a process, which can be modeled precisely and efficiently [35].
Their complex mechanical behavior gives them potential dexterity suitable
for a wide range of applications [45]. For successful operation, magnetic cath-
eters require reliable auxiliary infrastructure, capable of generating magnetic
field in a clinically relevant workspace. This problem can be approached in a
multitude of fashions, but it is nontrivial to solve due to the unfavorable scaling
properties of magnetic fields. For that reason, the systems designed for work-
spaces encompassing entire human body are large and bulky, have high power
demands, and offer relatively low actuation bandwidth. As an alternative, sys-
tems with smaller workspaces are commonly used, usually employing station-
ary electromagnetic coils. This trend has been initiated by the OctoMag system,
originally intended for actuation of microrobotic agents in eye surgery applica-
tions, and since then used also in a handful of studies on magnetic catheters
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[16,57]. Another method uses mobile permanent magnets to guide catheters and
endoscopes [41,58-60].

Conventional research on magnetic catheters aims at increasing precision
during conventional MIS procedures. Additionally, several functionalized mag-
netic catheters have been proposed predominantly for tasks involving removal
of tissue using incisions or ablation [56,61]. These relatively modest applica-
tions neither exhaust the potential of magnetic catheters nor provide convincing
justification for regular clinical use of them, as the complex auxiliary infrastruc-
ture required involves large capital costs. The advances in the domain of unteth-
ered milli/microrobotics indicate that magnetic actuation can be used to create
significantly more advanced devices [62,63]. The rapidly evolving field of soft
robotics has also demonstrated that by smart use of magnetic elements, rich
behavior of flexible elements can be achieved [46,64-66].

3.2 Flexure-based continuum manipulators

Continuum manipulators can also be designed out of discrete flexible compo-
nents. Here, the functionality of the manipulator is tied to the mechanical behav-
ior of the individual components. Flexure-based designs with reduced stress and
limited local deformation have potential for application in design of surgical
devices. For instance, Swaney et al. [67] have designed a flexure-based steer-
able needle that minimizes tissue damage, and Chandrasekaran et al. [68,69]
have developed flexure-based designs of surgical tooltip combined with mag-
netic coupling and tether-driven power transmission. Kim et al. have designed a
continuum manipulator using creative slotting patterns of narrow necked flex-
ures resulting in discrete compliance [70]. Flexure-based designs are also found
in the backbone structures of endoscopic continuum robot designed by Kato
et al. [71] and the Artisan Extend Control Catheter by Hansen Medical, Inc.
(California, U.S.) [72], which are tendon-driven devices.

In Refs. [73,74], a new design of a metallic compliant continuum manipu-
lator capable of planar and spatial bending is presented. The design entails a
novel slotting pattern to make a segmented continuum manipulator that is capa-
ble of bending about two axes and is cut out of a monolithic tube without using
assembly. The monolithic compliant design of manipulator enables easy model-
ing due to linear load-deformation characteristics at individual segments of the
manipulator. The manipulator has built-in mechanical motion constraints which
restrict the maximum stress in the flexure, thereby ensuring safety of the manip-
ulator during use. The manipulator is actuated using controlled magnetic fields
by attaching a permanent magnet at its tip.

The miniaturized manipulator presented is fabricated using a single tube of
titanium, thus eliminating the need for assembly. The mechanical motion con-
straints in the design lead to a safe manipulator by preventing the flexures from
failing under stress. The 1-mm working channel of the manipulator enables
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integration of additional tools and sensors. The clinical feasibility of the manip-
ulator is studied by carrying out experiments using a miniature camera
(0.91 mm diameter) in phantom models of a bifurcating arterial system and a
heart. Magnetic steering of the manipulator integrated with a miniature camera
as feedback shows potential as a steerable catheter for endoscopy and ablation.

The manipulator is fabricated using a titanium (grade-2) tube of outer and
inner diameters of 3 and 1 mm, respectively. Titanium (grade-2) is chosen as the
material as it has high ratio of yield strength to elastic modulus (¢, = 345 MPa
and £ = 105GPa) and low weight ratio. It is biocompatible and magnetically
transparent. A series of flexure pairs is created along the length of the
manipulator by making cuts using wire electrical discharge machining
(EDM). The manipulator is actuated using magnetic fields by means of a per-
manent magnet attached to its tip (Fig. 5B).

Magnetic steering of the manipulator is demonstrated inside the undulating
tapered channels of a bifurcating arterial phantom. The experiment is performed
by positioning the phantom in vertical and horizontal orientations as shown in
Fig. 6A and B. In a second experiment, the maneuverability of the manipulator
is tested inside a heart model. The manipulator is inserted through the aortic
valve and is guided to reach three targets locations in the left ventricle
(Fig. 6C). A miniature camera is embedded within the working channel of
the manipulator and demonstrates the steerability of the manipulator without
relying on an external imaging system.

(b) Short manipulator
30 mm
Ring magnets
Long manipulator Connecting clamp -
L Isometric View ' 70 mm

(c) Undeflected state Deflected state (d)

I mm

FIG. 5 (A) The isometric, top, front, and side views of two-axis bending design of manipulator
with variables to define the design parameters. (B) Short and long versions of the manipulators fab-
ricated using wire EDM. Three neodymium ring magnets are connected to the long manipulator
which is colored red for stereo vision tracking purposes. (C) Microscopic images of one flexure joint
of the manipulator undergoing maximum deflection. (D) A schematic view of a flexure pair under-
going maximum deflection. (Taken from T.L. Thomas, J. Sikorski, G. Ananthasuresh, V K. Venki-
teswaran, S. Misra, Design, sensing, and control of a magnetic compliant continuum manipulator,
IEEE Trans. Med. Robot. Bionics (2022) 1.)
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FIG.6 (A and B) Manipulator guidance inside a bifurcating arterial phantom suspended vertically and horizontally in the workspace of a magnetic actuation system.
(C) Manipulator guidance inside a heart model. The dotted white lines show the traced trajectory starting at the aortic valve to reach three target locations A, B, and C
in the left ventricle. Plots show generated magnetic field (B,, B,, B.), its direction (,, 6.), and manipulator insertion (p). (Taken from T.L. Thomas, J. Sikorski,

G. Ananthasuresh, V.K. Venkiteswaran, S. Misra, Design, sensing, and control of a magnetic compliant continuum manipulator, IEEE Trans. Med. Robot. Bionics
(2022) 1.)
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3.3 Soft materials-based continuum manipulators

Magnetic characteristics can also be incorporated into soft materials to form
what are called magnetic polymer composite (MPC) [44,75]. MPC consists
of magnetic microparticles suspended in an elastomer base. The volume frac-
tion of magnetic particles as well as their magnetization profile can be prede-
fined to achieve preprogrammed behavior of MPC robots [76-78]. As such, a
wide range of motion may be achieved in an external magnetic field [45,46,79].

Magnetic continuum manipulators (MCMs) are continuum flexible robots
which can be actuated using magnetic fields. Although the material used in
MCMs can vary, most designs have a slender cylindrical geometry and use
either rigid magnets or MPC. For slender designs, i.e., where the MCM length
is significantly bigger than the diameter, magnetic volume and moment
decreases. Reducing magnetic moment decreases the magnitude of exerted
magnetic forces and torques. The gained flexibility inherent to a slender design
compensates for the reduction in torque [56,63], but at the cost of reduction in
actuation force [32,80].

Material properties that affect magnetic moment are (average) magnetiza-
tion and volume. For cylindrical MCMs, magnetic moment and bending stiff-
ness scale with the second and fourth power of radius, respectively.
Magnetization scales linearly with magnetic volume fraction, but at an expo-
nential cost in bending stiffness. Therefore, bending stiffness increases at higher
rate than magnetic moment with diameter. Stiffness can be partially compen-
sated by interaction between internal magnets, i.e., local dipole interactions,
which cause forces and torques exerted between segments of the MCM to affect
its elasticity [81].

In Ref. [82], an MCM design is presented to enable increasing diameter
without compromising on bending flexibility, magnetic moment, and thereby
magnetic pulling forces. The proposed design combines MPC single helices
with intermittent permanent ring magnets, assembled over a flexible tube.
A segment comprises two ring magnets and an MPC helix shaped as a cored
closed and ground compression spring (Fig. 7A). Ring magnets have predeter-
mined length (Ly,,g). The helix contains a suspension of praseodymium-iron-
boron microparticles (PrFeB) and polydimethylsiloxane (PDMS).

To analyze the local dipole interactions between multiple ring magnets in an
MCM, the interaction between 2 and 5 ring magnets at various relative angles is
simulated. Bending torques on the tip magnet due to the collective field and
field gradients of preceding magnets are computed. MCM maneuverability is
shown in a phantom representing the human adult abdominal aorta and com-
pared to an MPC cylinder (0.2 volume fraction). An external magnet is manu-
ally moved beneath the phantom (Fig. 8A) at a 30-40 mm distance. The
phantom trajectory includes bifurcations with angles up to 135°. The MCM
(Fig. 8B) takes on J- and S-shaped forms where the MPC-rod is unable to.
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FIG.7 Design of a magnetic segment of an MCM. (® Segments are made from magnetic polymer
composite (MPC) and neodymium-iron-boron (NdFeB) ring magnets. MPC contains a suspension of
polydimethylsiloxane (PDMS) and praseodymium-iron-boron (PrFeB) microparticles. The MPC is
shaped as a closed and ground compression spring (gray) with a core cylinder (red). (B) Segment
bending is limited to a boundary deflection angle (@). The helical part of the spring is described
by revolution angle (3). © Transverse cross-section of the helix. The core cylinder is shown with
the red circle. MPC surrounds the cylinder with a sector angle (¢). © Single pitch bending. With
each pitch, the helix can bend with 8 = @/W before adjacent windings touch. (Taken from M. Richter,
M. Kaya, J. Sikorski, L. Abelmann, V. Kalpathy Venkiteswaran, S. Misra, Magnetic soft helical
manipulators with local dipole interactions for flexibility and forces, Soft Robot. (2023).)

Additionally, to show medical application, the MCM is steered from the left
common iliac to the superior mesenteric artery where a contrast dye simulant
(water with red dye) is released (Fig. 8C). The simulant is injected with a
syringe through the free-hanging backbone from outside the phantom. Then,
with the peristaltic pump turned on (flow of 2.7L/min) the MCM is navigated
through the phantom (total path length >50cm) within 1 min (Fig. 8D). Addi-
tionally, the backbone may be used as a guiding sheath for, e.g., guidewires to
reach distal vessel bifurcations (Fig. 8E). In the future, actuation can be
improved by teleoperation of robotically moved external magnets. Addition-
ally, imaging may be performed with, e.g., C-arm fluoroscopy [83].

These demonstrations are performed in a 2D phantom. One of the factors that
need to be considered for 3D navigation is MCM weight. Insertion into vasculature
also requires an introducer sheath, which could be combined with manual or
robotic insertion. The demonstrations are performed in a vascular phantom to illus-
trate the spatial confinement, nonlinear paths, and sharp turns. The design princi-
ples presented may be translated to other medical and nonmedical environments.
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FIG. 8 Navigation experiments with an MCM. & Experimental setup. (B) Assembled MCM. ©)
MCM maneuvering to inject contrast dye using a handheld permanent magnet at a distance of 30—
40mm. (© MCM maneuvering with the peristaltic pump turned on. ) Passing a guidewire through
MCM backbone. (Taken from M. Richter, M. Kaya, J. Sikorski, L. Abelmann, V. Kalpathy Venki-
teswaran, S. Misra, Magnetic soft helical manipulators with local dipole interactions for flexibility
and forces, Soft Robot. (2023).)
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3.4 Variable stiffness manipulators

Variable stiffness in surgical manipulators has been gaining significant atten-
tion in recent years. Several studies have investigated different mechanisms
to achieve variable stiffness such as granular/particle jamming, antagonistic
arrangement of actuators, and stimuli-responsive stiffness-tunable materials
[84]. A variable stiffness mechanism based on fiber jamming transition was
introduced in the STIFF-FLOP soft manipulator to provide stability to its distal
module by making it rigid; however, miniaturization of this technology proved
to be challenging [85]. A lightweight re-configurable stiffness-changing skin
based on layer jamming was created and adopted as on-demand joints for a con-
tinuum manipulator enabling dynamic adjustment of the operating workspace
[86]. Cable-driven actuators [87] and fluidic actuators [88] are commonly used
in antagonistic methods but are limited by low range of stiffness variation and
controllability when it comes to MIS [89].

Stiffness-tunable materials such as low melting point alloys (LMPAs),
shape memory alloys (SMAs), and shape memory polymers (SMPs) can attain
significant stiffness change [80,90-93]. Despite the toxic nature of LMPA,
owing to its transition speed, it has been used in the multisegment designs of
a cable-driven continuum manipulator for MIS application [91], and magnetic
variable stiffness catheters for applications in cardiac ablation and robotic
ophthalmic surgery [80,94]. SMAs have high power-to-weight ratio, are bio-
compatible, easy to miniaturize, and can be activated using Joule heating
[95]. Therefore, SMA wires in the form of springs, strips, and wavy patterns
have been used in the design of continuum manipulators for actuation and var-
iable stiffness [92,96,97]. However, SMAs exhibit relatively lower range of
stiffness change than SMPs, a limitation that could be solved by combining with
a thermoplastic [98]. SMPs are versatile due to their compatibility with 3D
printing and multimaterial fabrication. Material synthesis enables developing
multi SMP, that is, SMP with two or more transition temperatures, manifesting
improved mechanical properties and recoverability [99,100]. Recently, SMP
was used in the design of magnetic variable stiffness catheters in which graph-
ite, neodymium, and carbon black particles were incorporated in the SMP com-
posite to improve the electrical and thermal conductive properties [93,101].

In Ref. [102], a VSM is developed with a backbone made of a silicone tube
enclosed within a spring made of SMP and a permanent ring magnet attached to
its tip. The SMP spring is embedded with a resistive wire to heat the SMP by
passing current. The SMP spring in rigid phase is initially in a compressed state
resulting in a minimum length of the VSM, and it can be moved to a target loca-
tion in its compact form. When the SMP is activated by heating, it transitions to
the soft phase, and by pushing the silicone tube, the VSM is extended in length.
The orientation of the VSM tip with magnet is controlled with the application of
a bending moment resulting from external magnetic fields. The VSM can be
deflected to extend or bend while the SMP is in soft phase, and its shape can
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be fixed when the SMP transitions to rigid phase. A two-segment design of the
VSM can be formed using two SMP springs in series enclosing a two segment
concentric tube backbone of silicone (Fig. 9A). Various bending configurations
can be achieved with selective activation, bending and extension of the VSM
segments (Fig. 9B). The stiffness change of the SMP when transitioning
between the soft and rigid phases enables fixing the shape of the VSM
(Fig. 9C), which is controlled under magnetic actuation.

The variable stiffness in the VSM is activated by means of Joule heating.
The SMP used in the design has a glass transition temperature of 35°C, below
which it is in glass phase, and at 60°C, it reaches the rubber phase. The SMP
spring wire is embedded with a nichrome wire of diameter 0.12mm running
through the cross section of the SMP spring wire twice, with the two ends of
the nichrome wire leaving the end of the SMP spring wire to connect to a power
supply.

Potential clinical applications of the VSM as a steerable surgical manipula-
tor are demonstrated with one-segment and two-segment designs. A permanent
magnet attached to the end-effector of a robotic arm is programmed to generate
the required magnetic field to control the VSM. The one-segment VSM is used
to demonstrate endoscopy and biopsy procedure in a stomach phantom having
polyps. In the first experiment, a miniature camera (0.91 mm in diameter) is
integrated in the working channel of the one-segment VSM and tested in a stom-
ach phantom. The one-segment VSM is inserted through the esophagus in its
compressed form while in glass phase, and upon entering the stomach, the
VSM is extended in length by activating the SMP to rubber phase. The VSM
is deflected in rubber phase with the application of magnetic fields using the
robot arm while manually controlling its length to scan the volume of the stom-
ach and detect the three polyps. Fig. 10A depicts the endoscopy procedure car-
ried out by the one-segment VSM and the view through the miniature camera of
the polyps inside the stomach. In the second experiment, a cold snare polypect-
omy tool is integrated in the working channel of the one-segment VSM. As
shown in Fig. 10B, the one-segment VSM is inserted to reach the polyp similar
to the first experiment. Thereafter, the VSM is locked in position using the mag-
netic field while the SMP transitions to glass phase, and the snare is deployed to
grasp the polyp. The polyp is resected by retracting the snare, and the SMP is
activated to rubber phase. The VSM is finally retracted to its compressed form
for subsequent withdrawal through the esophagus.

The maneuverability and shape fixity of the two-segment VSM is demon-
strated by navigating it through three rings distinctly oriented in 3D. An optical
fiber is integrated in the working channel of the VSM to transmit laser light. As
shown in Fig. 10C, the VSM enters the first ring in its compact form, in which
both the distal and proximal segments known as segments 1 and 2 are in fully
compressed states while in glass phase. Through successive heating and cooling
of each segment, the VSM is steered through the three rings. The VSM is
retracted back through the three rings following the whole process in reverse
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FIG. 9 (A) An illustration of the design of a two-segment variable stiffness manipulator (VSM). (B) Fabricated prototype of the VSM in different bending and
extension configurations. (C) Phase change of shape memory polymer (SMP): (i) Plot of elastic modulus (E) versus temperature (7) of the SMP with glass transition
temperature 7. (ii) Shape memory effect illustrated for an SMP spring. (D) Fabrication process of the SMP spring: (i) Vacuum drying of the SMP resin and hardener
for 2h. (ii) Injection of the mixed SMP solution into a silicone tube with a coated resistive wire. (iii) Curing of the silicone mold in an oven at 70°C for 2h and
demolding the cured SMP from the silicone mold. (iv) Fixing the SMP wire into a temporary shape of the spring and training the SMP spring in the oven two cycles
of 70°C for 16h. (v) The trained SMP spring. (Taken from T.L. Thomas, J. Bos, J.J. Huaroto, V. Kalpathy Venkiteswaran, S. Misra, A magnetically actuated variable
stiffness manipulator based on deployable shape memory polymer springs, Adv. Intell. Syst. (2023) 2200465. https://onlinelibrary.wiley.com/doi/pdfi10.1002/aisy.
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FIG. 10 Demonstration of endoscopy, biopsy, and laser ablation applications using a variable
stiffness manipulator (VSM): (A) One-segment VSM integrated with a miniature camera guided
inside a stomach phantom using robotic magnetic actuation to detect the three polyps. The inset
shows the miniature camera view. (B) One-segment VSM integrated with a cold snare removes
one of the polyps in the inner lining of the stomach. The inset shows a magnified view of the
VSM. (C) Two-segment VSM integrated with an optical fiber carrying laser light is steered to nav-
igate through three rings oriented in 3D space. (Taken from T.L. Thomas, J. Bos, J.J. Huaroto,
V. Kalpathy Venkiteswaran, S. Misra, A magnetically actuated variable stiffness manipulator based
on deployable shape memory polymer springs, Adv. Intell. Syst. (2023) 2200465. https://
onlinelibrary.wiley.com/doilpdfi10.1002/aisy.202200465.)

order. This demonstration shows the uncoupled actuation, bending, and shape
locking capability of the two-segment VSM while navigating a restricted envi-
ronment and transporting laser beam as a potential application for laser surgery.

4. Magnetically actuated untethered soft robots

The flexibility and controllability of soft robots have been demonstrated
through diverse actuation approaches. Electrical, pneumatic, acoustic, chemi-
cal, and magnetic are currently the most widely used methods of actuation
[12]. In particular, magnetic actuation shows great promise for medical appli-
cations such as magnetic catheter ablation and electromagnetic navigation
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bronchoscopy, owing to its benefits including human-safe operation, wireless
actuation, and rapid response [103,104]. Magnetic actuation eliminates the
mechanical tether between robot and actuation unit. Untethered soft robots
can navigate tortuous paths better than their tethered counterparts. Thus, mag-
netically actuated soft robots can potentially be used for MIS, targeted drug
delivery, and clinical diagnostics [10]. Magnetically actuated soft robots for
medical applications are required to be functional, biocompatible as well as
capable of robust motion inside organs within the human body in a myriad
of environmental conditions.

Magnetically actuated soft robots (or “magnetic soft robots”) are fabricated
with MPCs and actuated using external magnetic sources (electromagnets or
permanent magnets) [105]. Miniaturized designs capable of complex motion
are made possible through the use of design-specific magnetization profiles
[44,46,106]. For instance, flexible magnetic robots fabricated from a single strip
of MPC have successfully demonstrated swimming motion, flagella-based pro-
pulsion, rolling, jumping, and other methods of locomotion [107-109]. Mag-
netic soft robots are particularly suited to medical applications because
magnetic fields are not harmful to humans, and these robots can potentially
be imaged and controlled using clinically relevant techniques such as magnetic
resonance imaging (MRI) [57,110,111]. Recent developments have focused on
improving fabrication techniques for magnetic soft robots to produce a variety
of shape changes and deformation modes [66,76,112]. Untethered microscale
grippers actuated using magnetic fields have been developed by many groups
while also incorporating responses to other stimuli (heat, light, chemical
reagents) [113—117]. Manipulation of target objects in 3D in a liquid medium
has been demonstrated using untethered grippers actuated through a combina-
tion of magnetic forces and magnetic torques [118,119].

The rest of this chapter highlights recent developments in magnetic actua-
tion of soft robots, and their extension toward medical applications. It will begin
with studies investigating design, actuation, and control of magnetic soft robots,
and then discuss updates regarding clinical aspects such as biodegradability,
biocompatibility, bioadhesion, clinical imaging with US and CT, and response
to other stimuli.

4.1 Bioinspired magnetic soft robots

Nature has always been a source of inspiration to humans, demonstrating a
plethora of highly complex but well-optimized systems. Many organisms dis-
play a variety of motion capabilities with incredible coordination and control.
Much of the research in robot locomotion is centered around biomimetics, to
replicate biological motion patterns for adapting to specific environments
[120]. Robots have been developed for motion on granular media and uneven
terrain, flapping wing flight inspired by hummingbirds and insects, and wall-
climbing robots have incorporated ideas from geckos [121-125]. Drawing
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inspiration from biological forms is particularly useful in the fields of milli- and
microscale robotics, which require efficient functionality and high versatility
with a limited amount of material.

In a preliminary study, four milli-scale soft robots were designed (Inch-
worm, Turtle, Quadruped and Millipede) and their actuation under external
magnetic fields investigated with the objective of reproducing multilimbed
motion patterns observed in nature [64]. Magnetic properties are incorporated
into a silicone polymer to form the MPC by mixing in ferromagnetic micropar-
ticles (PrFeB) before curing. The MPC is used to fabricate soft magnetic parts,
with predetermined magnetization profiles achieved using a 1 T field. The
resulting soft robots are actuated under external magnetic fields of 10-35mT
which are controlled using an array of six electromagnetic coils.

The magnetic material used in this work is an isotropic powder made from
praseodymium-iron-boron (PrFeB), with a mean particle size of 5 pm (MQFP-
16-7-11277, Magnequench GmbH, Germany). Praseodymium (Pr) is a hard
magnetic material (high magnetic remanence), which implies that it is capable
of providing strong, permanent magnetic dipole moments (¢) once magnetized.
This property is highly beneficial for magnetic actuation technique used in these
robots. The polymer into which the magnetic particles are mixed is a silicone
rubber (Ecoflex00-10, Smooth-On, Inc., USA). This material also makes up the
nonmagnetic parts of the soft robots. The magnetic powder is added before cur-
ing in a 1:1 ratio by mass to create the MPC. After the polymer cures, the mag-
netic parts are subjected to a field of 1T (B-E 25 electromagnet, Bruker Corp.,
USA) using fixtures to describe the magnetization profile.

Experiments for demonstrating the motion of the soft robots are performed
in an array of six electromagnetic coils called BigMag [126]. Rotating magnetic
fields are used to achieve the desired motion patterns. The resulting motion of
the four designs is illustrated in Fig. 11. It is noticeable that all the specimens
follow the characteristic biomimetic patterns. The actuation cycles are applied
repeatedly, and each specimen is capable of reliably moving from one end of the
workspace to the other.

In an extension of the bioinspired designs, two types of soft robots and two
types of grippers were investigated [127]. The first robot is inspired by myria-
pods such as millipedes and centipedes, and named Millipede robot. In nature,
these organisms achieve locomotion by utilizing central pattern generators
(CPGs) to coordinate limb function in groups [128]. The legs of the robot
are activated in a sequential metachronal rhythm, with a noticeable wave-like
characteristic.

The other soft robot developed here is a six-legged robot, named Hexapod. It
has an alternating tripod gait inspired by ants and other arthropods, with three pairs
oflegs [129,130]. Each pair of legs is antisymmetric, that is, one leg is out of phase
with the other. This leads to three of the legs making contact with the ground at any
point during the gait cycle, forming a tripod support. The other three legs make
contact with the ground during the opposite half-phase of the gait cycle.
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FIG. 11  The resulting motion patterns of four magnetic soft robot designs, illustrated using stills
from recorded videos. Five frames from a single actuation cycle are shown for each pattern, repre-
senting various stages during the cycle (time period 7). The coordinate system used to define the
magnetic fields is shown in the top-left image, and the red scale bar denotes 10mm. (Taken from
V.K. Venkiteswaran, L.F.P. Samaniego, J. Sikorski, S. Misra, Bio-inspired terrestrial motion of
magnetic soft millirobots, IEEE Robot. Automat. Lett. 4 (2019) 1753—-1759.)

In order to grant functional properties to the robots, two bioinspired gripper
designs are also produced. The Tail gripper developed here is inspired by pre-
hensile tails (seen in organisms such as new world monkeys, seahorses, and pan-
golins) and consists of a flat piece of magnetic silicone which can be attached to
the robot. Inspiration for the second gripper design—the Flower gripper—
comes from various flowering plants and organisms such as jellyfish, tape-
worms, and carnivorous plants like bladderworts.

The robots and the grippers are paired such that their actuation modes are
complementary to one another. The Millipede robots are paired with the Tail
grippers since they are both actuated using rotating magnetic fields. The Tail
grippers require higher magnetic fields rotating at a lower frequency compared
to the fields required for the actuation of the Millipede robots. The Flower grip-
pers are attached to the Hexapod robots in a configuration, which ensures that
the axial direction of the gripper is along the length of the robot. Therefore, the
direction of the magnetic field required for actuation of the gripper is orthogonal
to the magnetic field required for actuation of the legs of the robot. This pairing
ensures that the robots and grippers can function independently.

Experiments are conducted to demonstrate the maneuverability of the robots,
the function of the grippers, and their combined actuation. The maneuverability of
the robots is demonstrated by guiding them to a target location within the work-
space while avoiding obstacles. The grasping functionality is illustrated through
tasks where the robots either pick up objects from the environment or place them
at target locations. The different modes of actuation are programmed into the
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system and controlled through teleoperation. Camera images are used by the oper-
ator to determine the position and orientation of the robots within the workspace.
Images from the experiments can be seen in Fig. 12.

In these studies, magnetic actuation has been used in combination with soft
materials to demonstrate bioinspired terrestrial motion of untethered milliro-
bots. The untethered magnetic soft robots with grasping manipulators are capa-
ble of executing pick-and-place tasks. The development of small-scale,
untethered soft devices could have many applications in areas where remote
actuation is necessary.

4.2 Toward medical applications

Magnetic soft robots show most promise in manipulating objects in constrained
or enclosed spaces in scenarios where a mechanical tether would be infeasible.
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FIG. 12 (@ Millipede robot with Tail gripper performing a pick-and-place task. The robot first
gathers the object, then navigates past obstacles to reach a target site, and deposits the object by
unfurling the gripper. Scale bar is 20mm. (o) Hexapod robot with Flower gripper performing a
pick-and-place procedure. The robot first moves toward the object, grasps it by activating the grip-
per, then navigates to a target site, and deposits the object by actuating the gripper. Scale bar is
10mm. (Taken from V.K. Venkiteswaran, D.K. Tan, S. Misra, Tandem actuation of legged locomo-
tion and grasping manipulation in soft robots using magnetic fields, Extreme Mech. Lett. 93
(1097) (2017).)
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One particular area of interest is minimally invasive surgical interventions,
where these types of robots can be used for targeted therapeutic applications,
such as biopsy and drug delivery. Miniaturization of the robots would be helpful
for applications in MIS. Developments in materials and manufacturing are
opening up the possibility of producing these robots at different dimension
scales, including submillimeter sizes. Adding sensory elements and localization
capabilities would provide the potential for autonomous control in application-
relevant scenarios. The use of other smart materials within the MPC and devel-
opments in the design of electromagnetic actuation systems would also open up
the range of applications for these types of soft robots. Some examples are
described in the following sections.

4.2.1 Biodegradability

Biodegradable materials have been used to fabricate soft robots for safe oper-
ation inside the human body [131]. The functions of drug delivery and release of
biodegradable materials have been demonstrated on microswimmers [132,133].
There are several choices for biodegradable elastomers based on polyesters or
hydrogels [134,135]. A mixture of gelatin, glycerol, and water (GGW) has been
verified to be soft and biodissolvable, and the constituent components are com-
monly available [136].

Wang et al. demonstrated a magnetically actuated soft robot with biocom-
patible and dissoluble components [137]. The robot body is made of four mag-
netic cubes joined through links made from the biodegradable mixture. The
magnetic particles interact with an externally generated magnetic field to pro-
duce magnetic torques that are used for motion actuation. The robot has four
cubes of MPC (not biodegradable) which enable magnetic actuation. For the
biodegradable part of the robot, a mixture of gelatin, glycerol, and water
(GGW) is used. This makes up the outer cover for the magnetic cubes and
the links between the magnetic segments. The biodegradable mixture is flexi-
ble, and the intermediate links twist and bend, enabling snake-like motion of
the robot.

The functions of the robot demonstrated here are carrying a mock-drug,
being steered to a target location in the workspace and drug release through dis-
solution (Fig. 13). The maneuverability of the robot is demonstrated by steering
the robot to correct its heading and move through an obstacle (hole in the middle
wall). After moving through the hole, the robot crawls down the slope into the
reservoir of water. In order to demonstrate the function of drug release, a small
quantity of a mock-drug is integrated into the middle link. The mock drug is
released when the middle GGW link is dissolved, staining the water with the
dye. After complete dissolution of the GGW, the four magnetic cubes attract
each other and form a rectangular bar. Finally, the bar of cubes is guided to
one side of the workspace.
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FIG.13 Biodegradable robot functions I. Workspace for the experiment. Perspective, top, and side
view are shown. Dimensions are in mm. II. Experimental results. The maneuverability of the robot is
demonstrated by steering through a hole in the wall (a, b, c). The robot enters the water and rotates
until the GGW links dissolve, releasing the mock-drug (d, e, ). After dissolution, the magnetic cubes
are moved to one side of the workspace. (Taken from C. Wang, V.R. Puranam, S. Misra, V.K.
Venkiteswaran, A snake-inspired multi-segmented magnetic soft robot towards medical applica-
tions, IEEE Robot. Automat. Lett. 7 (2022) 5795-5802.)

4.2.2 Bioadhesive locomotion

The ability to locomote inside organs in vivo is a critical feature necessary for
translating magnetic soft robots to minimally invasive surgical applications.
This necessitates the robots to move reliably on the surfaces of internal organs
(which may be inclined, vertical, or inverted surfaces in confined spaces), work-
ing against their own gravity, buoyancy, and friction. Several approaches for
improving adhesion have been investigated targeting the aforementioned
requirements. Inspired by organisms in nature, special structures and materials
have been investigated and verified to have the capability of improving adhe-
sion force on dry or wet condition surfaces [138—140]. For instance, directional
mushroom-tipped microfibers inspired by gecko toes have been verified to have
strong adhesion and friction on smooth and dry surface [141]. A spider-silk-
inspired composite has been reported to have reliable adhesion on wet and cold
substrates from 4°C to —196°C [142]. In order to achieve controllable adhesion
and detachment for soft robots, an octopus-inspired hydrogel adhesive has been
proposed to enhance the stability of robots operation on biological tissues
in vitro [143]. Additionally, forces generated by magnetic field gradients have
been used to produce tethering forces for adhering soft robots [144].
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The surfaces of many animal/human organs such as oral cavity, gastrointes-
tinal tract, and stomach are covered with mucus, where it is intended to provide
lubrication and protection for epithelial cells of organ surfaces [145]. Mucus
consists primarily of water (95%), making it a highly hydrated system. Due
to its lubricating properties, mucus forms a slippery surface which can be dif-
ficult for small-scale soft robots to travel over. Film coating on the robot surface
can ameliorate interaction properties between the robot and mucus. Chitosan is
a widely used polymer because it is able to establish various types of mucus
interactions with hydrogen bonds and electrostatic interactions to promote
adhesion [146]. Recent work has demonstrated the use of chitosan on a soft
robot to provide adhesion to tissue surfaces, with the robot able to carry up
to 20 times its own weight. The chitosan is applied to the ends of the robot
in combination with microfabricated structures which allows for inchworm-like
locomotion [147].

In Ref. [148], a ring-shaped magnetic soft robot, with a flexible biopoly-
meric film coating, capable of motion on mucus-coated surfaces is designed
and investigated. The biopolymeric film made from chitosan-glycerol (C-G)
solution endows the robot with robust locomotion capabilities on surfaces of
diverse geometrical shapes and orientations. By utilizing mucoadhesive loco-
motion, the robot has the potential to carry out robotic procedures on enclosed
mucus-coated tissue surfaces. In Fig. 14, the robot is shown to perform a pick-
and-place operation in a mucus-coated environment. It is also shown that cyto-
toxicity of the MPC is reduced with the C-G coating, thereby improving the bio-
compatibility of the robot.

4.2.3 Thermo-magnetic actuation

Thermal triggering under biologically relevant conditions has been increasingly
investigated as a remote triggering mechanism for shape change. For example,
Leong et al. showed that deformable devices could be actuated even while spa-
tially separated [ 149]. They demonstrated diverse functions, such as picking up
objects in vivo and removing cells from tissue during in vitro biopsies. Liechty
et al. proposed drug delivery using polymers that dissolve in a thermally suit-
able aqueous environment [150].

In the past decade, untethered thermo-magnetic responsive systems have been
developed owing to the research of responsive materials such as poly(/N-isopropyl
acrylamide) hydrogels [151] and SMPs [152,153]. These polymers are light-
weight and have high strain and shape recovery abilities. SMPs are characterized
by their ability to undergo controllable and reversible physical or chemical
change under exposure to external stimuli, such as chemicals, light, and magnetic
fields [154]. This ability allows for tuning their physical and chemical polymeric
properties, including their elasticity, polarity, and strength [155]. Numerous
in vivo investigations have been conducted to evaluate the clinical feasibility
of magnetic biomedical robotic devices for various applications such as biopsies,
pick and place, and drug delivery [156,157]. These devices can be used to retrieve
tissue samples from within the body for pathological examination, such as
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FIG. 14 (A)Experiment to demonstrate the robot performing pick-and-place operation, where the
robot moves a target object between two locations at different elevations. Both the top view and side
view are shown. The blue arrows represent the directions of the magnetic field at the given time
instant. (B) Demonstration of cargo transportation function in a 3D-printed tubular structures.
The robot carries a mock-drug up the undulating tube, releases it at the top and subsequently nav-
igates to the bottom. (C) The robot demonstrating carrying of a liquid capsule and compression upon
magnetic actuation to expel the liquid. (Taken from C. Wang, A. Mzyk, R. Schirhagl, S. Misra, V K.
Venkiteswaran, Biocompatible film-coating of magnetic soft robots for mucoadhesive locomotion,
Adv. Mater. Technol. (2023) 2201813. https:/lonlinelibrary.wiley.com/doi/pdfl10.1002/admt.
202201813.)

metallic microgrippers [158] or microdrillers [159]. Additionally, these devices
can deliver drugs or other therapeutic agents to a targeted site within the body,
including bacterium [160] and microswimmers [161].

In Ref. [162], a magnetically aided thermally triggered shape transformation
approach is proposed that leverages the benefits of soft SMPs, bioinspired
design, and magnetic actuation. The SMP-based soft carrier only responds to
operates at a low temperature for shape transformation. This solution enables
its remote actuation, thermal triggering, and drug transport and administration.
It is made of a PDMS membrane, a layer of SMP, and a nickel-plated neodym-
ium (NIB) disc magnet (Fig. 15A).
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FIG. 15 (A) Fabrication and assembly of the multilayered SMP carrier structure. The soft carrier is
then tested within a hybrid operating theatre inside a computed tomography (CT) scanner (Artis Pheno,
Siemens Healthineers, Erlangen, Germany), with (B) a gastroscope, and (C) a computed tomography
scanner. (D) A benchtop experiment is set up with diameters similar to those of the upper and lower
gastrointestinal tracts of the average human adult. The insertion point represents a natural orifice
through which the carrier is inserted manually and also retrieved at the end of the experiment. (Taken
from C.M. Heunis, Z. Wang, G. de Vente, S. Misra, V K. Venkiteswaran, A magnetic bio-inspired soft
carrier as a temperature-controlled gastrointestinal drug delivery system, Macromol. Biosci.
(2023) 2200559. hitps:/lonlinelibrary.wiley.com/doi/pdf/10.1002/mabi.202200559.)
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The carrier is tested for visibility using two imaging modalities. The firstis a
video gastroscope, which is the conventional tool for routine lower gastrointes-
tinal tract procedures (Fig. 15B). Second, its compatibility within CT images is
tested since this method is commonly used to detect internal bleeding
(Fig. 15C). The carrier is inserted into a phantom resembling the GI tract at body
temperature (Fig. 15D). External fields produced by a permanent magnet influ-
ence the guidance and positioning of the carrier and, in addition, enable its sub-
sequent deformation at the target. A gelatin-based biodegradable drug is
delivered at a target location. A robust and timely shape recovery performance
is achieved, followed by a different shape transformation phase induced by the
magnetic field.

4.2.4 Ultrasound-based tracking

Despite developments in the design and actuation of soft robots as described in
the previous sections, localization and closed-loop control remain challenges to
be solved. A few studies have demonstrated closed-loop control of untethered
agents for pick-and-place tasks, using optical camera images [119,163]. How-
ever, in many enclosed environments, such as minimally invasive procedures,
localization using optical cameras may not be a viable option. Other works have
utilized MRI to track and control magnetic untethered robots [164,165]. How-
ever, the use of an MR system for the control of soft robots introduces some
challenges, such as low control frequency, time delay, and a limited choice
of materials for the robot. By contrast, US is an inexpensive and real-time med-
ical imaging modality. Despite the high signal-to-noise ratio, the high frame
acquisition rate of US scanning allows real-time control of robots in clinical
environments [18,166].

Studies have demonstrated closed-loop control of magnetic robots on the
microscale, using US imaging feedback [167,168]. The geometric tracking
algorithms employed in these studies are sensitive to noise and to variations
in the intensity of the image pixels, and also rely on seeing the same shape
of the robot. To increase the robustness of trackers to noise and occlusions, deep
learning techniques have been used in computer vision areas for object detec-
tion, and regression and classification problems. Convolutional neural networks
(CNNis) are often used to estimate the pose of objects in different environments
[169]. Additionally, new designs of magnetic soft robots also require sensing of
robot orientation to determine the direction of the actuating magnetic field for
functions such as cargo delivery, needle biopsy, or maneuvering through the
workspace.

de Oliveira et al. [170] demonstrated closed-loop motion control and path
planning for a biomimetic magnetic soft robot using 2D US images. A frame-
work is set up for tracking the soft robot and applying the necessary magnetic
field for actuation. Two methods for US-based tracking capable of estimating
the position and orientation of the robot are investigated, and their performance
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compared using a video camera as ground truth. Both methods are improve-
ments on trackers in the literature that only estimate the position of microrobots.

Two different approaches are described for the real-time localization of the
robot using an US image. The first approach utilizes a geometric algorithm to
retrieve the pose of the robot, while the second approach uses a custom-made
CNN. The CNN shows a lower error and variance in tracking the soft robot com-
pared to the geometric (RANSAC) method. With the US-based tracking as feed-
back, closed-loop control is performed in two situations, with an obstacle on one
side of the US image, as shown in Fig. 16. In both cases, the robot is able to
navigate the obstacles.

However, this study uses a US probe that images a stationary 2D workspace.
Furthermore, the size of the image (and thus the workspace) is restricted by the
area scanned by the probe. For applications such as the use of soft robots in med-
ical procedures, the US imaging will have to consider motion over greater dis-
tances and a dynamic 3D environment with moving obstacles and occlusions.

5. Conclusions

The advent of magnetic actuation in robotics has provided a big fillip to inno-
vations in the field of surgical robotics. Hitherto unprecedented possibilities
have been opened up due to the wireless actuation capabilities offered by mag-
netic fields, along with the benefits offered by rapid temporal response. The
human-safe operation with radiation-free power transmission and easy transla-
tion to smaller scales mean that this technology is particularly suited to mini-
mally invasive clinical interventions. In this chapter, many works that explore
the capabilities offered by this technology are described, ranging from catheters
and continuum robots to bioinspired soft robots and US-based tracking. Starting
with guiding the tip of a catheter in a blood vessel, studies that propose the use
of tether-less multifunctional soft robots within larger organs are presented.
Currently, the maturity of the technology is low, especially considering the
stringent safety and reliability standards for medical technology. Existing com-
mercial systems are focused on simple manipulation of magnetic catheters and
robotic capsules. One of the key concepts presented in this chapter is that many
works rely on using magnetic micro-/nanoparticles, which cause potential bot-
tlenecks with regards to safety during interventions inside the human body.
Efforts must be made to overcome this through coating with biocompatible
materials or the development of new magneto-responsive components. Another
focus area is on developing systems responsive to stimuli that can be used in
complement with magnetic actuation (e.g., thermal, chemical) to endow the sys-
tems with additional actuation degrees of freedom. Methods to track and reli-
ably maneuver magnetic devices are also still lacking, particularly in the clinical
context. Ultimately, developments in this field must take into account existing
clinical infrastructure and their constraints, as well as established medical pro-
tocols. Future works should incorporate input from medical professionals to
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FIG. 16 Closed-loop control of a soft robot using a convolutional neural network (CNN) to detect the pose of the robot in US images. The experiment shows the
steering of the Millipede robot to a target while avoiding an obstacle on the right (top column) and on the left side (bottom column). The scale bar is 20 mm. Plots on
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ensure the promise of the technology can be translated successfully into better
outcomes for health providers and patients.
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