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Bio-inspired magnetic swimming microrobots for
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Microrobots have been proposed for future biomedical applications in which they are able to navigate in
viscous fluidic environments. Nature has inspired numerous microrobotic locomotion designs, which are
suitable for propulsion generation at low Reynolds numbers. This article reviews the various swimming
methods with particular focus on helical propulsion inspired by E. coli bacteria. There are various
magnetic actuation methods for biomimetic and non-biomimetic microrobots, such as rotating fields,
oscillating fields, or field gradients. They can be categorized into force-driven or torque-driven actuation
methods. Both approaches are reviewed and a previous publication has shown that torque-driven
actuation scales better to the micro- and nano-scale than force-driven actuation. Finally, the
implementation of swarm or multi-agent control is discussed. The use of multiple microrobots may be
beneficial for in vivo as well as in vitro applications. Thus, the frequency-dependent behavior of helical
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Introduction

Nature has always been an inspiration for robot locomotion,
from swimming and wiggling motions, to walking or flying.*

“Institute of Robotics and Intelligent Systems, ETH Zurich, Switzerland
*Department of Mechanical and Automation Engineering, The Chinese University of
Hong Kong, Shatin NT, Hong Kong SAR, China

an individual agent within a group of three microrobots.

One of the main challenges for engineering locomotion
methods for robots is to copy or mimic the essential functions
of their natural counterpart while keeping the complexity low in
order to be able to build the system. Building complex devices
becomes increasingly difficult in the micro- and nano-scale
because the integration of various parts is more challenging. It
is, therefore, crucial to capture the essential functionalities of
nature while keeping the complexity minimal. Microrobots have
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been proposed for the use in biomedical applications such as
minimally invasive procedures, targeted drug delivery, or in
vitro for cell manipulation and characterization.>® Most of these
applications place these micro-devices into a fluidic or soft
environment where they have to be propelled. It is therefore
only natural to investigate the locomotion methods found at the
microscale in nature for inspiration when building these
microrobots.

This article reviews magnetically actuated microrobots for
biomedical applications with special focus on bio-inspired
systems, in particular the artificial bacterial flagella (ABFs), a
swimming microrobot mimicking the helical propulsion of E.
coli bacteria. ABFs copy the helical shape of E. coli flagella,
which is the fundamental feature to create forward propulsion,
whilst removing the need for a complex on-board rotary motor
of E. coli by using low-strength rotating magnetic fields for
actuation. This article is organized as follows: first, a brief
introduction to fluid mechanics at the micro-scale is presented
together with an overview of propulsion mechanisms found in
nature. Second, the magnetic actuation of microrobots is dis-
cussed. Magnetic actuation for microrobots can be separated
into two categories, namely force- or gradient-driven micro-
robots and torque-driven microrobots. A critical comparison of
magnetically actuated robots was done by Abbott et al. in 2009
and a brief review will be presented.* A previous publication by
Fischer and Ghosh has already reviewed numerous torque-
driven micro- and nanorobotic systems.” In the current article a
more detailed discussion of other types of magnetic actuation
methods is included. Thirdly, the challenges of fabricating 3D
helical structures at the microscale are discussed, including a
summary of fabrication methods that have been employed
successfully to create helical microrobots. Lastly, the use of
microrobots in biomedical applications is examined. Potential
applications are discussed with emphasis on the use of multiple
microrobots. The methods to steer and control individual group
members in a larger swarm of microrobots are reviewed and
theoretical as well as new preliminary experimental results are
presented for individual control of ABFs.
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Micro-scale locomotion in fluids

It is important to consider the Reynolds (Re) number when
studying propulsion mechanisms in fluidic environments. The
Re number is defined as

Re = w, (1)
n
where U and L are the velocity and characteristic length,
respectively, and p and 7 are the density and viscosity, respec-
tively, of the fluid. The Re number is a measure of the ratio of
inertial to viscous forces in a fluid. For small Re numbers, i.e. Re
< 1, inertial forces become negligible and viscous forces
dominate. At the microscale, both U and L are small, and even
in water, which is not viewed as a viscous fluid itself, the Re
number is much smaller than 1. To understand how micro-
organisms move in water, we would have to imagine ourselves
swimming in a pool of honey or tar. It then becomes intuitively
obvious that the swimming techniques have to be adapted in
order to be able to move in such a viscous environment.
Without inertial terms, the flow can be described by the
Stokes equations

Vp =nV?U +f, )

where p is the pressure, U the velocity field of the fluid and f
external forces on the fluid. This equation is only exact for Re =0,
but it is considered a valid approximation for Re < 1. Eqn (2)
does not contain any inertial terms and the flow becomes
perfectly reversible. As it is a linear equation, the superposition
of fundamental solutions is possible. A direct outcome from the
reversibility of the Stokes flow is the fact that a perfectly recip-
rocal motion does not create a net motion. For example, at high
Re numbers an oar thatis moved up and down at different speeds
creates a net propulsive force. At low Re numbers, on the other
hand, it is only the geometric configurations that matter, not the
speed, and a reciprocal motion leads to no net displacement.
This is commonly referred to as the scallop theorem.® Again it
shall be noted that is only true for Re = 0 and in a fluid with
constant viscosity. Depending on the size and velocity of the
micro-swimmer, small inertial effects still occur that can break
the symmetry of the flow. Furthermore, it was shown that the
scallop theorem breaks down in visco-elastic fluids or even when
multiple scallop-type swimmers move as a group.”®

A brief history on microscale propulsion

The propulsion mechanisms of micro-organisms have been the
interest of biologists for many years. According to Metzner, as
early as the 18" century the flagella of the Volvox were already
recognized as a propulsion mechanism, but only at the end of
the 19™ century was it established that all actively propelling
micro-organisms have flagella or cilia as means for motion
generation. The invention of dark field microscopy allowed the
more systematic observation of flagella and cilia in the early 20
century and Metzner presented an overview of detected flagella
motions in 1923.° Even though the shapes could be observed,
their method of generation remained a topic of research for
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decades, in particular the motion of helical flagella. An obvious
way to generate helical propulsion would be to rotate a rigid
helix with a rotary motor. It was, however, assumed that this
type of mechanism did not exist as it was not observed anywhere
else in nature. In 1966 Doetsch entertained the idea that a rigid
helix could be rotated through a basal motor but abandoned
this notion only three years later."* In 1971, in a paper
modeling helical propulsion, the author still claimed that
rotating joints do not exist in nature,'* though only two years
later, in 1973, Berg was able to prove that E. coli bacteria use
molecular motors to rotate their helical flagella.™

Helical flagella are not the only means of motion generation
of microswimmers. A different type of propeller is the flexible
flagellum beating in a planar waveform, as for example, in the
case of spermatozoa. Another common method is to use cilia,
which are generally shorter, hair-like structures covering the
outside of the cell body, for propulsion. The mechanism for
motion generation for all of these slender tails is based on the
drag imbalance on a cylindrical element in combination with a
non-reciprocal motion. In the low Re number regime, the drag
on a slender cylinder for motion perpendicular to its axis is
approximately twice the drag when moving along its axis. When
a slender cylinder is pulled at an oblique angle it moves with an
angle of attack due to the drag imbalance. This results in a
velocity vector that has components in the pulling direction as
well as perpendicular to it. This is taken advantage of when
flagella or cilia are employed for motion generation.

As mentioned previously, the filament has to be moved in a set
of non-reciprocal configurations in order to generate a net motion.
In the example of cilia, they are stretched out during the power
stroke and glide close by the body in recovery stroke. In the case of
a flagellum beating in a planar wave pattern each segment of the
flagellum goes through a non-reciprocal motion as it moves froma
positive angle of attack to moving with a negative angle of attack
versus the swimming direction. A segment on a rigid helix always
has the same angle of attack to the direction of motion and each
segment goes through a non-reciprocal motion only while the
helixis continuously rotated. If a helix is rotated by a positive angle
and then rotated back by the same angle, the motion becomes
reversible and the helix moves back into its original position.
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Bio-inspired microrobots and micro devices

The various propulsion mechanisms of micro-organisms have
in turn inspired a number of magnetic microrobot designs (see
Fig. 1). A flexible flagellum is arguably the easiest mechanism to
copy as it is a one dimensional (1D) structure. A challenge that
remains is to fabricate a simultaneously flexible and stable
structure at the microscale. A flexible sheet or beam can be
actuated magnetically when attached to a magnetic head.">**
Dreyfus et al. presented another approach to form a flexible
flagellum. They used self-assembled magnetic beads to form a
flexible tail (see Fig. 2a).”* The magnetic force between magnetic
beads is limited and fast rotation of these bead chains can lead
to a disassembly due to the fluidic drag forces.'® Hence, Dreyfus
found a protocol to connect the magnetic particles with DNA
strands. It was shown that a chain of beads actuated with an
oscillating field does not result in a non-reciprocal motion;
however, attaching a payload to one end of the chain breaks the
motion symmetry of the traveling wave along the bead chain. In
this way, the transport of a single red blood cell (RBC) was
demonstrated. It was shown that a kink in the chain also breaks
the symmetry and allows propulsion.'””*® The fact that an
imperfect or asymmetric chain can achieve propulsion was
utilized for the nano-bead chain swimmer presented by Ben-
koski.*?® The length of some of their swimmers is only around
5 um, which is smaller than Dreyfus’ propeller, which had an
overall length of approximately 24 pm, by a factor of almost five.

The first helical microrobot mimicking bacterial propulsion,
the artificial bacterial flagellum (ABF), was presented in 2007 by
Bell and further characterized by Zhang in 2009.>** The ABF
consists of a rigid helical tail which is attached to a soft-
magnetic metal “head”, also referred to as “body”, for actuation
(see Fig. 2b). The size of the helical tail is 2.8 pm in diameter
and 30-100 pm in length. The head consists of a thin square
plate, with a thickness of 200 nm and a variable length of 2.5-
4.5 um. The main challenge for bacteria-inspired microrobots is
the fabrication of a helical filament at the microscale. In recent
years, a number of fabrication methods have been found that
are capable of small-scale helix fabrication. They will be dis-
cussed in more detail in the section “Fabrication of helical
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Fig. 1 Propulsion mechanisms of microorganisms and analogous artificial propulsion of magnetic micro-devices. (a) Planar beating of flexible flagella, e.g. sper-
matozoa. (b) Rotating rigid helical flagella actuated by a molecular motor, e.g. E. coli bacteria. (c) Cilia, e.g. paramecium. (d) Flexible beam actuated by a torque at the
spherical head. (e) Flexible magnetic micro-bead tail. (f) Rotating rigid helical tail fixed to a magnetic head. (g) Artificial cilia array of flexible micro rods or beams. (h)

Artificial cilia array of self-assembled magnetic micro-beads.

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 Biomimetic magnetic micro-devices. (a) Flexible tail of micro-beads
attached to a blood cell.’ (b) Steering of a helical microrobot.2? (c) Super-
paramagnetic bead cilia assembled by optical tweezers and (d) self-assembled.
Reused with permission.'2233

micro-structures”. What they all have in common is that the
helical tail is a rigid structure, but the application of a magnetic
material is not always restricted to the head, but may be directly
applied to the tail as well.>»*

Cilia were one of the earliest intensively studied filaments in
nature.*® They are not only a means to propel micro-organisms,
such as the famous paramecium, but they also function as
stationary fluid transporter, for example, to move mucus in our
airways.”” Cilia usually cover the whole surface and move in
coordination with each other, similar to a traveling wave seen in
the feet motion of centipedes. If cilia motion was to be
mimicked in this way, an independent actuation for each cilium
would be required. This behavior has been studied and repro-
duced experimentally using microtubules.?® Artificial magnetic
cilia, by contrast, move simultaneously. There are to this day no
motile microrobots that use cilia for propulsion. Instead, arti-
ficial cilia are used on surfaces to transport fluids, for example,
in lab-on-a-chip applications, such as the pumping and mixing
of micro-fluids. The two main approaches for fabricating arti-
ficial cilia are etching of slender beams or rods using lithog-
raphy*=* or using self-assembled magnetic beads (see Fig. 2c
and d).*>®

Modeling helical propulsion

There have been numerous papers published on the modeling
of micro-organisms using planar or helical tails for propulsion.
Many of the fundamental solutions for slender flagellum pro-
pulsion were published before the discovery of the rotary motor
of E. coli bacteria.**** Helical propulsion has since become a
growing area of interest for both biologists and engineers.*****
A very intuitive approach for modeling slender body dynamics
at low Re numbers is the resistive force theory (RFT). RFT
assigns a local drag coefficient to a segment, i.e. cylindrical
element, of a slender filament. The resistive force coefficients
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(RFC) are derived based on the slender body theory, which
approximates a slender filament by a line distribution of
singularity solutions, and various coefficients have been sug-
gested and evaluated.*>***® The drag on this cylindrical element
is anisotropic with the drag perpendicular to the cylindrical axis
being larger than the drag parallel to the axis by an approximate
factor of two. The factor two is a theoretical maximum and is
smaller for real filaments, i.e. for a filament with a finite slen-
derness. Lighthill’'s RFCs for an infinitesimal cylindrical
element on a helical tail are*?

g = 21ty - 41ty
" In(2¢/r) — 0.5 """ In(2¢/r) + 0.5

3)

where £); and &, are the drag coefficients along and perpendic-
ular to the cylindrical axis, respectively; r is the radius of the
filament and g = 0.094, where A corresponds to the pitch of the
helix. These coefficients are given per unit length and the force
on an infinitesimally small filament of length ds is

dfiy = wiénds, dfy = unfnds “4)

where ds is an infinitesimal line segment along the helix. The
local filament velocities ;; and u;, are given by a transformation
of the body velocity into the local filament coordinate system.
To get the total drag forces on the helical tail, the local filament
forces dfj and df;, can be transformed into the body coordinate
system and integrated along the whole length of the helix
(see Fig. 3).

For steady-state motion, the externally applied forces and
torques have to equal the drag on the swimmer. Purcell pre-
sented a simplified 1D model, where helical motion is described
only by the rotation and translation along the helical axis.® The
result is a 2 x 2 propulsion matrix relating the velocity and
rotational speed to the external force and torque:

-k

The coefficients a, b, and ¢ are functions of geometric
parameters and fluid viscosity only. They can be modeled with
RFT, resulting in*

a=2mR (Encos2<a> - ansirf(a)) ©

sin(«)

Fig.3 1D model of the helical microswimmer. F and u are the force and velocity
along the helical axis, respectively. T and w are the torque and rotational speed
around the helical axis. The geometric model parameters of the tail are the helix
radius R, pitch 4, helicity angle « and filament thickness r. The head is modeled by
a sphere with diameter D. Inset shows the local coordinate system of the infini-
tesimal segment ds.

This journal is © The Royal Society of Chemistry 2013
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b = 2mnR*(Ey — £n)cos(a) @)
B £ysin® () + £,c08()
¢ =2mnR} ( smna) ) (8)

Ris the radius and « is the helicity angle of the helix. Eqn (6)-
(8) are valid for helices with an integer n number of turns. From
the propulsion matrix of the helical tail (5) it can be seen that
the rotary and translational motions are coupled by the off-
diagonal elements b. Hence, an externally applied force can
induce a rotary motion or, vice versa, a torque can induce a
translational motion. The head or body of a helical micro-
swimmer can be approximated by a sphere, which has a trans-
lational drag ¥, and rotational drag v, of

W, =3Dmy, ¥, = D’ny 9

As a propulsion matrix, this can be written as:
F v, 0 u
HREIH ®
The drag on a sphere is isotropic and no coupling between
the rotational and translational motion exist. Hence, the off-
diagonal elements are equal to zero. Under the assumption that
the flow of the head and tail do not influence each other, the

propulsion matrix of the entire swimmer can be calculated by
summing up the matrix elements of the tail and head:

F a+¥, b u
I e 1 an

When considering the motion along the helical axis, the 1D
propulsion matrix is often a sufficient means to model the
behavior of a helical micro-swimmer. For more complex prob-
lems, for example, when modeling off-axis forces or motion, the
propulsion matrix needs to be established in 3D. The resultis a
6 x 6 matrix, with 4, B and C being 3 x 3 matrices, of the form:

a A B||U
=15 ella] @
The entries of A, B and C were modeled analytically using
RFT for the implementation of a gravity compensation algo-
rithm or for modeling the near-boundary motion of bacteria.****

For the considerations in this article the 1D model from
eqn (11) will be sufficient.

Actuation methods for swimming
microrobots

In our review, we use the term “swimmer” broadly to refer to all
types of microrobots moving or being moved in a fluidic envi-
ronment. Just like their natural counterparts, microrobots
function only in a suitable environment that provides nutrition
or energy supply, respectively. Even though bacteria-inspired
robots have been built with onboard motors and tethered to an
external power source,” this approach is not feasible when the
size of the device reaches the micro-scale. The main challenge

This journal is © The Royal Society of Chemistry 2013
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lies, therefore, in providing an environment for microrobots
that

(a) enables them to harvest energy for their locomotion, and

(b) conforms to the application environment requirements.

It transpires that solving (a) is somewhat easier to achieve,
and there have been numerous successful approaches pre-
sented in the literature in recent years. One idea is to use
natural swimmers as a propulsion mechanism. Single para-
mecia® or swarms of flagellated bacteria have been steered
successfully and employed for the transportation and manip-
ulation of micro-objects.’*>® Their advantage is obvious - they
can gather nutrition directly from their environment and turn
it into energy for their propulsion system, which has already
been optimized through an evolutionary process. Unfortu-
nately, their disadvantage is caused directly by their advan-
tage, namely that the micro-organisms have to be kept in an
environment that contains nutrition and has suitable chem-
ical conditions. Furthermore, the microorganisms live
comfortably only in a certain temperature range that may not
conform to the temperatures encountered in the application.
For example, when MC-1 bacteria were tested in temperatures
of 37 °C, which is an essential requirement for the application
in the human body, the propulsion speed decreased with
time and reached almost zero after 40 minutes of
experimentation.>

Using artificial devices removes the need for a nutritious
environment and they can potentially function under various
temperature conditions. In recent years, humerous prototypes
of micro- and nanobots have been proposed that use electro-
chemical decomposition to propel themselves.*” Devices relying
on chemical fuel use a similar approach to bacteria by har-
vesting chemical compounds for propulsion generation directly
from their environment. Most commonly, the electrochemical
reaction uses hydrogen peroxide, which is added to the micro-
bots’ environments. These catalytic microbots were employed
successfully in vitro for cell transportation tests.”® It may,
however, be difficult to apply these results in vivo as the creation
of the required chemical environment inside the human body
remains a challenge.

Using magnetic fields for the actuation of microrobots
supports various propulsion methods of micro-devices and also
fulfills the requirement (b) very well. Low-strength and low-
frequency magnetic fields are considered harmless to living
organisms including the human body. Furthermore, magnetic
fields can travel through water undisturbed, which allows them
to penetrate through the human body unabsorbed. In this way,
a magnetic environment for the microrobots to propel them-
selves can be applied remotely. This approach is suitable for in
vitro as well as in vivo applications.>® The use of magnetic fields
for actuating microrobots is, however, not without its chal-
lenges. An electromagnet or a strong permanent magnet can be
used as a source for supplying the magnetic environment to the
microrobot but the magnetic field decays rapidly with the
distance from the source. This has to be accounted for when
designing magnetic actuation setups and choosing magnetic
propulsion methods (see section “How should microrobots
swim?” for more details).
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Magnetic actuation principles

The basic principle of magnetic actuation is to apply a magnetic
force or a torque on a magnetized micro- or nano-object. A
magnetized object in a magnetic field experiences a torque Ty,
[N.m] that acts to align its magnetization M [A.m '] with the
external field B [T].

T, =VM x B (13)

v [m®] is the volume of the magnetic object. The magnetic
force F,, [N] on an object with volume V is given by

F,, = V(MV)B (14)

The object can be permanently magnetized or it can be soft-
magnetic, paramagnetic or superparamagnetic and become
magnetized only while under the influence of the externally
applied magnetic field. Hence, M can be constant in the case of
a hard magnet or is a function of the applied field and the
geometry of the object.
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Fig.4 Magnetic actuation methods. (a) Field vector rotated in a plane. (b) Field
rotated along the mantel of a cone (precession field). (c) Oscillating “up-down”
field in a plane. (d) On-off field. (e and f) Magnetic field gradients; (e) field
gradient along the direction of the field and (f) field gradient perpendicular to the
direction of the field.
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A microrobot in a uniform magnetic field does not experi-
ence any force, only a torque, until M is collinear with B. At this
point the torque T, becomes zero and the microrobot remains
immobile. In order to generate a continuous actuation, the
magnetic field has to (a) go through a spatial change, i.e. exhibit
a field gradient, or (b) go through temporal change, such as a
rotation, precession, oscillation or on-off states (see Fig. 4). The
first version (a) produces a magnetic force with which micro-
robots can be pulled, removing the need for an additional swim
mechanism. Version (b) allows the design of a number of robot
types with various actuation principles (see Fig. 5).

Rotating fields are characterized by the field vector going
through a complete and continuous rotation around an axis.
Generally, the field vector rotates in a plane perpendicular to the
rotation axis. For a precession-type field, on the other hand, the
vector forms the mantle of a cone. Helical microrobots are
actuated by rotating magnetic fields. The swimmer is rotated
around its helical axis and the direction of motion is perpen-
dicular to the plane of rotation.?” Flexible nanorods can also be
actuated by a rotating field, although better results were
reported by using a precession-type actuation. They consist of
two parts, gold and nickel, connected by a thinly etched silver
connector that is flexible. Depending on the relative size of the
two end-parts, the resulting translation is in the positive or
negative direction along the axis of rotation.*®

Rotating fields can also be employed for the actuation of
“surface walkers”. The term is used in literature for some of the
devices, and refers to the fact that this propulsion mechanism is
based on the proximity of the robot to a surface. It may be
somewhat misleading because the propulsion mechanism can
also work without direct contact. The propulsion is induced
either by a rolling or tumbling along the surface with contact, or
by a contact free “rolling” with slip. Due to the presence of a wall
the apparent viscosity increases towards the surface and this
drag imbalance causes the microrobots to “roll” or tumble
along the surface. Unlike the helical propeller, this type of

Oscillating & On-Off fields| Field gradients
® ./\
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; o .
> 0] (m)

Y
Wt =

Surface
walkers

(n)
o

U]

—

Fig. 5 Types of magnetic microrobots and their actuation methods. One can distinguish between free-swimming microrobots, or robots that propel only due to a
nearby boundary (surface walkers). (a) Helical microrobot actuated by a rotating field. (b) Flexible nanorod actuated by a rotating or precession field. (c)-(e) Actuated
with a rotating field, these microrobots tumble along the surface due to the fluidic drag imbalance. In this schematic, they would all tumble from left to right along the
surface. (c) Nanorod; (d) permanent magnetic sphere; (e) self-assembled micro-bead chains. (f and g) In-plane oscillating fields actuate the head and tail respectively. (h)
Due to surface friction, this robot etches forward with every up-down oscillation. (I) Top view of a wireless resonant actuator, powered by on-off field oscillations. (j)-(m)
Different types of nano- and microrobots pulled by field-gradient forces. (j) Single permanent magnet; (k) multiple magnetic beads that group to attractive forces
between them; (1) nickel or iron-filled carbon nanotubes and (m) soft-magnetic assembled microrobot.
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motion occurs in the same plane as the rotating magnetic field.
The simplest example is the rolling of a permanently magnetized
sphere.®** Similarly to the artificial cilia mentioned previously,
self-assembled chains of magnetic micro-beads can be used to
tumble along surfaces (see Fig. 6a).*>** With the help of gravity or
magnetic forces, almost arbitrarily shaped microrobots can be
propelled along surfaces.®*® Nickel nanowires can be propelled
by the fluidic drag imbalance without direct contact with the
surface. In this manner, they were propelled not only along a flat
surface, but also up along vertical walls against gravitational
forces. Furthermore, they were employed for cargo transport
either by attaching the cargo to the wire or by using local
microvortices created by the rotating wire.*”* An interesting
type of surface propulsion was reported recently using self-
scrolled tubular helices. These hollow-bar-, corkscrew- and
radial-magnetized helices tumble, wobble or roll along surfaces
under the application of a rotating magnetic field.”*”*
Oscillating and on—off fields summarize all temporal magnetic
fields apart from the rotating fields. The most common type of
oscillation is characterized by a field vector moving up and
down in the plane. In this manner flexible-flagella-type swim-
mers can be actuated."*** Another way to use oscillating fields is
for surface propulsion with a slip-stick type motion. A magnetic
micro-bar, or Mag-pBot, is rotated upwards quickly, resulting in
a slight forward sliding motion (see Fig. 6b). Then the field is
rotated downwards and the magnetic micro-bar rotates around
its corner that is in contact with the surface.”»”® Another type of
temporally changing fields is the on-off actuation employed by
MagMites or PolyMites.”*”® MagMites and PolyMites are wire-
less resonant magnetic micro-actuators. They consist of a
spring connecting two asymmetric soft-magnetic bodies. When
the magnetic field is switched on, the bodies magnetize and
attract each other, which results in an elongation of the spring
(see Fig. 6¢). Then the field is switched off and the restoring
spring energy moves the bodies apart. This on-off cycle occurs
in the range of kHz, corresponding to the Eigen frequency of the
system. In this way, the resonant mode can be used, thereby
increasing the amplitude of the oscillating motion, and even a
collision of the magnetic bodies can be achieved. This impulse
enhances the forward edging that occurs with each cycle.””

(b) (© (d)

fully open

(d)

Fig. 6 (a) Self-assembled microbeads surface walker.** (b) Slip—stick motion of
an oscillating Mag-puBot.™* (c) Top view of a MagMite during one cycle of oscil-
lation.”® (d) Trajectory-following nanowire actuated by magnetic field gradients.°
(e) Soft-magnetic assembled microrobot. Overlay image of the trajectory from the
top and side view.® Reused with permission 64758084104
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Field gradients are used to exert forces on the microrobots.
Microrobots are always attracted towards the strongest field,
i.e. along the positive field gradient. The robot aligns itself with
the direction of the field, as given by eqn (13), and moves in
the direction of the field gradient, which does not have to
coincide with the orientation of the field. Magnetic micro- and
nanorobots of any kind can be moved with gradient forces. The
most common shapes are spherical”®” or rod-shape micro-
robots, such as nanowires (see Fig. 6d).** The elliptical body is
close to the minimum drag shape at low Re numbers®"* and
was investigated for the use in eye-surgery (see Fig. 6e).%*®°
Magnetized robots themselves turn into tiny local dipoles that
attract each other. Hence, groups of spheres, micro- or nano-
particles, or nanowires agglomerate and can be actuated as a
whole.*

Magnetic setups

The magnetic field of a single source, such as a permanent
magnet or electromagnetic coil, can be approximated by a
dipole model (see also section “How should microrobots
swim?”). A magnetic field and a field gradient are created at the
same time but they are inherently coupled. In order to set the
field strength and field gradient independently (along a single
axis), at least two sources are required. The design problem is
similar to building a robotic arm manipulator and providing the
correct number of actuators for the desired degree of freedom
(DOF). For example, if a robot arm is to reach all points in 3D
(three DOFs), with arbitrary orientation at the tip (another three
DOFs), at least six actuators are required. Using six actuators,
however, does not guarantee six DOFs of the manipulator in the
whole workspace as there can be singularities in certain
configurations. One way to solve this problem is to use a
redundant robot arm, i.e. a robot arm with more degrees of
actuation than degrees of freedom. Similar results were shown
for the magnetic gradient actuation of microrobots. For moving
microrobots with five or six DOFs, an 8-coil setup was con-
structed. This removed the occurrence of singularity configu-
ration in the workspace and minimized the actuation power of
the whole system. Intuitively, a magnetic force appears to be a
straightforward approach for moving microrobots but it is in
fact a complex control problem as it is inherently an unstable
system.

An alternative approach for generating magnetic fields is to
use a permanent magnet. As presented in the previous section,
in order to control microrobots the magnetic field has to be
varied - either spatially or temporally. With electromagnetic
coils the magnetic field is varied by adjusting the current and
the setup itself remains stationary. By contrast, a permanent
magnet creates a fixed-strength magnetic field. In order to vary
the field, the magnet itself has to be moved in space closer to or
further away from the microrobot. This can be achieved by
attaching the magnet to a robotic arm. Furthermore, the
magnet can be attached to a rotary motor to achieve rotating
magnetic fields.*” The successful control of helical (screw-type)
as well as spherical microrobots was demonstrated by Mahoney
et al‘ 61,88,89
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How should microrobots swim?

As shown in the previous section, magnetic fields can be used to
power numerous types of microrobots. Naturally, the question
arises which mechanism is best suited to power magnetic
microrobots. A comparison of all the various microrobot
designs is beyond the scope of this article, but Abbott et al.*
formulated some fundamental considerations, which shall be
discussed in this section.

Torque-driven versus force-driven magnetic microrobots

Many bio-inspired robots use a type of tail for the propulsion
generation. Commonly, they are torque-driven microrobots,
either using a rigid helical tail, or a flexible tail that is deflected
due to the fluidic drag encountered. Purcell calculated the
efficiency of propulsion by taking the power for simply pulling a
sphere in a fluid over the power used for propulsion (see Fig. 7).

Fv

e=o (15)

With this definition, a helically propelled sphere has an
efficiency value in the order of 1%. The reason lies in the fact
that a helix moving through fluid does not advance by one pitch
per rotation. Instead, it slips by a large amount, moving only by
a small percentage of its pitch. The efficiency of a flexible tail is
the same order of magnitude. A microrobot actuated by a
gradient-force, on the other hand, has always an efficiency of
100% according to eqn (15). This measure can be somewhat
misleading, as it does not account for how the power from a
magnetic actuation setup is transferred to the robot.

Abbott proposed to compare the force- and torque-driven
robots by assuming an equal input to a magnetic coil setup
consisting of a pair of identical coils with radius b placed at a
distance of 2L to each other. The field in the centre is the
summation of the fields created by the two coils. For a torque-
driven microrobot, no gradient force is necessary, only a field is
required. Running a current i through the coils in the same
direction, creates the maximal field, while producing a zero

i‘lf‘

PROPULSIVE EFFICIENCY ~ | %

Fig. 7 Sketch by Purcell comparing the propulsion of a spherical body through
pulling or helical propulsion. Reused with permission.®
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field gradient. If the current is run in opposite directions, the
field is zero, but the maximal field-gradient is achieved. In this
manner, torque-driven and force-driven microrobots can be
directly compared, as their power is provided by identical coils
with an identical input, i.e. the current i. The field and gradient
in the centre of the coils are given by*

2

b .
|B] :mﬂol (16)

and
V|B|=0 17)

for the current i running in the same direction, respectively, and

B|=0 (18)
and
3L .
V|B| = m#ol (19)

for the current i running in opposite directions (see Fig. 8).
Combining the magnetic actuation with the fluid mechanical
models in eqn (10) and (11) allows the direct comparison of the
maximum velocity and propulsive force of a sphere being

(a) pulled by a magnetic force, or

(b) rotated by a torque and propelled by a helical tail.

For solving (a), eqn (10), (14) and (19) can be combined and
the following simple system of equation has to be solved:

Fm‘max _ V‘M|V|B‘ ; lII\: 0 upull,max
|: 0 :| - [ 0 10 v, Wpullmax (20)

Clearly, wpui,max iS equal to zero as no torque is applied to
the sphere and upy;,max can be found from the first line of the
matrix equation. For solving (b), eqn (9), (13) and (16) can be
combined to:

2

b2

[E)= b2+ 22 Hof

3b*L .
V|B|= e i

vig]=o b+ 1

Fig. 8 Coil setup for comparing torque-driven and force-driven magnetic
microrobots based on Abbott et al.4
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0 o 0 L a—+ lpv b Uhelix,max (21)
Tm,max - V|M| ‘Bl N b c+ lI/(u Whelix,max

From eqn (22) Upelix,max, Which is coupled to wpejix max, can be
found. The assumptions are that the helical tail has a radius of
equal to the sphere radius R = D/2. Furthermore it is assumed
that the sphere is permanently magnetized, i.e. that M has a
constant value independent of the applied magnetic field. The
magnetic torque and force scale, however, with the volume V,
i.e. with ~D°.

The result showed that for a given setup, i.e. a given b, L and
i, the maximum velocity scales with ~D? for a gradient-driven
sphere and with ~D for a torque-driven helically propelled
sphere. Similarly, the maximum propulsive force can be shown
to scale with ~D? for a gradient-driven sphere and ~D* for a
torque-driven helically propelled sphere. This suggests that, at a
sufficiently small value of D, the torque-driven microrobot
outperforms the gradient-driven microrobot. Despite the low
efficiency of helical propulsion, the torque-driven microrobot
can outrun the force-driven microrobot because of how the
actuation power can be transferred and utilized. The question at
which critical size of D the helical propulsion overtakes
gradient-pulling was not directly answered, as it depends on
many parameters, including the setup design. For realistic
assumptions, e.g. a coil distance L such that a robot could be
actuated inside a human eye, helical propulsion outperformed
gradient-pulling already at the millimeter-scale. The authors
acknowledged that the model uses many simplifying assump-
tions; however, the physics of how these two actuation mecha-
nisms scale is not expected to change fundamentally. Thus, we
can expect that torque-driven robots will be able to outperform

Batch fabrication

View Article Online

gradient-driven robots as their size shrinks from the millimeter
to the micro- and, further still, the nanometer scale. It is
important to keep in mind that this model only considers the
magnetic actuation and not, for example, other hardware
limitation for generating rotating magnetic fields. In the model
described above, it was assumed that the maximum rotation
frequency necessary to achieve v, can be implemented,
which may not always be the case. For the complete discussion
of magnetic force-driven versus torque-driven swimming
microrobot, please refer to Abbott et al. (2009).*

Fabrication of helical micro-structures

Torque-driven free-swimming microrobots either use a rigid
helical tail or a flexible tail (see Fig. 5). The advantage of a rigid
tail is that propulsion in confined spaces should be possible
without changing the actuation input, which might be neces-
sary for a floppy tail (e.g. adjusting the wave amplitude).
Furthermore, a helix can be propelled forwards or backwards
simply by reversing the direction of rotation of the magnetic
field. The straightforward maneuvering of torque-driven helical
microrobots makes them a promising tool for biomedical
applications.”® One of the main challenges is, however, the
fabrication of these complex 3D structures at the micro- and
nanometer scale.

Helices can be considered a fundamental shape of nature,
and are found at numerous scales even down to the size of our
DNA. There are a number of approaches for fabricating micro
and even nano-helices, but the main challenges for fabricating
microrobots are the repeatability of the process, the control over
design parameters and, more specifically, the application of

Rapid prototyping

Fig. 9 Fabrication methods. (a) Self-scrolling method for ABF fabrication. Bi- or tri-layered thin-film ribbons and a square nickel head are grown and deposited,
respectively. After wet-etching, the ribbons curl into helices in a controlled manner. (b) GLAD fabricated helices. Pillars are deposited at an angle and under constant
rotation of the stage, resulting in helices on the spherical seeds. (c) Helical liposome scaffolds self-assembled in a lipid dispersion. After a palladium seeding, a magnetic
cobalt alloy was grown via electroless deposition. (d) 3D lithography with a direct laser writing tool. (1) Polymerization of the photoresist at the focal point of the laser;

(2) development and subsequent rinsing and (3) magnetic metal coating.

This journal is © The Royal Society of Chemistry 2013
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magnetic material necessary for the actuation. The first func-
tional helical microrobot, the ABF, was presented by Bell et al. in
2007. The fabrication was based on the self-scrolling technique,
which relies on the (controlled) internal stress of thin material
layers to roll into a desired 3D shape (see Fig. 9a). The crystal
orientation defines the rolling direction of the bi- or tri-layer
ribbon. Hence, the direction of the ribbon on the substrate
defines the helicity angle. The radius of the helix is adjusted by
tuning the thickness of the ribbon. This method was known
before 2007, but the ABF was the first swimming microrobot
design with a nickel head for magnetic actuation. The square
width and thickness of the nickel head can be adjusted with the
lithography step and metal deposition step, respectively.?*>

In 2009, even smaller helices were fabricated by glancing
angle deposition (GLAD). This method uses spherical seeds on
which helical pillars are grown through the rotation of a tilted
stage during evaporation (see Fig. 9b). They were magnetized by
depositing a cobalt layer along one half of the helix and
permanently magnetizing it perpendicular to the helical axis in
a subsequent step.”* More recently, the fabrication of nano
helices was demonstrated through electroless deposition of a
cobalt composite on helical lipids (see Fig. 9c). These lipids
scroll into helices, and their pitch is tuned by the alcohol
concentration. It was shown that a radial magnetization could
be achieved that allowed the rotation of the lipids around their
helical axis.”

The methods mentioned above can be described as batch
fabrication processes. The self-scrolling and GLAD methods
create very uniform helix designs. The lipids are less uniform,
for example, the length of the helices cannot be controlled, and
suitable structures have to be found within the solution. There
is another approach for controlled fabrication of micro helices,
based on 3D lithography, which is not a batch fabrication
process (see Fig. 9d). A laser beam is focused into the photo-
resist and a two-photon polymerization (TPP) occurs at the focal
point of the laser. A piezoelectric stage moves the glass
substrate with the photoresist in 3D following a pre-pro-
grammed trajectory. In this manner, polymer structures of
arbitrary shapes can be written. With this “microscale rapid
prototyping”, various design features can be added to the
helical base shape, such as, for example, a claw for micro-object
transport.”® The method is not limited to fabricating only a few
microrobots. Arrays of thousands of micro-structures can be
fabricated within a few hours. They can be detached manually
or via sonication to create suspensions of microrobots.?**>

The magnetic material can either be deposited in a subse-
quent step by evaporation® or micro particles can be incorpo-
rated in the polymer before the laser writing step.” This results
in soft-magnetic material being deposited along the whole of
the helical structure, similarly to the magnetic lipids, and,
consequently, the direction of magnetization is not obvious.
The optimal magnetization direction for a helical microrobot is
perpendicular to the helical axis to maximize the applicable
magnetic torque around the axis. The first ABF design relied on
the shape features of the head to give a preferred magnetization
direction. The GLAD-prototype used a permanently magnetized
film in the radial direction. With soft-magnetic material along
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the whole length of the tail, the magnetization is not yet well
understood and little research exists. Tottori et al. presented
experimental data showing how the magnetization changes
with the pitch of the helix but further investigations are
necessary.”® Nevertheless, these types of swimmers can be
actuated by a rotating magnetic field as the swimmers align
themselves such that they rotate around their helical axis at
moderately high frequencies. This frequency-dependent orien-
tation of helical swimmers was reported previously but also
requires further investigation.*

Towards swarm control in biomedical
applications

The potential uses of swimming microrobots can be divided
into in vitro and in vivo application areas. Medical applications
in the human body mainly focus on targeted drug delivery. The
ablation of the material and the delivery of hyperthermia for
cancer treatment have also been discussed but the size of the
robots may have to be increased to the millimeter scale for these
types of tasks.>*® Potential in vitro or lab-on-a-chip applications
include the manipulation and characterization of cells and
micro-fluid control.® Artificial bacterial flagella have been
employed for flow manipulation for non-contact manipulation
of micro-objects as well as for micro-object transportation.>>*¢
The performance of a single microrobot agent employed for
manipulation or delivery tasks could be improved by using
multiple robots, for example, to generate more complex flow
fields”” or to better distribute drug loads, respectively. It is,
therefore, foreseen that not only single devices, but whole
swarms of microrobots will be employed in various types of
biomedical applications. This necessitates the control of groups
of microrobots, either as a whole unit, or by addressing indi-
vidual agents to navigate them independently.

Magnetic actuation naturally lends itself towards the
uniform control of microrobot swarms. The reason lies in the
fact that all microrobots receive the same magnetic field input.
In fact, no more power is required to actuate one microrobot
than it is to actuate hundreds of microrobots within the same
work space. More challenging is the task to steer individuals or
groups of microrobots separately from each other. Separate
control of microrobots is usually achieved by employing inho-
mogeneous robot designs. Microrobots that use the same type
of input, e.g. rotational or oscillating magnetic fields, can be
fabricated with different design parameters. The goal is to
achieve a variable velocity at the same input signal. This may
entail a variable speed or a different direction of motion. There
have only been a few publications that have shown individual
control of microrobots. A short review will be given on two types
of “surface-walkers”, followed by a more detailed discussion of
individual control of helical swimming microrobots.

Individual control of surface-walkers

MagMites use an oscillating magnetic field for actuation. The
actuation occurs at the Eigen frequency of the mass-spring
system. The Eigen frequency of this oscillator can be tuned by
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designing the masses and spring stiffness accordingly. It was
demonstrated that two agents can be actuated independently by
using time-division multiplexing signals. This means that the
signal was divided into short time intervals alternating between
the two Eigen frequencies of the robots. The experiments
showed the stand-still of one agent while the other one is
moving, as well the simultaneous movement at different
speeds. Furthermore, it was shown that the direction of motion
of a MagMite can change with input frequency, for example,
moving backwards or sidewise, which would allow the imple-
mentation of more independent motions.”

Mag-uBots have a simple rectangular design and are actu-
ated by an oscillating field to create a type of slip-stick motion
on arbitrary surfaces. By using variable lengths, they respond
with different speeds to an applied field. Again, the input signal
is a combination of alternating inputs switching between the
two microrobot prototypes. Consequently, the microrobots
move towards their individual goals in a type of zigzag motion.*®
Furthermore, microrobots can be addressed selectively by using
"programmable” composite magnetic materials.*
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Fig. 10 Actuation inputs for selective control. The schematic shows typical
frequency—velocity responses of two ABF prototypes “a” and “b” with variable
slopes and step-out frequencies w, max and wp, max. win represents the frequency of
the actuation input and T max corresponds to the maximum magnetic torque,
which is a function of the applied field strength. The step-out frequencies are a
function of Tmax. (@) Selective control via frequency input. Trmax is kept
constant. At wi,1 both ABF prototypes swim at velocities u,; and up 1, respec-
tively. After increasing the input frequency to wi, 5, only prototype ‘b’ can swim in-
sync and prototype ‘a’ drops out. (b) Selective control via field strength. The input
frequency wi, is kept constant. The magnetic torque is decreased from T, max1 to
Tm,max2: Which leads to a decrease of the step-out frequency of both prototypes.
The decrease of Ty, max is chosen such that the step-out frequency of prototype ‘a’
wa max2 drops below the input frequency w;,, while the step-out frequency wp, maxz2
remains above it.
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Frequency-dependent behavior of ABFs for individual control

Similar to the surface walkers, ABFs can also be designed to
operate at different speeds at a given frequency. At a given
magnetic field strength, the velocity of a helical microrobot is a
function of the frequency of the applied field as given by
eqn (21)

-b
a+ W,

w (22)

The parameters a and b contain geometric features of the tail
(see Fig. 3), and v, contains the geometric features of the head.
Tuning these parameters creates swimmers with different
velocities, even including negative velocities if the handedness
of the helix is altered. In addition, the frequency-dependent
behavior of ABFs can be used for the control of individuals
inside a group or swarm. The linear relationship between
velocity « and the frequency w in eqn (22) is only valid while the
magnetic torque is large enough to sustain the rotation of the
robot at the frequency w. The drag on the microrobot increases
with w and the maximum frequency, referred to as step-out
frequency, is given by the maximum magnetic torque:

(a+W,)

max = Tnmax 2
Cm W e+ W) — ™ 23)

If the magnetic field is rotated at a frequency higher than
Wmax, the robot cannot move in-sync with the field anymore and
the velocity drops. This phenomenon has already been reported
multiple times.?*”°%1% From eqn (13) it is clear that the
maximum Ty, max iS @ function of the applied magnetic field
strength, the magnetization and the size of the magnetic
material on the swimmer. The magnetic field strength is the
same for all microrobots, but the magnetization and size are
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Fig. 11 Selective control of an individual ABF inside a “swarm”. Two prototypes
A and B have a large magnetic head, i.e. high step-out frequency, prototype C has
a small magnetic head, i.e. low step-out frequency. (a and b) Input frequency
below the step-out frequency: Synchronous swimming of all three prototypes.
(c and d) Input frequency is increased beyond step-out frequency of prototype C,
which gets destabilized. (e and f) Prototypes A and B continue while C remains
immobile. (g and h) The frequency is decreased and C resumes motion with
prototypes A and B.
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Fig. 12 Design challenges of magnetic microrobots for biomedical applications.

tunable parameters with which microrobots of variable step-out
frequencies can be designed.'

This results in an input-frequency range at which one type of
microrobot can still move in-sync with the field, while another is
slowed down or brought to a stand-still because its maximum
actuation frequency is overstepped. In an example where two
robot designs are used, there exists a region in the actuation
input range where both microrobots follow the field, and
another region exists where only the design with the higher
step-out frequency follows the input. There are two approaches
to switch between these two regions. One way is to change the
frequency of the applied field, the other is to change the
magnetic field strength, and therefore Ty, max, Which decreases
®max (see Fig. 10).

Fig. 11 shows experimental results of decoupling an indi-
vidual ABF from a group of three. Two prototypes, labeled A and
B, have large magnetic heads, i.e. a large wmax, and prototype C
has a small magnetic head with a small step-out frequency.
They are moved simultaneously during the first 42 seconds
(Fig. 11a and b), then the input frequency is increased beyond
®Wmax Of prototype C (Fig. 11c and d). This results in a de-stabi-
lization and subsequent stand-still of prototype C, while A and B
continue swimming (Fig. 11e and f). By decreasing the
frequency once more, prototype C is re-activated and synchro-
nous swimming of the whole group is resumed (Fig. 11g and h).

Another type of behavior observed in ABFs is the frequency-
dependent precession and associated variance in the drift
velocity. Many surface walkers that use a rotating magnetic field
rely on the drag-imbalance near a surface to create their pro-
pulsion. This drag imbalance results in a sidewise drift in the
case of helical microrobots moving near a surface. It was
previously reported that the frequency-dependent precession,
or tumbling, changes the drift propulsion, effectively leading to
a variable sidewise motion for different input frequencies.”* As
mentioned with the MagMites above, this additional feature
could lead to a more complex motion control of ABFs.

Summary and outlook

Microrobots are promising tools for biomedical applications,
such as targeted drug delivery or cell manipulation. The
fundamental challenges are to find suitable locomotion and
actuation methods for microrobots (see Fig. 12). Magnetic
actuation is suitable for in vitro as well as in vivo applications as
the required field-strengths are harmless to humans and micro-
organisms. It has been shown that various robot designs can be
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actuated with magnetic fields. Some are driven by a magnetic
force, some by a magnetic torque. It would seem that torque-
driven propulsion scales favorably over force-driven propulsion
as the robot’s size decreases to the micro- and nanometer scale.
Hence, helical microrobots actuated by rotating magnetic fields
are promising tools for microscale biomedical applications.'*

In future, research efforts are expected to shift from funda-
mental design challenges to advanced microrobot design
questions focusing on the integration of mechanisms and tools
for specific applications. Initial results have already been ach-
ieved, for example, by adding a transport claw to a helical
microrobot® or by developing smart surfaces that enhance the
loading and controlled release of medication.'” Swarm control
will further improve the delivery capabilities of microrobots.
Magnetic microrobots are expected to remain one of the most
promising micro-tools for in vivo applications.
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