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Preface

In the 1968 movie The Fantastic Voyage, a team of scientists is reduced in size
to micro-scale dimensions and embarks on an amazing journey through the hu-
man body, along the way interacting with human microbiology in an attempt
to remove an otherwise inoperable tumor. Today, a continuously growing group
of robotic researchers are attempting to build tiny robotic systems that perhaps
one day can make the vision of such direct interaction with human microbiol-
ogy a reality. This is in addition to numerous other applications ranging from
micro- and nano-manufacturing to building tools for new scientific discoveries
to search and rescue. This book contains selected contributions from some of
the most renowned researchers in the field of small-scale robotics, based largely
on invited presentations from the workshop “The Different Sizes of Small-Scale
Robotics: from Nano-, to Millimeter-Sized Robotic Systems and Applications,”
which was held in conjunction with the IEEE/RAS International Conference on
Robotics and Automation (ICRA 2013), in May 2013 in Karlsruhe, Germany.
With many potential applications in areas such as medicine, manufacturing,
or search and rescue, small-scale robotics represent a new emerging frontier in
robotics research. The aim of this book is to provide an insight into ongoing
research and future directions in this novel, continuously evolving field, which
lies at the intersection of engineering, computer science, material science, and
biology.

Igor Paprotny
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Small-Scale Robotics : An Introduction

Igor Paprotny1 and Sarah Bergbreiter2

1 University of Illinois, Chicago IL 60607, USA
2 University of Maryland, College Park, MD 20742, USA

Abstract. The term small-scale robotics describes a wide variety of
miniature robotic systems, ranging from millimeter sized devices down to
autonomous mobile systems with dimensions measured in nanometers.
Unified by the common goal of enabling applications that require tiny mo-
bile robots, research in small-scaled robotics has produced avariety of novel
miniature robotic systems in the last decade. As the size of the robots scale
down, the physics that governs the mode of operation, power delivery, and
control change dramatically, restricting how these devices operate, and re-
quiring novel engineering solutions to enable their functionality. This chap-
ter provides an overview and introduction to small-scale robotics, drawing
parallels to systems presented later in the book. Comparison to biologi-
cal systems is also presented, using biology to speculate regarding future
capabilities of robotic systems at the various size scales.

1 Introduction

The term small-scale robotics is used to describe smaller-than-conventional
robotic systems, ranging from several millimeters to nanometers in size. Re-
search in small-scale robotic systems is unified by the common goal of devel-
oping autonomous robotic machines for applications that require the individual
robotic units to be of small (millimeters or smaller) size. Applications for such
robots are numerous, including areas such as medicine, manufacturing, or search
and rescue. However, robots at these scales must overcome many challenges re-
lated to their fabrication, control, and power delivery. This chapter provides a
brief summary of the ongoing research in small-scale robotics, outlining some
of the challenges related to development and implementation of robotic sys-
tems at these different scales. The following chapters of this book show several
example implementations of selected small-scale robotic systems. They include
selected papers based on presentations from the workshop “The Different Sizes
of Small-Scale Robotics: from Nano-, to Millimeter-Sized Robotic Systems and
Applications,” which was held in conjunction with the International Conference
on Robotics and Automation (ICRA 2013), in May 2013 in Karlsruhe, Germany.

Richard Feynman was perhaps the first to mention the idea of small-scale
(non-mobile) robots in his 1959 lecture, “There’s Plenty of Room at the Bottom,”
in which he described the possibility of tiny hands building even tinier hands [1].
Feynman followed this up with a lecture in 1983 titled “Infinitesimal Machinery”
in which he mentioned the possibility of mobile small-scale robots for the first

I. Paprotny and S. Bergbreiter (Eds.): Small-Scale Robotics 2013, LNAI 8336, pp. 1–15, 2014.
c© Springer-Verlag Berlin Heidelberg 2014



2 I. Paprotny and S. Bergbreiter

time [2]. He even proposed ideas for application of these robots including medical
procedures and a game in which a millirobot could be used to fight a paramecium.

This decade coincided with the development of microelectromechanical sys-
tems (MEMS) which offered the ability to make the small motors, sensors, and
mechanisms required for small robots for the first time. MEMS used the same
fabrication processes that were developed for integrated circuits that could also
be used for robot control. In 1987, Anita Flynn was the first to describe the possi-
bilities enabled for robotics by MEMS fabrication methods in her paper on “Gnat
Robots (And How TheyWill Change Robotics)” [3]. Flynn envisioned large num-
bers of small, inexpensive, and even disposable robots replacing a single large
complex robot for a number of different tasks. Smart Dust systems conceived
by Pister, Katz and Kahn can also be considered as a forerunner of small-scale
robotics [4]. Smart dust nodes effectively include everything a mobile robot needs
except for the actuation and propulsion. Operational milli-scale mobile robots
composed of MEMS components were demonstrated in 2003 [5], and the first
MEMS micro-scale mobile robots were developed in 2006 [6, 7]. Engineered pas-
sively floating autonomous nanoscale systems (i.e., engineered nanoparticles for
drug delivery) started to emerge around 2000 (e.g., [8]), while molecular (electro-
chemical) walkers were demonstrated as early as 1991 [9]. Externally controlled
propulsion and steering at the nanoscale has yet to be demonstrated.

Due to differences in fabrication techniques and operation principles, it is
most convenient to classify small-scale robotic systems into size domains based
on which units most consistently describe their size. Robotic Devices measured
in millimeters are categorised as millirobots. devices smaller than a millimeter
but larger than one micrometer are classified as microrobots, and devices smaller
than one micrometer are classified as nanorobots. The size is determined by their
largest dimension, i.e., a microrobot must fit within a cube 1 mm × 1 mm × 1
mm in size.

2 Millimeter-scale Systems

2.1 Overview

After Flynn’s description of gnat robots in 1987 [3], it took over 10 years for the
first robots at millimeter-size scales to become a reality. A significant reason for
this delay was the challenge of making and assembling the components necessary
for a millimeter-sized robot. Robots designed at centimeter-scales can generally
rely on assembly of off-the-shelf components. For example inexpensive actuators
(DC motors and shape memory alloy), sensors (light, inertial, etc.), and micro
controllers can be combined to make both wheeled robots and legged robots
[10, 11]. When approaching and moving below 1 centimeter characteristic lengths
however, assembly of off-the-shelf components is no longer feasible. Millimeter-
scale motors and mechanisms are generally not available off-the-shelf and must
be fabricated. A millimeter-sized power source is required to efficiently power
the motors and control circuitry. Controllers and sensors must be small and
incredibly low power.
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Fig. 1. Some previous mobile robots at sizes just over 1 cm and under. (a) Epson’s
Monsieur, from [12], (b) the Harvard Micro Robotic Insect, from [13] c©2008 IEEE,
(c) a jumping millirobot using energetics, from [15] c©2012 IEEE, (d) Ebefors walking
milli robot, from[16, 17], and (e) a 10 mg silicon walking millirobot, from [18].

The primary challenges in the development of mobile millirobots with a char-
acteristic length < 1 cm include:

1. Mechanisms – How will robust mechanisms like legs and wings be fabricated
at these scales?

2. Motors – What is the best way to design and fabricate efficient motors with
high power densities to support locomotion?

3. Control – How can sensors and controllers be integrated on robots at this
size scale and what are the best controllers to use for stable locomotion?

4. Power – What energy storage technologies can be integrated at these size
scales and what power electronics are necessary to integrate with motors and
controllers?

5. Mobility – How will these robots move through their environment? What
methods of locomotion are effective and efficient at these size scales?

At larger sizes, millirobots can easily resemble their larger scale cousins. In
fact, one of the first robots at this size scale was built by Seiko and used some of
the motors and gears developed for watches [12]. While just over the maximum 1
cm characteristic length in the millirobot definition above, Monsieur (Fig. 1a) is
one of the most autonomous robots at this size scale as it included sensing, power
(in the form of a capacitor), and a reactive control system. Another slightly larger
robot is the Harvard RoboBee [13, 14]. With a wingspan of approximately 3 cm,
RoboBee (Fig. 1b) already requires novel mechanisms, actuators, and assembly
to achieve the low mass and high output power necessary for controlled flight.

As envisioned earlier by Flynn, the most common approach to creating sub-
centimeter robots has been the use of microfabrication and MEMS. Simoyama
proposed the use of microfabrication to create insect-like exoskeletons [19] and
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Yasuda implemented a robot using these ideas that scooted along a vibrating
surface that provided the power required for locomotion [20]. While still larger
than 1 cm, Ebefors demonstrated a 15 x 5 mm2 millirobot that walked forward at
speeds up to 6 mm/s on a smooth silicon wafer, carried 30 times its own weight,
and survived relatively rough handling [17]. Ebefors’ robot used polymer-based
thermal actuators which led to significantly increased robustness, but a power
consumption of over 1 W so it only operated while tethered to a power supply.
Hollar integrated electrostatic motors, microfabricated and articulated legs, solar
cells for power, and a CMOS open-loop controller to demonstrate autonomous
millirobot locomotion with a characteristic length of 8.5 mm [18, 21]. While
the robot did shuffle to one side, it was not able to walk forward as originally
intended.

The primary focus for all of these microfabricated robots was the develop-
ment of the mechanisms and actuators. The integration of sensing and control
for a robot that ‘senses, thinks, and acts’ was largely neglected in these first mil-
lirobots. A prototype millirobot developed as part of the iSwarm project was one
of the first to integrate communication, sensing, actuation, and control in a 3.9
x 3.9 x 3.3 mm3 package [22]. While each of the components worked separately,
the fully assembled robot did not demonstrate successful locomotion. Churaman
used low-temperature solder assembly to integrate a light sensor, MOSFET, ca-
pacitors for power, and a microfabricated energetic material for jumping locomo-
tion on a 7 x 4 x 4 mm3 robot [15, 23]. This 300 mg robot jumped approximately
8 cm straight up in response to turning on a light. However, thus far, the robot
has only included a one-time actuator and has only jumped once. There is clearly
a significant amount of progress required to achieve the kind of mobile robots
envisioned by Feynman and Flynn.

2.2 Applications

Millirobots are still at size scales at which small sensors can be included and
fast (relative) locomotion can ultimately be achieved. After all, ants and other
small insects already include numerous sensors and can run at speeds over 40
body lengths per second [24]. As such, these robots can be useful in a number of
applications that large robots currently dominate in addition to many new ones.
For example, survivors after an earthquake could be found faster if robotic bugs
could target the efforts of first responders [25]. Such robots could also provide
low-cost sensor deployment over civil infrastructure [26] and engage in stealthy
surveillance [27].

New applications enabled by millirobots include scientific instrumentation,
highly parallel manufacturing, and robots moving inside the human body for med-
ical interventions. A number of millirobots at the top end of the size constraints
have targeted applications in science [28, 29, 22]. Robots that include their own
scanning probe microscopes (SPMs) or atomic force microscopes (AFMs) can be
used to study newmaterials or biological samples along with othermicro and nano
scale features. Large numbers of small mobile robots could also be used for manu-
facturing – one of the goals envisioned by Feynman for small-scale robots [1] and
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one of the original inspirations for MEMS [30]. Ants and termites build impressive
mounds and millirobots could be used to manufacture large structures in a simi-
lar fashion [31]. Instead of using given materials for manufacturing, one millirobot
targets manufacturing by using itself as the building material [32]. These ‘catoms’
provide the basic building blocks for ‘claytronics’ – a system in which thousands to
millions of robots can reassemble themselves into useful shapes [33]. In medicine,
robots at sub-cm size scales also offer new opportunities for evaluation, surgery,
and monitoring. Imagine a pill camera that could grab a biopsy as it passes by a
tumor or one of other the numerous (and currently larger) robots designed to nav-
igate the gastrointestinal tract [34]. These robots could also be used to explore,
manipulate, and repair the interstitial spaces in the human body [35].

2.3 Biological Comparison

A clear inspiration for mobile millirobots is the huge variety of animal species
that fits within these same size constraints. Previous research in millirobotics
has never come close to achieving or explaining the remarkable mobility seen in
insects. Ants (which make up 15-20% of the entire terrestrial animal biomass
[36]) can move at speeds over 40 body lengths/second and carry loads greater
than 4 times their own body mass on a wide variety of surfaces [37, 24]. Jumping
insects like froghoppers can jump as high as 700 mm with accelerations over 400
g [38]. Flying insects like Drosophila (the common fruit fly) include incredible
sensing and maneuverability in flight [39]. Underwater, copepods (among others)
both drift or actively locomote through their environments [40]. Copepods are
found in the ocean and nearly every freshwater habitat.

All of these organisms display impressive autonomy that is still missing in
the millirobot examples mentioned above. They clearly display power autonomy
and are able to refuel for lifespans that last from days to years. They exhibit
impressive efficiency during locomotion as well. By measuring the oxygen con-
sumption of ants like Camponotus, it has been shown that the entire ant burns
approximately 140 µW while walking on a flat surface [41]. Such efficient and ef-
fective locomotion used by insects at slightly larger scales (cockroaches) has been
used as inspiration for high speed locomotion in larger running robots like RHex
and iSprawl [42, 43]. Finally, many of these animals display impressive sensing
throughout their bodies – drosophila especially displays impressive visual sensing
during flight that is copied on much larger robots [44]. This sensing is used for
impressive control and maneuverability as well – for example corrective turns in
30 msec for Drosophila [39].

3 Microscale Systems

3.1 Overview

Due to further miniaturization of components and corresponding challenges as-
sociated with fabrication of robotic systems at the microscale, microrobotic sys-
tems lack the complexity of their millimeter-sized counterparts. Surface forces
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dominate, and thus volume-based energy storage (e.g., batteries) is less effective.
As a result, most microrobotic systems employ external power delivery. Because
microrobotic systems are build by extending untethered microactuator mech-
anisms, they can be classified according to the underlying propulsion method.
The most common mechanisms include electrostatic actuation [45, 6, 46], mag-
netic actuation [7, 47–50], as well as biologic propulsion using motile bacteria
(e.g., [51, 52]. An excellent review of biologic propulsion is presented here [53]).
Catalytic microengines [54] and optically actuated microsystems [55, 56] are
among other promising areas of future microrobotic propulsion. Four selected
microrobotic systems are shown in Figure 2.

50 100 

(a) (b)

(c) (d)

Fig. 2. Different types of mobile microrobots, including electrostatic (a) and magneti-
cally driven (b-d) microrobots. Images obtained with permission from [6] (a), [47] (b),
[49] (c), and [48] (d).

Due to integration challenges as well as the lack of an on-board power source,
microrobotic systems are at present largely controlled via teleoperation, i.e. the
devices are controlled through a global control signal. On-board control and sens-
ing has up to this date not been implemented, with the exception of biologically
propelled systems using reactive control, e.g., magnetotaxis [51] or chemotaxis
[52] of Escheria coli. Simple compliant feedback control, a form of tactile sensing
was also implemented by [57]. On-board sensing and control of non-biologically
propelled microrobots is an active area of future research.

The requirement to control many simple devices using a single (or at best a
limited number of) global control signal necessitates novel approaches to multi-
microrobot control. These include global control selective response (GCSR) [58]
and Ensemble Control [59]. Both of these approaches engineer the trajectories
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of several simultaneously moving robots by taking advantage of their motion
during the application of the global control signal. GCSR has been successfully
used to control multiple microrobots to achieve microassembly [57].

3.2 Applications

Applications of microbotic systems are numerous. In medicine potential tasks
include non-intrusive surgery [7], target drug delivery, and in-vivo tissue engi-
neering [60]. The ability to construct, i.e. assemble, microstructures (factory on
a chip) could help to facilitate bottom-up assembly of complex microsystems
[61, 58, 62]. Microrobots could be envisioned to maintain the structure, change
the shape to fit the task at hand, and heal it when it becomes damaged. Other ex-
citing applications include surveillance and information security, where the mere
size of microrobots makes them nearly undetectable. Finally, microrobotics as a
field is inspiring a new generation of engineers, for example through events such
as the Mobile Microrobotic Challenge [63].

3.3 Biological Comparison

Whereas robotic systems by and large have to rely on external delivery of power
and control as their dimensions are reduced to the microscale, biological systems
remain fully autonomous i.e., contain on-board control, power storage, sensing
and actuation, down to the size of a few hundred µm. For example, a dust mite
(Dermatophagoides farinae) [64] is only 400 µm long, while an amoeba (e.g.,
Amoeba proteus) [65] is between 200 µm and 700 µm in size. The smallest insect
on Earth is the male fairy fly (Dicopomorpha zebra) [66]. Although the thorax
of a female fairy fly measures a few hundred µm, the male of that species is
only approximately 130 µm in length. It is blind and no longer mobile, its goal
is to attach itself to a female with the sole purpose of fertilizing her eggs. The
male fairy fly marks the point where biological systems become less autonomous.
This reduction in autonomy is presumably caused by the absence of a central
nervous systems, which coincides with the transition to single-cellular organisms.
A human sperm-cell is 55 µm long (although its head measures only 3-5 µm),
an E-coli bacteria (Escherichia coli) measures only 2 µm in length. Both are
capable of autonomous propulsion, however the control is limited to following
simple chemical gradients (i.e. purely reactive control).

4 Nanoscale Systems

4.1 Overview

Transition to sub-micrometer dimensions further compounds the challenges asso-
ciated with fabrication and control of autonomous systems. Autonomous mobile
nanoscale systems can be divided into two categories: passive untethered systems
or molecular walkers.
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Untethered nanoscale devices moving through fluid would experience very
high viscous drag due to extremely low Reynolds numbers [67], and controlled
propulsion becomes difficult. As a consequence, passive untethered nanoscale sys-
tems rely on random motion of surrounding fluid for propulsion. Nanoparticles
laden with chemotherapy drugs are examples of systems that are able to selec-
tively enter cancerous cells, detect the point of entry, and release their payload
once inside the cancerous cell. These relatively simple nano-particles are able to
accomplish all this in the absence of on-board propulsion or control [8, 68–70].
They are already showing great promise in the treatment of certain aggressive
forms of cancer [68].

Apart from drug delivery, random motion and stochastic interaction is also
used in molecular self-assembly (MSA) where random mutual interaction of
many units and selective affinity results in the generation (assembly) of shapes
[71–73], or computing constructs [74]. In these systems, the application relies on
the dispensation of a very large number of units, such that the random process
responsible for actuation results in a sufficient number of them reaching the goal
state.

The second class of autonomous nanoscale systems are molecular walkers,
which are directed chemical actuators capable of controlled propulsion along
a substrate. Molecular shuttles, i.e. molecular machines capable of carrying
molecular cargo along a larger molecule or a chain of molecules, were initially
demonstrated by Anelli et al [9]. Limited control of molecular transport by these
shuttles was demonstrated by [75, 76]. In particular, the motor protein kinesin
[77] is often used as a construct for the molecular shuttles. At these scales, the
boundary between chemical and mechanical interaction, as well as biological and
artificial constructs becomes somewhat fluid. Shirai et al. [78] demonstrated con-
trolled rolling motion of a C60 fullerene (buckyballs) molecular car actuated by
an STM tip. A more advanced version of molecular shuttles following tracks on
an engineered DNA origami substrate was shown by Lund et al. [79]. Although
capable of following complex engineered tracks, molecular shuttles are at this
point a practical actuation mechanism, and an efficient external control scheme
must be developed before these systems can be classified as truly autonomous.
Examples of the two types of autonomous nanoscale systems described above
are shown Figure 3.

4.2 Biological Comparison

Biological mobile nanoscale systems use similar modes of operation as their en-
gineered counterparts, which should be no surprise as the engineered systems
often use biologically derived building blocks as their constructs. Hence, biolog-
ical systems can also be divided into passive untethered systems and naturally
occurring molecular walkers.

Viruses are perhaps the most commonly occurring untethered mobile bio-
logical nanoscale systems [80]. With sizes ranging from hundreds to tens of
nanometers, these systems are strands of protein that seek out and attach to
the receptors of the target cells, and use cellular machinery for replication. They
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(a) (b)

Fig. 3. Nanoscale autonomous systems. (a) An illustration of a molecular walker called
the molecular car actuated by an scanning tunnelling microscope (STM) tip. (b) En-
gineered targeted nanoparticles entering a cancerous cell. Inset shows a cartoon of the
particle with the targeting component interacting with the cancer cell interface prior
to entry. Images reprinted from [78] (a) and [68] (b), with permission.

contain no on-board propulsion mechanisms, and are completely passive and
opportunistic; they rely on the motion of the surrounding fluid rather than con-
trolled propulsion to seek out the matching receptors of the host cell. Because
their motion is random, they rely on numerous copies to ensure that that a suf-
ficient concentration reaches the host cell. Viruses are very common, as they are
wide-spread and are a cause for seasonal concern around the world (i.e., [81]).

Similarly, naturally occurring molecular walkers inside the cells of living or-
ganisms are instrumental for the transport of nutrients and proteins between
the cell periphery and its core, as well as DNA replication and protein synthe-
sis. Kinesin [77] is a naturally occurring biological walker which is responsible
for the transport of larger molecules to and from the cellular interior, as well
as possibly cellular mytosis [82]. To move molecular cargo, Kinesin strands walk
along microtubule filament of the cellular cytoskeleton. Kinesin is unidirectional,
and certain types of Kinesin walk toward the cell periphery while other types
walk towards the cell center. Other types of molecular walkers can be found sup-
porting DNA transcription and RNA synthesis. For example, DNA polymerase,
which traverses the DNA strand and creates a complementary RNA strand [83].
Repair enzymes, such as DNA ligase [84], are involved in traversing the tran-
scribed DNA-material and correcting the errors in chromosome transcription.
Clearly, these naturally-occurring molecular walkers are present in every cell in
every living organism on our planet, and are responsible for continuous opera-
tion of the cells. Their importance in maintaining the life on our planet cannot
be overstated.

5 The Biology vs. Robotics Gap

The capabilities of small-scale robotic systems are regularly compared to that of
biological systems of comparable size. The goal of small-scale robotics research
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is often to match, and ultimately surpass, the capabilities of a biological system
of the same size.

Autonomous biological systems at the millimeter scale (such as ants and fruit
flies [37, 39]) are capable of sensing, control and motion that allows them to
fully traverse highly unstructured environments and complete complex tasks
such as foraging, mapping, or assembly. Although millimeter scale robotic sys-
tems still lack the complexity of their biological counterparts, advances in fabri-
cation and integration technologies are progressively bringing their capabilities
closer to that of biological systems. Specifically, new work in low power piezo-
electric and electrostatic actuation [85, 86], robust and compliant micromecha-
nisms [87, 88], and small, lightweight power electronics [89, 90] has dramatically
improved locomotion prospects for millirobots (although this mobility has yet
to be demonstrated). The remarkable sensing, control, and integration seen in
millimeter-scale organisms motivates future research in this area.

Remarkably, biological systems continue to exhibit highly autonomous be-
havior down to the size for a few hundred micrometers. For example, the 400
µm dust mite [64] is capable of autonomously navigating in search for food and
traversing highly unstructured environments. Similar capabilities can be found
in Amobea proteous or Dicopomorpha zebra. These fully autonomous capabilities
of microscale biological systems stand in stark contrast with present capabili-
ties of microrobotic systems. At present, microrobotic systems have at best only
limited autonomy, lacking both on-board power generation and control (e.g.,
[6, 47, 48, 50]). In all of these cases, power and a control signal is provided by an
off-board system, and the robots are essentially navigated through teleoperation,
with the exception of biologically powered systems such as [51, 52] that contain
their own power generation and simple control. It is clear that compared to bi-
ological systems, microrobots at the several hundred micrometer scale still have
much room to grow compared with their biological counterparts. This apparent
gap should be viewed as motivation for future microrobotic research.

Further reduction in size below single micrometers transitions to the nanoscale
size domain and results in biological systems that are either floating passively
(such as viruses or phage) or are traversing a substrate (e.g. molecular walk-
ers). At the nanoscale, the capabilities of engineered autonomous systems, or
nanorobotics as defined in this chapter, are converging. This is perhaps not that
surprising, as these systems have generally been engineered using biologically-
derived building blocks.

6 Conclusions

In this chapter we have provided a summary of ongoing research in small-scale
robotics and their applications, and several of the systems mentioned in this
chapter are further described in detail in the subsequent chapters of this book.
We also presented a comparison outlining the contrast between the current capa-
bilities of small-scale robotic systems and biological systems of comparable scale.
For the most part, biology is still far ahead of small-scale robotics in terms of
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autonomy and task capabilities. However, these gaps highlight important areas
of research while demonstrating the level of autonomy that should be attainable
by future robotic systems at all scales.
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Abstract. We designed microrobots in the form of autonomous and remotely 
guided microtubes. One of the challenges at small scales is the effective 
conversion of energy into mechanical force to overcome the high viscosity of 
the fluid at low Reynolds numbers. This can be achieved by integration of 
catalytic nano-materials and processes to decompose chemical fuels. However, 
up to now, mostly hydrogen peroxide has been employed as a fuel which 
renders the potential applications in biomedicine and in vivo experiments. 
Therefore, other sources of energy to achieve motion at the micro- nanoscale 
are highly sought-after. Here, we present different types of tubular micro- and 
nanorobots, alternative approaches to toxic fuels and also, steps towards the use 
of tubular microrobots as micro- and nanotools.  

Keywords: rolled-up, nanorobotics, self-propulsion, jet engines, autonomous. 

1 Introduction 

Motor proteins and biological micro- and nano-machines represent clear inspiration 
for engineers to design artificial motile robots of different sizes, shapes and aimed for 
multiple tasks. Ideally, these man-made robots should take the energy from the 
surroundings, sense their environment and be able to perform complex tasks in a 
similar way biomotors do.[1] Looking at nature, biological motors are powered by 
chemical fuels, efficiently generating propulsion power from chemical energy in an 
autonomous manner and by employing catalytic reactions.[2] Those living organisms 
not only move autonomously but also can react to external stimuli to orient or protect 
themselves. Bio-mimicry of chemo- and phototaxis have been recently demonstrated 
by catalytic micromotors.[3] 

Locomotion in the regime of low Reynolds numbers is challenging task to be 
tackled when developing nano-and microrobotics. Since the pioneering works on 
synthetic catalytic nanomotors,[4,5,6] considerable efforts have been put towards the 
efficient conversion of chemical energy into mechanical one, addressing challenges of 
artificial micromachines to reach the comparable performance of highly efficient 
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biological nanomotors.[7,8] Various propulsion mechanisms can be employed to 
achieve motion of catalytic microbots and several methods of motion control have 
been reported.[9] Previously, toxic fuels have been used for microbots, such as 
hydrazine and high concentration of hydrogen peroxide[10] which unfortunately 
renders the use of artificial microbots in real biological samples nearly impossible. 

Recently, other alternatives have been proposed and several groups are working on 
the finding of more biocompatible fuels. If hydrogen peroxide fuel is used for 
powering catalytic microbots, the main reaction occurring at the surfaces of the 
microrobots is the breakdown of H2O2 into O2 and H2O, as has been recently 
reviewed by several groups.[11,12] Tubular microjet engines based on rolled-up 
nanotech[13] present some advantages compared to other man-made nanomotors such 
as larger surface area, on-demand tuning of materials’ properties and device 
dimensions, mass production and reproducibility.[14,15,16] In addition, the 
microtubular jet engines rely on the microbubble propulsion mechanism which is not 
affected by the ionic strength of the solution.[17] Tubular microrobots can contain 
magnetic thin layers which enable the magnetic remote guidance with relatively high 
accuracy, leading to a series of useful tasks such as the transport of large 
microobjects[18] and cells[19] in different media.  

However, some challenges still remain to be resolved such as high toxicity of the 
fuel, which are the optimal dimensions or how to improve high efficiency of 
microjets. A reduction of the concentration of peroxide fuel would permit the 
manipulation of living cells for long periods of time, whereas faster microbots would 
imply higher propulsion power to carry heavy loads. 

The speed of the catalytic microrobots can be controlled by changing the 
temperature of the solution[20] where they move, reducing at the same time the 
concentration of fuel needed and performing ultrafast motion. 

Rolled-up nanotechnology method allows also the fabrication of microbots (from 
trapezoid patterns) with sharp ends.[21] By incorporating magnetic layers, we can 
power, propel and guide those tubular microrobots towards soft biomaterials and drill 
into tissues. Magnetic microbots avoid the use of toxic fuels.[22] Also, the hollow 
structure of microtubes can allocate motile cells, which can be employed as hybrid 
bio-micro-robots.[23] 

Here we review some of our recent developments on tubular microbots, from self-
propulsion at low Reynolds numbers, external guidance for delivery of microobjects, 
collective motion and alternatives to fabricate biocompatible smart microbots. The 
working conditions, speed, size, and strengths and weaknesses of these self-propelled 
motors are summarized in Table 1. Our motivation is to extrapolate automated 
macroscale functions at the nanoscale, which is very relevant for emergent fields such 
as nano- engineering and nanorobotics. Some macroscopic tasks are extremely 
difficult at small scales in fluids, since it is hard to deliver power and control device 
functions accurately. Particularly, the first step towards realization of biomedical 
microbots consists on the design and fabrication of small tools that can mimic the 
functions of larger tools utilized in surgery.[24] We envision that these nano-
/microrobots would have potential applications in biomedicine such as drug delivery 
and minimally invasive surgery, as well as sensing in microscale. The use of micro 
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and nanorobots for advanced tasks such as drilling of cells or tissues will be 
described. First, we will present catalytic nanorobots that are remotely guided towards 
fixed cells where they are embedded. Next, we present our advances towards the 
combination of catalytic micromotors with biological fluids and cells. In order to get 
self-propulsion with reconstituted blood samples, thermal activation was needed. 

The second part of this chapter, we present non-catalytic microbots: conical  
microdrillers magnetically actuated and micro-bio-robots that use propulsion energy 
from motile cells. This chapter finalizes with a summary and our vision on future 
perspectives on the field of microbots. 

Table 1. Summary of the working environment, speed, size, strengths and weakness for 
different types of self-propelled motors presented in this chapter 

 Environment Speed Size Strengths Weaknesses 

Catalytic 
nano-robots 

High 
concentrated 
H2O2 + 
surfactants 
aqueous 
solution  

Up to 180 
μm/s 

300 nm in 
diameter, 
6 – 10 μm 
in length 

Nanometer scale in 
diameter, High 
efficiency, remote 
control, etc. 

Toxic fuel 
solution  is 
required. 

Catalytic 
micro-
robots 

H2O2 + 
surfactants 
aqueous 
solution 

From 100 
µm/s up to 10 
mm/s 
depending on 
temperature 

5 – 10 μm 
in diameter,
50 – 100 
μm in 
length 

micrometer scale in 
diameter, high 
efficiency, remote 
control, versatile 
functionalizations, 
etc. 

Toxic fuel 
solution is 
required. 

Magnetic 
micro-
drillers 

Aqueous 
solution 

~ 5 μm/s 
locomotion in 
planar 
direction and 
up to 1200 
rpm in 
rotation 

2 – 10 μm 
in diameter,
50 μm in 
length 

Remote control, fuel 
free, etc. 

Lack of 
directionality 

Micro-bio-
robots 

Physiological 
solution 

~10 μm/s 5 - 8 μm in 
diameter, 
50 μm in 
length 

biocompatibililty, 
remote control, fuel 
free, etc. 

Slow, low  
power output 

2 Microrobots Performing Complex Tasks 

We present here different types of tubular microrobots fabricated by the “rolled-up 
nanotechnology” based on strain engineering of thin solid films. Detailed fabrication 
methods have been reported previously elsewhere[14,15] and brief description of each 
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type of micro-robot will be given in following subsections. Their magnetic properties 
were exploited for the remote magnetic guidance using permanent magnets or more 
sophisticated computerized setups for the close-loop 2D control.[18,25,26,27] 

2.1 Catalytic Nanojets Drilling into Fixed Cells 

One class of tools in surgery is the sharp surgical instruments that are widely utilized 
for making incisions. Some of these surgical instruments are enabled by 
electromagnetic motors on the macroscale, but it is challenging to harness the energy 
in a tether-free manner required to perform drilling at smaller size scales.  

Catalytic platinum constituted micro- and nano- structures accelerate the 
decomposition of hydrogen peroxide and enable the self-propulsion of micro- and 
nanomotors, pumping of fluids, and transport of colloidal particles and cell. 

Such miniaturized and remote-controlled nanotools may have high potential for in 
vivo applications in the near future in the circulatory, the urinary and the central 
nervous systems.[28,29] However, to fabricate cost-effective and operative MIS 
devices, scientists need fabrication techniques that enable mass production of 
complex shaped three dimensional structures, and diverse types of materials. In this 
context, rolled-up nanotechnology – previously envisioned for nanodriller 
applications[30] – meets the above describe requirements. 

We fabricated catalytic tubes with diameters in the sub-micrometer range and 
investigated control over their catalytic motion. By using molecular beam epitaxy 
(MBE), thin films of InGaAs/GaAs were deposited on sacrificial AlAs layers and 
bulk GaAs substrate, and a thin catalytic Pt film sputtered on top.[31] By rolling up 
those nanomembranes, we fabricated catalytic nanotubes with diameters 
approximately 20 times smaller than previously reported rolled-up microjets and half 
the size of the recently designed nanojets. Consequently, we reported the smallest 
man-made catalytic jet engines.[31] 

The catalytic nanojets are powered by the decomposition of H2O2 into molecular 
oxygen, which accumulates in microcavity and eventually gets released from one end 
of the nanotube as visible micro-bubbles (Fig. 1). Fig. 1 illustrates the motion and 
trajectories of InGaAs/GaAs/Cr/Pt (3/3/1/1 nm) nanojets immersed in hydrogen 
peroxide fuel. These results demonstrate that micro-bubble driven catalytic nanojets 
can indeed overcome Brownian diffusion as well as the high viscous forces of the 
fluid at low Reynolds numbers. We can intentionally design their structure so that 
nanotubes present a sharp tip, clearly seen in Fig. 1 and Fig 3A. The release of 
bubbles from these rolled-up structures is asymmetric due to asymmetrically rolled-up 
layers. Thus, motion of catalytic nanojets in corkscrew trajectories can be designed by 
considering strain gradients and orientation of hybrid catalytic/heteroepitaxial thin 
films (Fig 1A). 

Subsequently, we exploited the corkscrew propulsion (Fig 1A) of the nanojets to 
drill into biomaterials such as those constituting Hela cells, which are an immortal 
cell line derived from cervical cancer. It should be noted that we utilized 
paraformaldehyde to fix the cells prior to the drilling experiments for two reasons:  
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Fig. 1. (A) Corkscrew-like motion of a rolled-up microjet. Schematic (B) and SEM images (C) 
of a rolled-up microjet embedded into cells. Adapted from ref. [21]. 

(a) we wanted to remove the influence of any chemically induced deformation of the 
cell during drilling in the H2O2 fuel, (b) These fixed cells represent a cross-linked 
version of a realistic cellular biomaterial, so we rationalized that if the nanotools 
could generate enough force to drill into fixed cells, they would likely have more than 
enough force to drill into un-cross-linked cells. The type of motion needed for drilling 
is clearly shown in Fig. 1 by optical microscope sequences of an individual nanojet, 
which self-propels in a screw-like motion during 200 ms at a rotational frequency of 
10 Hz (fuel composition: 20 % v/v H2O2, 10 % v/v surfactant). Straight arrows in the 
images indicate the linear displacement of the nanojet during the studied time. The 
inset of Fig. 1A depicts a schematic of the rotation of the nanojet during translation. 
The schematic image in Fig. 1B displays nanotools which self-propel and embeds 
itself into a fixed Hela cells. Once the cellular boundary is reached, the nanotools 
stick to it and start drilling into the cellular biomaterial over several minutes (Fig. 
1C). 

Although the fuel employed for self-propulsion is still toxic to sustain viable 
mammalian cellular functions, alternative mechanisms of powered motion and 
working conditions foresee the use of this concept in diverse applications such as 
biomedical engineering, biosensing and biophysics. While hydrogen peroxide may be 
acceptable for applications in nano-manufacturing and nanorobotics, biocompatible 
fuels need to be developed for live-cell applications. Nonetheless, due to the reduced 
dimensions but yet the high propulsion power, our results suggest strategies of using 
shape, size and asymmetry of catalytic nanostructures as tools to realize mechanized 
functions at the nanoscale. 
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2.2 Thermal Activation of Catalytic Microrobots in Blood Samples 

The vision that intelligent robots could one day navigate along blood streams still 
remains unrevealed. We demonstrated that rolled-up micro-robots can self-propel in 
10x diluted samples of blood at 37°C, i.e. physiological temperatures (see Figure 
2A).[32] This work was by no means claiming that the current state of research in 
self-propelled microrobots enables their motion in blood streams in vivo. We aimed to 
proof that the high viscosity of blood at room temperature will not allow the motion 
of catalytic microrobots, but the propulsion in warmer solutions of diluted blood 
samples is still possible.  

Microbots were fabricated by rolled-up nanotechnology consisting of Fe/Pt 
nanomembranes (6/1 nm) deposited onto photoresist squared patterns of 50 µm2. An 
optical microscopy image from a microjet moving at 37°C in a 1 mL suspension of 
red blood cells (RBC) 10x diluted (5 x 105 RBC µL-1) is illustrated in Figure 2B, 
reaching an average speed of 47 µm s-1. We performed temperature cycles of five 
minutes at 25 and 37°C respectively, proving that catalytic microjets are able to self-
propel in high complex media, i.e. RBC 10x diluted with a solution of serum at 10 
wt.% (see Figure 2C), which may correspond to a 10 times dilution of a real blood 
sample, resulting in a final concentration of 5x105 RBC µL-1. In this approach, the 
viscosity of the solution is decreased and the activity of micromotors is enhanced by 
increasing the temperature of the solution. Previously, we reported the superfast 
motion of the same type of microrobots at physiological temperatures in aqueous 
peroxide solutions.[20] 

As illustrated in Figure 2C, the microjets were not able to move significantly at 
25°C. Due to the increase of viscosity after the addition of RBC in serum media, the 
absolute average speed at all temperatures decreased, reaching values from 15 to 25 
µm s-1. To demonstrate the effect of viscosity on the activation of the microjets, we 
monitored this parameter during the temperature cycles. As expected, and observed 
on Figure 2, viscosity is decreased when physiological temperatures are applied 
(37ºC), going to its initial value once room temperature is recovered. Finally, we 
evaluated the microjets’ performance in a microfluidic chip testing the same 
conditions for RBC 10x diluted in a 10 wt.% serum media (Figures 2D and 2E). 
Using the microfluidic approach, it is possible to reduce the consumption of reagents 
(i.e. blood sample) which is beneficial for scarce and high valuable samples. Figure 
2E illustrates a microjet moving in the microfluidic channel when the temperature 
was kept at 37°C. The high viscosity and the presence of RBC did not prevent the 
microjets from moving from one reservoir to the other. We observed the continuous 
motion of microjets in the microfluidic chip over periods of 5 minutes. This 
experiment demonstrates the proof-of-principle that microjets could be eventually 
employed for the active motion in lab-on-chip devices for, e.g. biosensing, isolation 
of components, separation of different particles on chip, etc.  
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Fig. 2. Catalytic microrobots (microjets) in blood samples. (A) Schematic representation of 
behaviour of microjet engines in reconstituted blood samples. Microjets can self-propel if 10x 
diluted blood is kept at physiological temperature of 37°C. (B) Snapshot of a microjet moving 
in red blood cells (RBC) 10x diluted at 37°C. Scale bar:50 µm. (C) Average speed of Fe/Pt 
microjets warming up the  RBC 10x diluted in 10 wt.% serum from 25°C to 37°C in three 
consecutive thermal cycles. (D) Sketch of the motion of microjets moving together with diluted 
blood in a microfluidic chip. (E) Optical microscope image of a microjet engine moving against 
flow in a microfluidic channel with RBC x10 times diluted in 10 wt.% serum at 37°C. Scale 
bar: 50 µm. Adapted from ref. [32]. 

2.3 Fuel Free Micro-drillers into Tissues Ex-vivo  

To circumvent the limited applications of toxic fuel in vivo, an attractive approach 
relies on the fabrication of “fuel-free” tools, e.g. those powered by external magnetic 
fields. Recently, the enzymatically-triggered and tetherless thermobiochemical 
actuation of miniaturized grippers and tools, magnetically guided into liver tissues, was 
demonstrated.[33]  

With the same rolled-up technology, we fabricated tubular Ti/Cr/Fe micro-drillers 
containing sharp tips (Fig 3A) that can be applied for mechanical drilling operations 
of porcine liver tissue ex vivo (Fig. 3B).[22] An external rotational magnetic field is 
used to remotely locate and actuate the micro-drillers in a solution with a viscosity 
comparable to that of biological fluids (e.g., blood). Changes in the frequency of the 
rotating magnetic field results in the switching of the rotational orientation of the 
micro-driller from a horizontal to a vertical one, which lifts the tubes and makes them 
suitable for drilling purposes. When microtools are place on hard planar surfaces (e.g. 
glass or silicon) and re-orient to the upright rotation, they are able to “walk” towards 
the center of the rotational magnetic field. 
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To demonstrate the drilling operation (Fig. 3B), a pig liver section was placed at 
the centre of the magnetic field in a petri dish containing microtools in the working 
solution (soap-water, 50 % (v/v)). The angular frequency was increased to 1150 rpm 
at which the microtools switched their orientation from horizontal into vertical one. 
Thereafter, the microtools were guided to the desired locations and started the drilling 
operation from tens of minutes to few hours. It was observed that the microtools 
retain upright orientation and the initial rotation frequency (~1150 rpm) immediately 
after reaching the tissue, but significantly slowed down in rotation frequency to few 
hundreds rpm (~400 rpm) after several minutes standing on the tissue, indicating the 
increase in friction during drilling into the tissue. However, that is not the case for 
microtools rotating on rigid glass surface, where they rotate at frequencies similar to 
the applied external rotation field (~1150 rpm). For a typical drilling operation, a 
depth of ca. 25 µm into the tissue could be achieved as judged via the length of the 
part of the driller remaining outside(Fig. 3C, upper panel). A strong permanent 
magnet was used to pull such embedded drillers out of the tissue leaving holes of 
approximatey same diameters in the liver section (Fig. 3C lower panel) indicating 
some tissues could be taken during the collecting. 

 

Fig. 3. Magnetic microdrillers. A) SEM images of a sharp microtube. B) Schematic of the 
motion and drilling of microtubes into tissues ex-vivo using rotating magnetic field. C) (upper 
panel) SEM image of a microdriller embedded into the pig liver section after drilling; (lower 
panel) SEM image showing the drilled hole in the pig liver section after extracting the 
microdriller by a strong permanent magnet (500 mT). Scale bar: 1µm in (A), 5µm in (B)  
and (C). Adapted from ref. [22]. Scale bar 5 µm in A and C, 1 µm in inset A. 

2.4 Tubular Micro-bio-robots Using Motile Cells 

We employed conical hollow tubes to capture motile bovine sperm cells and develop 
hybrid micro-biorobots (Figure 4).[23] Hybrid devices that harness biological energy 
for the propulsion of man-made microdevices have been one approach to develop 
novel microrobots. Magnetotactic bacteria[34] that offer remote control by applying 
external magnetic fields, as well as other microorganisms integrated in nano- and 
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microdevices have been shown to be useful for creating micro-bio-robots. The motion 
control mechanisms of these hybrid devices vary from geometrical asymmetry,[35] 
chemotaxis,[36] magnetotaxis to electrokinetic and optical control[37], just to 
mention a few. All of the above systems use motile microorganisms as propulsion 
force and aim at developing robotic tools for applications in life sciences. Our group 
developed a new bio-hybrid microswimmer[23] by capturing bovine sperm cells 
inside ferromagnetic microtubes that use the motile cells as driving force. These 
micro-bio-robots can be remotely controlled by an external magnetic field. The 
combination of a biological power source and a microdevice is a compelling approach 
to the development of new microrobotic devices with fascinating future applications. 
This microswimmer might have significant impact in the biomedical field, in 
particular in-vivo fertilization methods where the controlled transport of a single 
sperm cell to the egg cell location is desired. 

 

Fig. 4. (a) The micro-bio-robot is comprised of a motile sperm cell trapped inside a rolled-up 
microtube with incorporated magnetic layer for remote control. (b) Optical image of sperm cell 
(yellow shade) trapped inside a conically shaped Ti/Fe microtube (highlighted with yellow 
dots). Blue arrow points at sperm head, red arrow points at sperm flagella. Scale bar: 10 µm. 
Adapted from ref. [23]. 
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3 Conclusion 

We demonstrated that tubular microrobots can be employed for self-propulsion at 
small scales with high power output, versatility in applications towards bio-relevant 
issues. Catalytic bubble-propelled microrobots continuously developed and 
nowadays, the wireless control, transport of particles, capture of cells, and motion in 
microfluidic chips with biological samples has become a reality.  

In addition, while using the same fabrication technology, the fabrication of 3D 
ferromagnetic microdrillers with sharp tips for drilling operation of soft biomaterials 
was reported. We presented magnetic control, drilling and guidance of fuel free 
microtools toward tissue samples ex-vivo. We also demonstrated that such incision 
can be performed in a fluid with viscosity similar to blood, which is ideal for future 
use in the field of microrobotics for minimally invasive surgery. The advantage of the 
tubular structure of the microtools is that the hollow structure might be utilized in the 
future for filling up with drug carrying gels for site directed drill and delivery 
systems, e.g., cholesterol degrading enzymes for clearing the arterial blockages and 
plaque removal nanorobots for minimal invasive surgery.  

But also, tubular structures can capture single motile cells which are used as motor 
force of the hybrid motors. We expect that tubular micro-and nano-architectures will 
develop more in the near future for more complex tasks. 
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Abstract. This manuscript presents two methods for the addressable
control of multiple magnetic microrobots. Such methods could be val-
ued for microrobot applications requiring high speed parallel operation.
The first uses multiple magnetic materials to enable selective magnetic
disabling while the second allows for independent magnetic forces to be
applied to a set of magnetic micro-robots moving in three dimensions.
As an application of untethered magnetic microrobots, we also present a
non-contact manipulation method for micron scale objects using a locally
induced rotational fluid flow field. The micro-manipulator is rotated by
an external magnetic field in a viscous fluid to generate a rotational flow
field, which moves the objects in the flow region by fluidic drag. Due to its
untethered and non-contact operation, this micro-manipulation method
could be used to quickly move fragile micro-objects in inaccessible or en-
closed spaces such as in lab-on-a-chip devices. In addition to introducing
the operation and capability of these fabrication and control methods,
we discuss the implications of scaling these systems to smaller scales for
comparison with other microrobotics actuation and control techniques.

1 Introduction

The control of multiple micro-robots could have a major impact to enable parallel
and distributed operation for manipulation, distributed sensing and other tasks
in inaccessible micro-scale spaces [1]. Micro-robots controlled and powered using
magnetic fields have gained use recently because they can be controlled remotely
using relatively large magnetic forces and torques, can be a bio-compatible actu-
ation method, and they can often be fabricated simply [2, 3]. However, methods
to control teams of magnetic microrobots have been limited in the literature
to crawling on planar surfaces [4, 5], and have issues of scalability. Here we
present two new methods for the independent control of magnetic micro-robot
teams. The first method uses composites of two magnetic materials to achieve
on/off magnetization of individual micro-robots. By controlling the states of each
agent, control over the set is achieved. This method is scalable to large arrays
of micro-robots. The second addressing method achieves multi-robot control for

I. Paprotny and S. Bergbreiter (Eds.): Small-Scale Robotics 2013, LNAI 8336, pp. 28–38, 2014.
c© Springer-Verlag Berlin Heidelberg 2014



Addressing of Micro-robot Teams and Non-contact Micro-manipulation 29

micro-robots levitating in a liquid medium for three-dimensional (3D) motion.
Such 3D independent control has not been shown before, and is here accom-
plished by designing each micro-robot to respond uniquely to the same input
magnetic fields.

Micro-object manipulation has wide potential applications in microfluidics,
biological and colloidal science, lab-on-a-chip systems, and micro-assembly for
systems such as micro-optical electro mechanical systems. Various techniques
have been developed to achieve micro-manipulation in different backgrounds.
These techniques can be categorized into two groups, contact-based manipula-
tion and non-contact-based manipulation. Micro-grippers are major member of
the first type [6, 7], while externally controlled bacteria also fall into this group
[8, 9]. Many untethered micro-robots can also achieve manipulation tasks us-
ing mechanisms in the first category [10]. The second category includes optical
tweezers [11], magnetic tweezers [12], dielectrophoresis [13], electrophoresis [14],
optical arrays, and microfluidic devices, including use of micro-pumps/valves
or magnetophoresis. Non-contact manipulation has also been implemented with
several untethered micro-manipulators[15, 16].

We present a non-contact micro-object manipulation method using a locally
induced rotational fluid flow field created by an untethered spherical magnetic
micro-manipulator. The magnetic micro-manipulator is rotated in a viscous fluid
by an externally generated magnetic field to create a rotational flow, which
propels micro-objects in the flow region. One single spherical micro-manipulator
is used to handle one object at a time. Automated manipulation of micro-beads
is implemented based on visual feedback, with a very precise object position
error of less than 20% of the object size.

2 Multi-robot Control Using Disabling Magnetism

2.1 Disabling by Magnetic Hysteresis

Remotely and selectively turning on and off the magnetization of many micro-
scale magnetic actuators could be a great enabling feature in fields such as
microrobotics and microfluidics. We have developed an array of addressable
sub-millimeter micro-robots made from a composite material whose net mag-
netic moment can be selectively turned on or off by application of a large mag-
netic field pulse [17, 18]. The material is made from a mixture of micron-scale
neodymium-iron-boron and ferrite particles, and can be formed into arbitrary
actuator shapes using a simple molding procedure. To achieve many-state mag-
netic control of a number of microrobotic actuators, we require a number of
magnetic materials with different hysteresis characteristics [19]. The magnetic
coercivity and remanence (retained magnetization value when the applied field
H is reduced to zero) for commonly-used materials vary over several orders of
magnitude. These materials cover a wide range of hysteresis values, from NdFeB
and SmCo, which are permanent under all but the largest applied fields, to iron,
which exhibits almost no hysteresis. For comparison, the magnetic fields applied
to actuate magnetic microactuators are typically smaller than 12 kA/m, which
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is only strong enough to remagnetize iron. Thus, the magnetic states of SmCo,
NdFeB, ferrite and alnico can be preserved when driving an actuator. This can
be used to independently control the magnetization of each material, even when
they share the same workspace. By applying a pulse in the desired direction
greater than the coercivity field (Hc) of a particular material, an independent
magnetization state of each magnet material can be achieved instantly.

In general it is difficult to demagnetize a single magnet by applying a single
demagnetizing field because the slope of the hysteresis loop (i.e. the magnetic
permeability) near the demagnetized state is very steep. Thus, such a demag-
netization process must be very precise to accurately demagnetize a magnet.
While steadily decreasing AC fields can be used to demagnetize a magnetic ma-
terial, this method does not allow for addressable demagnetization because it
will disable all magnets in the workspace. This motivates the use of a magnetic
composite to enable novel untethered addressable magnetic disabling.

We employ a different demagnetization procedure to achieve a more precise
demagnetization by employing two materials, both operating near saturation
where the permeability is relatively low. In this method, an applied switching
field Hpulse can be applied to switch only one material’s (ferrite in this example)
magnetization without affecting the second material (NdFeB). This switching
allows the device to be switched between on and off states as the magnetic
moments add in the on state or cancel in the off state. While the internal field
of the magnet at any point will not be zero, the net field outside the magnet will
be nearly zero, resulting in negligible net magnetic actuation forces and torques.

When fields are applied below the NdFeB coercivity, the NdFeB acts as a
permanent magnet, biasing the device magnetization, as shown in the H-m loop
of Fig. 1 for Hpulse up to about 240 kA/m. This behavior is similar to that
of electropermanent magnets, demonstrated for modular robotics applications
[20]. Traversing the hysteresis loop, the device begins in the off state at point A,
where motion actuation fields, indicated by the 12 kA/m range, only magnetize
the device to about 0.08 µAm2, resulting in minimal motion actuation. To turn
the device on, a 240 kA/m pulse is applied in the forward direction, bringing the
device to point B. After the pulse, the device returns to point C, in the on state.
Here, motion actuation fields vary the device moment between about 1.7 and
1.8 µAm2. To turn the device off, a pulse in the backward direction is applied,
traversing point D, and returning to the off state at point A at the conclusion of
the pulse. For small motion actuation fields in the lateral direction, the device is
expected to show even lower permeability in the on or off state due to the shape
anisotropy induced during the molding process.

2.2 Addressable Control Results

A six-electromagnetic-coil system is used to generate themagnetic field required to
actuate and control the magnetic micro-manipulator. The system consists of three
pairs of air-core independent electromagnetic coils, aligned to the faces of a cube
approximately 8.2 cm on a side. A maximum magnetic field of 5 mT can be gen-
erated in the workspace, with 6% uniformity over a 30 mm space. The presented
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Fig. 1. The H − m hysteresis loop of a composite microrobot made from ferrite and
NdFeB. A 240 kA/m, field switches the ferrite magnetization while leaving the NdFeB
unaffected, resulting in a vertically-biased loop intersecting the origin, showing clear
on and off states.

disablingmethod formobilemicrorobots canbe used to selectively disablemultiple
microrobots. Based on its orientation when the pulse is applied (and independent
of its position), each microrobot will be enabled or disabled. To achieve address-
ability, the orientation of each must be controlled, which can be done using mag-
netic field gradients, as described in [17]. Four and sixmicrorobots aremoved using
stick-slip motion on a glass slide surface in a viscous oil environment. The viscous
fluid environment is provided here to increase the fluid drag to retain microrobot
orientation during the pulse. The experimental workspace is placed inside the coil
system, allowing for both stick-slip motion on the 2D surface using small magnetic
fields less than 12 kA/m and magnetic state changes by a larger field pulse. Inde-
pendent addressing of the on and off states of each microrobot is accomplished by
Hpulse applied in-plane.

An example of two micro-robots accomplishing a teamwork task is shown in
Figure 2. Here, the task requires both a strong micro-robot to move the door
and a small micro-robot to reach the goal through the small gate. Such a task
is representative of complex tasks in micro-assembly and micro-transport which
could benefit from heterogeneous groups of micro-robots.

The addressable control of multiple microrobots using magnetic disabling
could be scaled to smaller or larger length scales. The operation depends criti-
cally on the coercivity properties of magnetic materials, which can be preserved
for most materials at particle sizes down to tens of micrometers. At smaller
scales, the magnetic coercivity tends to decrease drastically. The fabrication of
microrobots at smaller scales would require new methods, but it is expected
that electroplating, polymer molding or sputtering of magnetic materials could
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Fig. 2. Addressable microrobot teamwork task, requiring the cooperative contribution
of two mobile microrobots of different sizes working together to reach a goal. Frames
each show two superimposed images, with the microrobot paths traced. (a) Both mi-
crorobots lie inside an enclosed area with the door to the goal blocked by a plastic door.
Only the larger microrobot can move the door, while only the smaller microrobot is
small enough to fit through the gate. (b) The larger microrobot removes the door while
the smaller disabled microrobot remains in place. (c) The smaller microrobot is enabled
and is free to move through the gate to the goal.

be used to reduce the microrobot size by perhaps one order of magnitude. The
method could be used at larger scales without difficulty, and fabrication methods
would become even more straighforward as traditional machining could be used.

3 Addressable Micro-robots in 3D

As an addressing method for magnetic microrobots which is capable of operation
in 3D, we present the first microrobot addressing method for 3D motion control,
which works by magnetic gradient pulling [21]. This method allows for completely
independent and uncoupled net forces to be applied to each microrobot and thus
allows for feedback position control of several microrobots in 3D. The magnetic
force F exerted on a microrobot with magnetic moment m in a magnetic field
B, assuming no electric current is flowing in the workspace, is given by

F = (m · ∇)B. (1)

The application of different magnetic forces to each microrobot is accomplished
by controlling the unique viscous drag and magnetic torque on each unique
microrobot when placed in a rotating magnetic field. The different rotational
responses of the geometrically and magnetically distinct designs result in each
microrobot assuming a unique orientation in space, assuming a unique m. Thus,
if each microrobot possesses a different magnetic strength or rotational fluid
drag coefficient, arbitrary forces could be exerted on each independently and
simultaneously using magnetic field gradients, when averaged over one short
field cycle. The lag of a permanent magnet microrobot in a spinning magnetic
field is determined by the balance between the applied magnetic torque and
the drag torque. Fluid flow at the micro-scale is dominated by viscous forces as
opposed to inertial forces, with typical Reynolds numbers of 0.01 or lower for
the microrobot size scales around or smaller than 1 mm.
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3.1 Addressable Microrobot Design

Various microrobots were fabricated to study the effect of the magnetic strength
of the robot and the viscous drag on the lag of the robot. For small lag, it can
be approximated as being proportional to the rotational frequency, where the
proportionality constant is a function of the magnetic strength and viscous drag
of the robot. The robots studied are shown in Figure 3. Placed in the same
rotating magnetic field, these microrobots assume different angles from 0 to 90
degrees.

(a)

magnetic 
shell caps

air 
pocket

wings

m

(b) (c)
R2R1

1 mm

Fig. 3. Microrobots studied for 3D addressing. Robots R1 and R2 are given differing
viscous drag coefficient but the same magnetic strength. Robots R1 and R2 are shown
as molded and assembled.

3.2 3D Multi-robot Control Demonstration

An electromagnetic-coil system is used to generate the magnetic fields required
to actuate and control the magnetic micro-robots. The system consists of eight
coils which are aligned pointing to a common workspace center point with an
approximate opening size of 12 cm. Using iron cores, a maximum magnetic field
of about 20 mT can be generated in the workspace, with 6% uniformity over a
30 mm space. The feedback control methods are tested experimentally to prove
their performance. Control using visual feedback is used to follow desired paths
in 3D. Two micro-robots are moved along independent trajectories in 3D space
in Figure 4. Here, the microrobots are controlled using the constant field rotation
waveform, with a field rotation rate of 1.2 Hz.

Independent control of multiple microrobots using this method is expected to
work across a wide range of microrobot size scales. The method relies on low-Re
fluid drag relations, which stay valid down to size scales of nearly 1 µm. As
the method could be implemented with permanent or non-permanent magnetic
materials, there is not a barrier to scaling smaller from a magnetic actuation
standpoint (although the efficiency of magnetic gradient pulling at small scales
does degrade relative to other methods [22]). However, fabrication challenges
to create neutrally-buoyant microrobots with well-defined 2D or 3D geometries
may limit the practicality of this method below sizes of roughly 100 µm.
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Fig. 4. Feedback control for two microrobots following the desired 3D paths in silicone
oil with a viscosity of 0.052 Pa s. Circles show the tracked microrobot position every
1.0 s.

4 Non-contact Micro-manipulation

Teams of mobile microrobots can be used as mobile micro-manipulators for re-
mote object transport and assembly tasks. Here we introduce similar microrobots
which are used to achieve manipulation of objects in a non-contact manner by
using the fluid flow generated around a spinning and translating micro-robot.

4.1 Fabrication of Spherical Manipulators

The magnetic micro-manipulators used in this study are fabricated via a soft-
lithography-based micro-molding process, with slight differences from that in
previous sections to accomodate the molding of spherical shapes. Small drops of
solder are dropped into water to form the positive shapes for the spherical micro-
manipulators, ranging from 10 µm to 1000 µm. The desired sizes are selected
from the batch of solder spheres. These selected solder spheres are glued to a glass
substrate using a UV curable epoxy (Loctite 3761) and a mold-making elastomer
(PDMS, Dow Corning HS II RTV) is poured over to form a negative mold. A
mixture of neodymium-iron-boron (NdFeB) particles (Magnequench MQP-15-
7) suspended in polyurethane (TC-892, BJB Enterprises) matrix is poured into
the negative rubber mold and allowed to cure into the final micro-manipulator
shapes.
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4.2 Experimental Demonstration

Experiments are carried out in a 30 mm x 30 mm x 1 mm open-top container
filled with silicone oil with a kinematic viscosity of 0.052 Pa s. to create a low
Re environment (Re<1). The spherical magnetic micro-manipulators used in all
the experiments have a diameter of 360 µm, and the objects being manipulated
are polystyrene beads with a diameter of 200 µm and a density of 1.05 g/cm.

The capabilities of rotational micro-manipulator locomotion and non-contact
micro-object manipulation are shown in Figure 5, where a magnetic micro-
manipulator transports a micro-bead on a glass substrate. An external magnetic
field with strength of 3.5 mT rotating at a frequency of f = 30 Hz is applied
to induce synchronous rotation with the applied field. In this experiment, the
rotation axis angle is kept small (<10◦ from vertical), resulting in a translational
manipulator speed of approximately 5 manipulator-diameters per second (about
900 µm/s).

Fig. 5. Top-view optical microscope images of a 360-µm-diameter spherical magnetic
micro-manipulator carrying a 200-µm-diameter polymer micro-bead along an arbitrary
path on a glass substrate using rotational fluid field. Eight frames taken from video of
the whole manipulation process, with an equal interval of 1.23 s between each of them,
are overlaid to show the paths of the micro-manipulator and polymer bead. The entire
duration is 9.87 s. The magnetic micro-manipulator rotates at 30 Hz and translates at
a speed of approximately 2.5 manipulator-diameters per second (900 µm/s).

Automated course/fine manipulation of a 200 µm micro-object is also im-
plemented based on visual feedback, with results illustrated in Figure 5. First,
the micro-manipulator slowly rolls from the initial position to the standby posi-
tion close to the micro-object (Figure 5 (ab)). Then it starts spinning at a high
frequency (f = 30 Hz), picks up the micro-object (Figure 5 (c)) and carries it
quickly towards the target position (Figure 5 (d)). The micro-manipulator stops
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target position
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t = 0.0 s t = 8.4 s

t = 10.4 s t = 12.4 s

Fig. 6. Automated manipulation of a 200-µm-diameter polystyrene micro-bead using
a 360-µm-diameter spherical magnetic micro-manipulator. Five frames are taken from
video of the whole manipulation process at different periods. (a) Initial position. The
micro-manipulator slowly rolls to the standby position. (b-c) The micro-manipulator
fast spins to pick up and carry the micro-object to the target position. It stops spinning
when getting close to the target position, then (d) spins slowly to precisely push the
micro-object to the target position.

rapid spinning when it gets close to the target position (Figure 5 (e)). To pre-
cisely place the micro-object to the target position, the micro-manipulator spins
at a low frequency (f = 6 Hz) and slowly pushes the object to the target (Figure
5 (f)). The final average position error is less than 20% of the object size.

4.3 Influence of Scale

The introduced manipulation mechanism relies purely on low-Re hydrodynamics,
where Re is the dimensionless number characterizing the significance of inertial
effects to viscous effects in fluidic systems. Since Re determines the hydrody-
namic similarity between fluidic systems, the hydrodynamics in any two systems
can be expected the same if these systems have similar Re’s. Therefore, the
manipulation mechanism should be applicable to situations where the low Re
condition (Re<1) is satisfied, regardless of the absolute dimensions of the actual
systems of robot or object. Although the geometric scale of the robot-object
system has less direct impact on the hydrodynamics, it could have much signifi-
cant influence on some other aspects. For example, when the size of the system
decreases to a few microns or even sub microns, Brownian motion, which is
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generally negligible at larger scales, would change the object’s motions signifi-
cantly. In addition, if the length scale further reduces to molecular scales, the
continuum hypothesis fails, and hence the hydrodynamics based on such hypoth-
esis which our manipulation mechanism relies on. Therefore, whether or not the
introduced mechanism would still be sufficient to perform manipulation tasks
would need more rigorous investigation for such small scales.

5 Conclusions

We have presented two methods for the addressable control of multiple magnetic
micro-robots in 2D and 3D. The first method has been shown to be scalable to
larger groups of microrobots, while the second method has achieved multi-robot
control in 3D fluid environments. Overcoming such limitations could allow for
micro-robot teams to be used in high-impact parallel manipulation tasks. As an
application for untethered micro-robots, we then propose using highly mobile
rotating magnetic micro-robots to manipulate micro-objects via induced fluid
flow at low Reynolds numbers. This method has promise to be a fast and precise
non-contact object manipulation scheme for micro-fluidic environments. This
method could benefit from multiple micro-robots working in parallel for high-
speed team manipulation. These methods we demonstrated at the millimeter
size scale, but work is progressing on reducing the microrobot size to as small
as 5 µm for applications in microfluidics and bio-manipulation.
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Abstract. Research on mobile millirobots has been ongoing for the last
20 years, but the few robots that have walked have done so at slow speeds
on smooth silicon wafers. However, ants can move at speeds approaching
40 body lengths/second on surfaces from picnic tables to front lawns.
What challenges do we still need to tackle for millirobots to achieve this
incredible mobility? This chapter presents some of the mechanisms that
have been designed and fabricated to enable robot mobility at the insect
size scale. These mechanisms utilize new microfabrication processes to
incorporate materials with widely varying moduli and functionality for
more complexity in smaller packages. Results include a 4 mm jumping
mechanism that can be launched over 30 cm straight up, an actuated
jumping mechanism used as a catapult, and preliminary leg designs for
a walking/running millirobot.

1 Introduction

In biology, it is not uncommon to find impressive locomotion in small packages.
Cockroaches can run at speeds up to 50 body lengths per second [1] and ants
less than 5 mm long have been demonstrated running at speeds approaching 40
body lengths per second [2]. Insects like the flea and froghopper can jump to
heights over 100x their own length [3].

Insects like these easily satisfy the size, speed, terrain, stability, payload, and
robustness required for applications ranging from search and rescue to moni-
toring civil infrastructure. Previous research in mobile millirobots (defined as
sub-centimeter mobile robots, often with microscale features) has never come
close to achieving or explaining the remarkable mobility seen in insects.

This impressive mobility in insects is due in part to complex mechanisms
packaged at small size scales. Jumping insects use a variety of materials and
complex mechanisms to store energy for high power jumps [3]. Biologists have
hypothesized that the reason insects can run at high speeds across complex
surfaces without perceptibly adjusting leg timing or gait patterns is that feedback
is minimal, and dynamic stability lies in the mechanics of the insect’s legs instead
[4–6].

These results from biomechanics have inspired numerous macroscale robot
designs. Noh’s flea-inspired robot uses a combination of novel materials and bio-
inspired mechanisms to store and release energy for jumping [7]. Robots like
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RHex, Sprawl, and DASH utilize preflexes in which a feedforward motor pattern
is combined with properly tuned compliance in the robots’ legs [8–11]. While
these robots are orders of magnitude larger than the insects that inspired them,
they demonstrate that compliance, new materials, and mechanism design will
be important in the design of jumping and running millirobots that can move
across rough terrain.

In contrast, previous millirobots have generally relied on microfabrication and
microelectromechanical systems (MEMS). Yeh fabricated the first articulated 2-
DOF legs folded from polysilicon sheets [12], and Kladitis used a similar polysili-
con process to flip up a thermal actuator that was also a leg [13]. Hollar attached
50 μm thick, 1 mm long silicon legs with polysilicon pin hinges that successfully
demonstrated autonomous pushups [14, 15]. While this research represents im-
pressive breakthroughs, none of the robots walked forward. One of many reasons
for this lack of success is that microfabrication is often limited to the same mate-
rials used in integrated circuits - typically silicon, silicon dioxide, silicon nitride,
polysilicon, and metals [16]. These materials are brittle, limited to strains of
several percent, and have moduli of 10s to 100s of GPa.

Polymers added to these millirobot designs have enabled significantly more
robust and successful locomotion, albeit at slightly larger sizes. Ebefors demon-
strated a 15 x 5 mm2 millirobot which walked forward at speeds up to 6 mm/s
on a smooth silicon wafer, carried 30 times its own weight, and survived rela-
tively rough handling [17]. One of the enabling features of this robot’s success
and robustness was the inclusion of thermally-activated polymer actuators in
its legs [18]. Erdem used similar polymer-based thermal bimorphs on a 3 cm2

robot that also walked [19]. A joint made of carbon fiber and polyimide re-
sulted in an additional passive degree of freedom that enabled the first liftoff
of a centimeter-scale flapping robot [20]. Clearly, it is promising to consider the
benefits of adding compliant materials to millirobot design.

A key challenge in millirobotics is the addition of new materials to the cur-
rently existing microfabrication toolbox for manufacturing complex mechanisms
and substantially improving locomotion. Poly(dimethylsiloxane) (PDMS) is a
compliant material that can undergo elastic strains in excess of 100% and has a
Young’s modulus of 1.8 MPa [21], which is very similar to that of resilin, a bio-
logical material seen in insect wings and legs. PDMS is most commonly used to
quickly and easily fabricate small and clear channels for fluid flow in microfluidics
and bioMEMS [22]. However, it has rarely been used for its mechanical prop-
erties, primarily because of the lack of adequate fabrication processes. Parylene
has been used to replace silicon springs given its modulus of 1 GPa [23], but this
is still a relatively stiff material. Polyimide has been used for its thermal prop-
erties in the microrobot legs mentioned above [17] but also has a high modulus
over 1 GPa.

In order to realize the benefits of lowmodulus materials in millirobots, this work
presents a microfabrication process to incorporate compliant elastomer structures
in-plane with traditional silicon microelectromechanical systems (Section 2). By
incorporating new materials, elastomer springs are applied as compact energy
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storage mechanisms for small jumping robots and actuators are integrated to cat-
apult projectiles off-chip (Section 3). Finally, preliminary leg designs for walking
and running millirobots that also utilize this process are shown (Section 4).

2 New Materials and Fabrication

As described in the introduction, larger scale robots and insects owe part of
their locomotion success to the use of diverse materials and mechanisms. For
millirobots, feature sizes on the order of microns to tens of microns will be
important along with a wide variety of material mechanical properties. Smart
composite microstructures (SCM) come close to satisfying these constraints, but
generally result in larger-scale features more appropriate for centimeter-sized
robots [24]. Microfabrication provides the required feature sizes, but a common
criticism for MEMS in millirobotics is the lack of material diversity.

To incorporate tailored compliance into millirobot legs for jumping and run-
ning, elastomeric materials are embedded directly into a silicon MEMS process.
Two processes are described here; the first molds elastomer components through
the full thickness of a silicon wafer, while the second starts with a silicon-on-
insulator (SOI) wafer and molds elastomer features through the top device layer.
This process enables smaller feature sizes (2 – 10 μm) and easier integration with
microfabricated actuators.

DSP wafer

handle wafer

device layer

substrate layer

elastomer

Fig. 1. The two fabrication processes developed to create elastomer-based mechanisms
in microfabrication. The top process uses a through-wafer etch of a double side polished
(DSP) wafer (typically 300–500 µm thick). The bottom process uses an SOI wafer (with
a device layer 20-80 µm thick). Modified from [25].

The basic fabrication process has been described in detail in previous publi-
cations by the authors, including [25], and is shown in Fig. 1. In both processes,
a layer of silicon is etched using deep reactive ion etching (DRIE), resulting in
trenches that are then re-filled with elastomer. In the first process, a double-side
polished (DSP) wafer (typically 300 – 500 μm thick) is bonded to a handle wafer
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and etched. The second process etches trenches into the device layer (typically
20-80 μm thick) of a silicon on insulator (SOI) wafer instead.

Dow Corning Sylgard 184 is the most common elastomer used, although the
process has been demonstrated with other silicones as well. This is a two part
elastomer and is mixed thoroughly in a 10:1 ratio of the base to the curing agent
before being poured over the surface of the wafer. To ensure that the elastomer
completely refills the etched trenches, the wafer is put into a vacuum and held
at 1 Torr for 10 minutes. The elastomer is then cured at 90 ◦C for two hours.

Once the elastomer is cured, the excess is removed from the surface of the
wafer by running a razor blade across the surface of the wafer. This leaves
some residual pieces of elastomer, so a one minute rinse in a 3:1 mixture of
n-methylpyrrolidone and tetrabutylammonium fluoride is performed [26]. This
planarizes the elastomer to the top of the wafer.

The new surface is planar enough that a new layer of photoresist can be
deposited and patterned on the front side of the wafer. This creates a second
mask which is used to perform a second DRIE through the thickness of the DSP
wafer or device layer of the SOI wafer. This etch results in silicon features that
are patterned around the elastomer features.

The final step in the process is to release the devices. In the case of the
through wafer process, this release is from the handle wafer and accomplished
by soaking the wafers in acetone and performing a brief etch in 6:1 buffered
hydrofluoric acid (BHF) to remove the silicon dioxide mask. In the SOI process,
this is accomplished using a backside DRIE etch and a timed etch in 6:1 BHF.

Additional work by the authors has shown that microfabrication does affect
some of the material properties of these elastomers in comparison to macroscale
samples [27]. SOI fabricated elastomer springs showed a 20% decrease in modu-
lus, in large part due to the 6:1 BHF etch. Samples in the through-wafer process
have yet to be compared to macroscale samples. Based on the hypotheses in [27],
it is expected that the modulus should be relatively close, if not greater than
the modulus of unprocessed elastomer due to a longer plasma etch and shorter
release time.

3 Energy Storage and Jumping

As the size scale of a robot is decreased from macroscale to mesoscale to millis-
cale, challenges related to mobility increase as the size of a robot itself decreases
relative to the objects in the environment around it. As a result, jumping be-
comes an attractive mobility method for millirobots [28]. A background on the
mechanics of jumping millirobots is provided in [25, 29]. It is important to note
that stored energy needs to be released in a relatively short time (milliseconds)
given the millimeter-scale length of the robot’s leg, and drag can have significant
impact on the jumping height of small robots. While stored energy needs to be
released quickly, it is important to note that it can be stored slowly which makes
this task manageable with existing microactuation.
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3.1 Jumping Mechanism

In order to examine jumping locomotion at the microscale, a jumping mechanism
was fabricated and first presented in [29]. The robot mechanism is essentially
two rigid masses that are connected by a series of elastomer springs, as shown in
Fig. 2. In this case, the robot “leg” is in the center of the device and the robot
“body” is the u-shape around the outside. When an external force is applied, the
structure is compressed and the springs are strained, storing potential energy.
When the external force is removed, the potential energy is released. The force
in the springs works to increase the kinetic energy of the body.

Fig. 2. Screenshots from a video showing the takeoff of the jumping mechanism. Due
to the small size of the jumping mechanism relative to the scale of the jump, the
mechanism is difficult to make out, but it has been circled in each frame to show the
position. An SEM of the jumping mechanism is inset. Modified from [25].

By compressing the robot with tweezers and therefore tensioning the elas-
tomer springs, the mechanism was repeatedly launched and reached a maximum
height of 32 cm. A series of 18 jumps reached an average height of 19.4 cm with
a standard deviation of 7.2 cm. Failed launches, defined as jumps that reach
heights less than 2 cm, were not included in these statistics. The jumping per-
formance varied greatly because of the method of launching the robot. It was not
uncommon for the robot to hit the tweezers during or immediately after takeoff,
which dramatically affected the jump performance. The height was determined
by launching the robot in front of 1 cm grid paper, and video of several jumps
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was taken with a Casio Exilim EX-F1 camera at 300 frames per second. Screen-
shots from these videos are shown side-by-side in Fig. 2. The maximum jump
height of 32 cm was 80x the robot’s own height, and the same robot was used
repeatedly, demonstrating the robustness of the process and final mechanism.

The jump that reached 32 cm had an initial velocity of 3 m/s, or initial kinetic
energy of 36 μJ. This number was calculated by measuring the distance traveled
between two frames of the video. This corresponds to a Reynolds number of 726
(ρair = 1.2 kg/m3, v = 3 m/s, L = 0.004 m, and μair = 1.98x10−5 kg/m/s).
A Reynolds number this low means that drag should be considered. Additional
losses due to spring viscosity, leg mass [30], rotation, and interaction with the
tweezers during takeoff result in a transfer efficiency from stored potential energy
to kinetic energy for a jump of 40%.

The mechanism demonstrated here achieved jump heights almost 80x its own
size. This is similar to the froghopper insect mentioned in the introduction that
can reach heights 100x its own size. This comparison, however, does not account
for the fact that the froghopper includes all of the components necessary to
jump (muscles, skeleton, sensory neurons, etc. [31]). The robot includes only the
mechanisms required to demonstrate a jump. In order to jump autonomously,
however, actuators, control, and power are also required, each of which will add
to the mass and size of the robot. The robot also did not include mechanisms
that mimic the mechanics of a jump performed by a froghopper. The froghopper
has several features that aid its jumping ability including sensory mechanisms
that aid in the timing of the jump mechanics, small spines on the bottom of
their legs that increase friction with the surface from which they are jumping,
and specialized legs to enhance jumping [32]. Mechanisms such as these can be
exploited in future generations of the robot once the creation of joints using this
fabrication process is further explored – a topic of future work.

3.2 Actuated Energy Storage and Release

While the mechanism described in the previous section is useful for examining
the merits of jumping microrobots, it is interesting to consider how actuation
can be added to such a system, as any system employed outside of a laboratory
setting would require on-board actuation. To add actuation, the SOI process was
used to define silicon features in the device layer of the SOI wafer.

A SEM image of a fabricated actuated mechanism is shown in Fig. 3, and
more details are provided in [25]. The color in this image was added after it was
captured for illustrative purposes. The frame is shown in dark gray with black
patterning. The frame was used to transfer the force from the actuators to the
springs. The springs, orange in color in Fig. 3, were anchored to the substrate,
shown in black, at one end and were attached to the frame at the other end.
There were two sets of actuators arranged around the frame; one set is blue
and the other set is purple. Fig. 3 shows a mechanism with two springs, but
mechanisms with eight springs (two sets of four) were also fabricated.

The actuators used in this work were thermal actuators, often referred to
as chevron actuators because of their angled arms which resemble a chevron.
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Fig. 3. A colored SEM image of the actuated mechanism. The blue and purple areas
are the two sets of actuators. The orange areas are the springs. The black areas are
the anchors for the springs and the patterned gray area is the frame. The zoomed area
shows the interface between the actuator and the ’leg’. Modified from [25].

When a current is passed through the structure, the silicon heats up due to
Joule heating, which results in expansion of the silicon. The chevron beams are
at a slight angle, so the expansion leads to bending of the beams, which pushes
the central beam forward to push a shuttle or leg. The actuation scheme was
based on the design presented in the work by Maloney [33]. By operating the
A and B sets of actuators in an alternating fashion, many small displacements
of the frame were accumulated to result in a large displacement. The sequence
began with both the A and B actuators on. Then the A actuators were turned
off, allowing the B actuators to push. The A actuators were then turned back on,
returning the actuators to the intermediate step with both actuators on. Finally
the B actuators were turned off, allowing the A actuators to push. The process
was repeated until the desired displacement was achieved.

The actuated mechanism was used to propel a projectile, as shown in Fig. 4.
The system was cycled to strain the elastomer springs 45% and store 0.45 μJ. The
projectile, an 0402 sized surface mount capacitor with a mass of 1.4 mg, was then
placed directly in front of the frame. The actuators were then turned off, releasing
the frame. The force from the energy stored in the springs worked to accelerate
the frame, which in turn worked to accelerate the projectile. The projectile was 1
mm long, 0.5 mm wide, and 0.5 mm tall. In the best test, the projectile traveled
more than 7 cm, so it traveled at least 70x the longest dimension of the projectile.
The exact distance is not known because the projectile fell off the stage under the
microscope after it traveled 7 cm. As with the tests performed on the jumping
mechanism, not every test was successful. The projectile was 0.5 mm tall, but
the frame of the actuated mechanism was only 0.02 mm tall, so during several
tests the frame slid under the projectile. In a series of eight consecutive tests, five
were successful and had projectile travel distances with an average and standard
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Fig. 4. The projectile test setup. The projectile was placed in front of the ’leg’, which
was placed on a stage under a microscope. Modified from [25].

deviation of 4.82 cm and 1.9 cm, respectively. A failed test was defined as one
where the projectile travelled less than 1 cm.

As was mentioned in the introduction, one of the benefits of being able to
integrate a material such as an elastomer is the ability to have repeatable ac-
tuation. Several tests were performed where the springs were strained to store
energy and then released to allow the springs to return to their unstrained po-
sition. This cycle was then repeated to strain and release the springs a total of
10 times. This test was performed 17 times with one device at various operating
voltages and frequencies without failure for a total of 170 strain/release cycles,
demonstrating the robustness of the elastomer material. These tests strained the
springs to several 10s of percent strain, but strains as high as 100% were demon-
strated. The fastest speed demonstrated was 0.7 mm/s to achieve 45% strain.
This was an average speed over the entire strain cycle as the speed decreased as
the strain, and therefore force in the springs, increased.

4 Joints and Legs

Combined elastomer and silicon mechanisms can also be used to create dis-
tributed leg compliance and damping that will improve locomotion over rela-
tively rough terrain. The ultimate goal of this work is to explore leg designs
that can enable insect-like legged locomotion in millimeter-scale robots. As a
first step toward that goal, elastomer joints were modeled and fabricated. At the
millimeter-scale, integration of actuators, wiring, and mechanisms make it chal-
lenging to design and fabricate fully actuated legs. Instead, it will be important
for millirobots to utilize passive degrees of freedom to improve locomotion. In
addition, leg compliance has benefits beyond simplified fabrication as mentioned
in the introduction. A simple dynamic model called the spring-loaded inverted
pendulum (SLIP) shows that much of the speed and stability in insects is due
to compliance in the legs [6, 4]. Most running animals regardless of their size
and number of legs follow the same center of mass trajectory and ground reac-
tion forces predicted by the SLIP model (although it is yet to be shown that
this same phenomenon occurs at the millimeter-scale where inertia becomes less
important – another future goal of this work).



Progress Toward Mobility in Microfabricated Millirobots 47

4.1 Modeling Elastomer Joints

In order to design compliant legs, it is first necessary to understand the behav-
ior of elastomer joints fabricated using the process in Section 2. Modeling of
miniature compliant mechanisms is most commonly accomplished using meth-
ods such as the pseudo-rigid body (PRB) method, which replaces the compliant
hinge with a pin joint and torsion spring [34]. This approach works well for small
angular deflections and when axial lengthening is not signficiant. However, flex-
ure joints made from soft materials like PDMS are very likely to have large
angular deflections and significant axial extensions.

Finite element analysis (FEA) tends to be highly accurate, but time-consuming
and computationally expensive compared to the PRB method. Previous work
by the authors has shown that a 3-spring PRB model consisting of two torsional
springs bracketing a single axial spring can accurately capture large deflections
and axial extension without requiring the computational complexity of FEA [35].

More detail is provided in [35], but the basic spring constants for this model
have been determined using geometric and material parameters, according to
the following equations:

kθ3spr =
2EI

leff
(1)

kl3spr =
CAE

leff
(2)

where kθ3spr is the torsional spring constant, E is the elastic modulus of the
joint material, I is the cross-sectional moment of inertia of the joint, leff is
an effective hinge length, kl3spr is the axial spring constant, C is a correction
factor based on the geometry of any adhesion features in the joint, and A is the
cross-sectional area of the joint.

In these equations, kθ3spr is similar to the single spring PRB model, dis-
tributed across two torsion springs, with the exception that length l is replaced
with leff , an effective hinge length also based on the joint geometry. The linear
spring constant kl3spr depends on the cross-sectional area of the hinge and uses
the equation for axial beam stiffness, again using leff . The correction factor, C,
can also be included to account for reduced stiffness due to adhesion geometry.

4.2 Fabricated Joints

Using the SOI fabrication process described in Section 2, elastomer-based com-
pliant joints have been fabricated and tested. As can be seen in Fig. 5, the
joints can be manipulated in any direction. The joint shown in Fig. 5 was ro-
tated in-plane 90◦ over 100 times without failure. Even when stressed, the hinge
performed well and snapped back into position when released.

However, some of the joints designed in this initial phase suffered due to de-
signed lengths that were only a few times longer than they were tall. These joints
preferred to bend at the interface with silicon as opposed to bending consistently
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Pushed le� Pushed rightAs fabricated
Fig. 5. Preliminary leg hinges in SOI-based fabrication process

Fig. 6. Preliminary leg designs fabricated at approximately 10x scale

through the length of the joint as was expected. While the model described
above has been experimentally and quantitatively validated at slightly larger
scales, test structures have yet to be implemented at small scales to validate this
3-spring PRB model.

4.3 Preliminary Leg Designs

Leg designs using these joints have also been tested at larger scales (Fig. 6).
These preliminary designs borrow many ideas from larger scale robots that are
able to traverse relatively rough terrain at high speeds like RHex and iSprawl
[10, 11]. In particular, the legs have one active joint that will be driven by a
motor and one passive joint similar to that seen in Fig. 5. These larger-scale
legs have also been designed while taking into account the constraints imposed
by the fabrication process in Section 2. While RHex legs can rotate 360◦, it is
much more difficult to provide the same actuation in a microfabricated structure.
This 360◦ rotation separates the ‘step’ phase in which the leg drives the robot
forward, and the ‘reset’ phase in which the leg resets for its next step. This work
assumes that such a motor is not available at the millimeter scale. Instead, a
typical microactuator may only be able to rotate a leg back and forth through
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Fig. 7. The larger scale experimental setup with a leg, a randomized-terrain treadmill,
and actuators

Fig. 8. Experimental and model treadmill displacement over 5 seconds. Leg type (B).

a prescribed arc, so new approaches are needed to separate these step and reset
phases for a microfabricated leg.

The four different leg designs in Fig. 6 use a combination of asymmetries in
the form of an elastomer ‘foot’ and a knee-cap to more clearly separate the step
and reset phases in legged locomotion. The elastomer foot provides more grip
during the step phase than the reset phase and the knee-cap locks the knee
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in place during the step phase. These asymmetries were included in a dynamic
model of two legs in MSC ADAMS. Joints were modeled using the 3-spring PRB
model and a ‘treadmill’ was simulated to measure the walking speed and total
distance traveled.

The experimental setup shown in Fig. 7 was used to validate this dynamic
model. Early experimental results for the Type (B) legs in Fig. 6 show a good
match between model and experimental results (Fig. 8). Current work is focused
on reproducing these same experimental results at the millimeter-scale using the
fabrication process in Section 2.

5 Conclusions

This work has shown the application of the first microfabrication processes to
incorporate compliant elastomer structures in-plane with traditional silicon mi-
croelectromechanical systems. By incorporating new materials, elastomer springs
are applied as compact energy storage mechanisms for small jumping robots. A
jumping mechanism fabricated using the process outlined in this chapter stored
100 μJ, 40% of which was transferred into kinetic energy of the mechanism re-
sulting in jump heights as high as 32 cm. A similar fabrication process was used
to fabricate an actuated system on an SOI chip. This thermally actuated device
stored and released 0.45 μJ to propel a 1.4 mg projectile more than 7 cm. The
jumping mechanism and the actuated mechanism were both used repeatedly to
store and release energy, demonstrating the enhanced mechanical robustness of
the devices manufactured with these processes. Models for elastomeric leg joints
and preliminary fabricated designs at both millimeter and larger scales were also
presented. Preliminary data shows good agreement between models of legs using
elastomer joints and experimental results.
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Abstract. Building, powering, and operating structures that can navigate 
complex fluidic environments at the sub-mm scale are challenging. We discuss 
some of the limitations encountered when translating actuation mechanisms and 
design-concepts from the macro- to the micro-scale. The helical screw-propeller 
or drill is a particularly useful geometry at small scales and Reynolds numbers, 
and is one of the mechanisms employed by microorganisms to swim. The shape 
necessarily requires three-dimensional fabrication capabilities which become 
progressively more challenging for smaller sizes. Here, we report our work in 
building and operating these screw-propellers at different sizes. We cover the 
length scales from the sub 100 nm to drills that are a few hundred microns in 
length. We use a known physical deposition method to grow micron-sized 
magnetic propellers that we can transfer to solutions. We have recently 
succeeded in extending the fabrication scheme to grow nanohelices, and here 
we briefly review the technical advances that are needed to grow complex 
shaped nanoparticles. The microstructures can be actuated by a magnetic field 
and possible applications of the micro- and nanohelices are briefly discussed. 
We also present a system of polymeric micro-screws that can be produced by 
micro-injection molding and that can be wirelessly driven by an external 
rotating magnetic field through biological phantoms, such as agarose gels with 
speeds of ~200 µm/s. The molding technique faithfully reproduces features 
down to a few microns. These microdrills can serve as a model system to study 
minimally invasive surgical procedures, and they serve as an efficient propeller 
for wireless microrobots in complex fluids. The fabrication scheme may readily 
be extended to include medically approved polymers and polymeric drug 
carriers. 

Keywords: low Reynolds number propulsion, microrobot, microdrill, 
microscrew, glancing angle deposition, micro molding, biological tissue. 



54 T. Qiu et al. 

 

1 Introduction 

Moving through fluid environments at the scale of microorganisms presents a 
different set of challenges compared to those encountered by macroscopic swimmers. 
Particularly at low Reynolds number (Re << 1), which indicates a Stokes regime of 
fluid flow with a dominance of viscous forces over inertial forces, it is known that a 
simple time reversible motion will not result in any net displacement of the swimmer 
[1]. Hence, asymmetric non-reciprocal actuation mechanisms are required at low Re. 
Microorganisms use two non-reciprocal propulsion mechanisms: the travelling wave 
beats of cilia and the helical rotation of flagella. 

Mimicking a rotating flagellum requires a rotary motor and power source capable 
of producing sufficient torque to overcome the high viscous drag at low Reynolds 
number. One may consider the use of electromagnetic motors, which are ubiquitous in 
macro-scale robotics. However, electromagnetic motors require sizeable currents 
which preclude miniaturization. One of the smallest commercial electromagnetic 
motors is 6 mm long with a diameter of 1.9 mm [2]. This is too large for applications 
in micro-surgery. Piezoelectric rotary motors do not require large currents and 
piezoelectric elements can readily be obtained that have small linear dimensions 
(~250 μm), but they require relatively high input voltages ~28 Vpp [3]. If the motor is 
to be powered wirelessly using a battery, then this presents a problem, as thin film 
lithium ion batteries typically supply microampere currents at 1-3 V which 
corresponds to μW (for an area of ~20 mm2). Similarly, microfuel cells would require 
at least 1 cm2 area of each electrode to produce power in the range of mW [4]. There 
are therefore no simple compatible combinations of motor and onboard powering 
source for designing sub-millimeter micro-swimmers. Hence, we resort to external 
magnetic fields and torques. Magnetically actuated rotation can be achieved with 
micro- and nanostructures that contain a ferromagnetic material and that can be 
actuated by a homogenous magnetic (i.e. gradient-free) field. However, in order for a 
robot to be propelled by a gradient-free field at low Reynolds number an 
asymmetrical shape is essential. Propulsion in this regime has been achieved with 
rigid chiral nanostructures, i.e. solid helically-shaped micro-propellers [5, 6]. A helix 
breaks spatial symmetry in a manner that allows for low Reynolds number propulsion 
by coupling rotational and translational motion; as a helical micro-robot rotates about 
its long axis, this hydrodynamic coupling leads to propulsion along this axis. Various 
fabrication techniques exist for constructing helical micro-robots: 

1. 20 nm – 300 nm:  Micellar nanolithography and shadow deposition (Glancing 
angle deposition) on cooled substrates [7] 

2. 300 nm – 10 μm: Glancing angle deposition [5] 
3. 10 μm – 100 μm: Direct laser writing of helical structures [8] 
4. 20 μm – 100 μm: Metallic thin film strain engineering techniques [6] 
5. 100 μm – mm: Micro molding [this work] 

Here, we review the fabrication scheme and principle of operation of the smallest 
magnetically actuated microbots that can currently be operated in liquids (1 and 2, 
above). We also present a low-cost bench-top micro-molding scheme that is able to 
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produce polymeric magnetic micro-screws that can move in tissue phantoms (5, 
above). The choice of materials can thus be extended to medically approved 
polymers. Numerous applications can be proposed for the microbots at nano to micro 
length scales (1 and 2, above) especially in biological studies, e.g. as rheological 
probes to study the micro-rheology of complex biological media including cell 
membranes or as a carrier into the cell for genetic transfer; while the polymeric 
magnetic micro-screws (5, above) may serve as a micro-tool for biopsy in minimally 
invasive surgical procedures or as a vehicle for drug delivery. 

2 Fabrication of Nanohelices and the Smallest Microbots 

The fabrication technique that we focus on here is called glancing angle deposition 
(GLAD). With this method, a wide range of materials possessing many 
functionalities, such as ferromagnetism and electrical conductivity just to name a few, 
can be grown by physical vapor deposition, including magnetically-driven micro-
robots [5]. The structures can be fabricated in large-numbers and with precisely 
defined geometries. This permits different length scales as well as different 
geometries to be realized that optimize the propulsive behavior at small scales [9].  

GLAD is a physical vapor deposition technique [10-12]. A basic schematic is 
shown in Figure 1 (a). In a vacuum chamber at pressures of ~10-7 mbar, the source 
material is heated via electron beam bombardment until the material vaporizes. In the 
figure the vapor flux is for simplicity shown as a cone, but the vapor flux in general 
spreads with a broader angular distribution. Because of the low vacuum environment, 
the atoms impinge upon the substrate in a ballistic manner which is essential for 
taking advantage of the shadowing effect. Shadowing growth occurs when a surface 
onto which material is being deposited is tilted to a very oblique angle α, i.e. oblique 
angle deposition (OAD), which is typically 80° < α < 87°.  Consider a substrate that 
is oriented at such an oblique angle. As the impinging vapor flux deposits on the 
substrate, if there is any surface roughness, i.e. raised portions of the substrate, the 
depositing material will preferentially accumulate on these raised features leaving the 
shadowed areas mostly free of material. If the substrate is perfectly flat, random 
nucleation sites will naturally form and serve as points of growth, but no regular 
ordering will be present in this case. If the substrate is intentionally seeded with well-
ordered seeds, then the growth can be restricted to accumulate on the seed particles as 
will be discussed below. 

The substrate, as shown in Figure 1 (a), is manipulated by two motors: the first 
motor, which is not shown in Figure 1, controls the vapor deposition angle α, which is 
defined as the angle between the flux and the substrate surface normal; the second 
motor controls the substrate rotation angle φ. No rotation of φ during deposition leads 
to arrays of nanorods tilted toward the plane of the substrate at an angle β ≠ α, 
whereas rapid rotation leads to growth of arrays of nanorods perpendicular to the 
surface. If the rotation is carefully controlled at intermediate speeds and in accordance 
with the rate of material deposition, an array of helices is produced. The helix pitch is 
inversely proportional to the rotation rate dφ/dt. It should be noted that the final 
morphologies are material-dependent and must therefore be tuned accordingly. For 
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example, the substrate must be cooled significantly for materials with high adatom 
surface mobilities [7]. Multiple materials can be added subsequently for layered 
architectures or at the same time to produce various alloys. The three parameters that 
are used to characterize the morphology of an individual helix are presented in Figure 
1 (b): P is the helix pitch, R is the helix major radius, and r is the helix minor, or wire 
radius. It should also be noted that there is a linear dependence upon the helix major 
radius and the helix pitch, but this is beyond the scope of the present article. Each 
parameter can be controlled to varying degrees as discussed below. 

 

Fig. 1. (a) schematic of the GLAD process showing the source, vapor flux, and the orientation 
of the substrate; (b) schematic of an individual helix showing the helix minor radius r, helix 
major radius, R, and the helix pitch, P 

The morphology of the helix can be controlled in the following ways: the size of 
the initial seeds onto which the helix is grown translates directly to the size of r and 
defines the range of possible P; the substrate rotation rate dφ/dt defines P; and the 
material which is being deposited.  

Although a wide range of sizes can be fabricated with GLAD onto a non-patterned 
surface, in order to have greater control over the final morphology of the helix, and to 
have uniformity between helices in the helix array, a properly seeded substrate should 
be used. Electron beam (ebeam) lithography [13] is excellent for designing seed 
patterns, but if rapid fabrication is required, one must use a rapid seeding technique 
because e-beam lithography is slow and can only cover small areas. Here we describe 
methods to rapidly seed the substrates with individual seed dimensions ranging from 
several microns to nanometers. In this manner we can reproducibly construct helical 
micro- and nano-robots over the entire wafer for over three orders of magnitude: from 
tens of nanometers to roughly ten microns. 
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The first technique requires patterning the wafer with an array of hexagonally 
close-packed spherical silica particles. This is accomplished using a Langmuir-
Blodgett trough [14, 15]. As can be seen in Figure 2 (a), the ~ 400 nm SiO2 beads are 
arranged in a close-packed arrangement on the surface of the substrate. It should be 
noted that defects in the monolayer crystal are present, but these are not important for 
our purposes here. For larger helices such as the 2-turn SiO2 array shown in the cross-
section SEM image in Figure 2 (b), this seeding approach is appropriate. These 
helices are then removed from the surface via sonication and suspended into a liquid, 
e.g. water. Individual helices which have been redeposited onto a new substrate for 
imaging are shown in the SEM image of Figure 2 (c) with a close up of a single helix 
in Figure 2 (d). This SiO2 helix has a pitch P ~ 500 nm. The material is changed 
during growth and a magnetic material, Ni or Co, is sputtered onto the helices as 
shown in Figure 2 (c)-(d) [5]. The magnetic material is deposited at α = 0° and so 
coats only the top half. The helices are then magnetized in a manner that the 
magnetization direction is perpendicular to the helix axis. An alternative method is  
to incorporate the magnetic material into the structure during deposition as shown  
in Figure 2 (e) [16]. Clear contrast of the 150 nm of Co layer can be seen in the  
cross-section SEM image just above the silica beads. 

 

Fig. 2. (a) top-view SEM image of 400 nm SiO2 beads on an Si(100) substrate; (b) side-view 
SEM of SiO2 helices grown on the monolayer of beads; (c) individual helices removed from the 
array and redeposited onto another wafer; (d) a close-up of one of the same helices from (c); (e) 
a different 4-turn SiO2 helix with a 150 nm layer of Co to add magnetic functionality as seen as 
the bright contrast just above the beads. Scale bar: (a), (b), (c), (d), and (e): 2 μm, 2 μm, 5 μm, 
500 nm, and 2 μm respectively. 
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In order to produce nano-scale helices rapidly at the wafer-scale, we use the 
nanolithography process called block co-polymer micellar lithography (BCML) [17] 
to seed the substrate. BCML requires the self-assembly of polystyrene-b-poly[2-
vinylpyridine (HAuCl4)] diblock copolymer micelles. Plasma treatment removes the 
polymer and reduces the Au-salt leaving behind hexagonally-arranged Au nanodots as 
shown in the top-view SEM image of Figure 3(a).  The BCML process allows for the 
separation between seeds and the size of the individual dots to be tuned. We have 
recently shown that using the combination of BCML and GLAD allows for the 
fabrication of nano-colloidal particles with tailored optical, electromagnetic, and 
mechanical properties [7]. An example oblique angle SEM image of Cu nanohelices 
is shown in Figure 3 (b) and a TEM of an individual Cu helix is shown in Figure 3 
(c). We reduce the temperature of the substrate before and during deposition to aid the 
shadowing effect and to reduce adatom mobility which is a key to the fabrication of 
helices of this size. The minor radius, r, for these Cu helices is < 20 nm with the 
overall length ~ 150 nm. This advanced fabrication technique allows for the 
fabrication of magnetic nano-scale helices as well, although nano-propulsion with 
helices of this size has yet to be demonstrated. 

 

Fig. 3. (a) SEM top-view of a Si(100) wafer patterned via BCML nanolithography; (b) oblique-
view SEM of 2.5-turn Cu helices grown on the BCML-patterned wafer; (c) TEM image of an 
individual Cu helix showing nanometer dimensions. Scale bar: (a), (b) 200 nm; and (c) 20 nm. 
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3 Magnetically Actuated Microrobots 

The micron-sized helices described in the previous section can be diametrically 
magnetized by a strong magnet. A (weak) rotating homogeneous magnetic field B can 
now be used to couple to the magnetic moment of the helices and this causes a 
rotation of the helices around the long axis, which, due to the symmetry-breaking of 
their chiral structure, leads to rotation-translation-coupling and therefore to a forward 
propulsion [5]. In our setup we use 3-axis Helmholtz coils that can generate rotating 
magnetic fields in 3D of more than 100 Gauss from DC to higher than kilohertz 
frequency by integration of an active water-cooling system into the metal frame of the 
coil [16]. A drawing of the coil’s frame and a picture of an assembled Helmholtz coil 
system in an inverted microscope are shown in Figure 4. The field direction and 
strength is controlled with a custom LabView program, which enables us to steer the 
micro-propellers in 3D on micron-length scale.   

  
Fig. 4. (a) CAD drawing of the coil’s frame (side and top view). The blue arrows indicate a 
water in-/outlet. (b) Image of the coil in an inverted microscope setup. 

The propellers follow the magnetic field until the torque due to the applied 
magnetic field can no longer overcome the fluid’s drag forces. This is called the step-
out frequency. The translational speed of the helix depends linearly on the field’s 
frequency up to the step-out frequency and can be described by the following general 
analytical equation which we have derived in [16]:  

=  = − κ sec2 − 2 √κ + tan−1 1√κ2 1 + − 1 + √κ tan − 2 √κ + tan−1 1√κ 2     (1) 
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where 

 κ = 2 2 − 1  (2) 

and 

 = 0   (3) 

Here ω is the rotational frequency of the field and Ω is that of the particle, and t denotes 
time. The propeller’s remanent magnetization is Mrem, the strength of the applied magnetic 
field is B0 and η is the viscosity. X is a size-invariant geometry factor that depends only on 
the shape of the particle (for a sphere X=8π). The propulsion efficiency ε determines the 
forward translational speed at a given frequency and is a direct measure of the strength of 
the translation-rotation coupling. Its upper limit is set by the screw’s pitch [16, 18]. For our 
GLAD structures, ε has a value on the order of a few nm/rad, and we can achieve speeds 
of about 2.5 µm/s at a magnetic field strength of 50 Gauss [16]. Figure 5 shows the 
velocities of the swimmers at various frequencies, as well as the trajectory of one microbot 
controlled by a joystick – demonstrating the control of the propulsion trajectory on 
micron-length scales. 

 

 

Fig. 5. (a) Propulsion speeds at various frequencies for magnetic field strengths of 20 and 50 
Gauss (blue squares and red circles, respectively), with the step-out-frequencies indicated by the 
blue and red shaded areas (graph taken from Reference [16]), (b) trajectory of one actively driven 
micropropeller, demonstrating the control of the propulsion trajectory on micron-length scales 
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The small size of these microswimmers combined with the high accuracy with 
which they can be propelled make them promising candidates for manipulation of 
biological systems on small length-scales. They are usually made out of silica, which 
can easily be functionalized with various chemicals, such as enzymes or fluorescent 
dyes. We therefore expect a number of interesting applications such as remote sensing 
and local micro-manipulation to emerge in the near future.  

4 Microdrills for Biological Environments 

At larger length-scales we use a metal micro-screw as a template from which we mold 
polymeric microdrills. The template is prepared by electrical discharge machining 
(EDM). As shown in Figure 6, the drill is designed to have an outer diameter of 300 
µm in order to fit inside a 23 gauge needle (nominal inner diameter 337 µm). 
Hardened steel is used as the template. The EDM process is time-consuming and is 
limited to conducting materials, which may not be suitable for medical applications. 
We have therefore developed a micro-molding process that uses a single EDM 
machined template from which polymer micro-screws may be batch-produced. 

 

Fig. 6. The metal template for the micro-molding process. (a) Schematic drawing of the micro-
screw design. Sizes are in mm. (b) Scanning electron microscope image of the micro-screw 
template manufactured by electro-discharge machining (EDM). 

The micro-molding process consists of 6 steps, as illustrated in Figure 7. First, the 
metal template is manufactured by an EDM process (Institut für Mikrotechnik in 
Mainz, Germany (Figure 7 (a)). Then Polyvinyl siloxane (PVS) impression material 
(Art. No 4667, Coltene Whaledent, Switzerland) is mixed and the metal template is 
inserted (Figure 7 (b)). After 5 min curing, the metal template is removed (Figure 7 
(c)). Cycloaliphatic Epoxide Resin (ERL-4221 Modified SPURR Embedding Kit, 
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SERVA Electrophoresis GmbH, Heidelberg, Germany) is then injected into the mold 
(Figure 7 (d)). After the epoxy is cured at 70°C for 3 hours, the PVS mold is cut and 
split, and the polymer micro-screw is released (Figure 7 (e)). Finally, a cylindrical 
NdFeB micro-magnet (200 µm in diameter and 400 µm in length) is attached to the 
end of the polymer (Figure 7 (f)). By this cheap and fast micro-molding process, the 
micro-structure of the metal template is precisely replicated. 

 

Fig. 7. Illustration of the micro-molding process. (a) Metal template by EDM. (b) Micro-
molding using PVS. (c) After curing of the PVS mold, removal of the metal template. (d) 
Polymer injection and curing. (e) Unmolding by splitting the PVS mold. (f) Magnet attachment. 

To test the magnetic micro-screw, we have used a tri-axial Helmholtz coil (similar 
to the one discussed in section 3). The coil can generate fields of up to 80 Gauss at up 
to 100 Hz (Figure 8). We use custom LabView software to control the amplitude and 
direction of the rotating magnetic field in 3D. To mimic the rheological properties of 
biological tissue we prepare various agarose gels for in vitro testing. Figure 9 shows a 
micro-screw that is propelled in agarose gels. We have tried propulsion in 0.1% wt-
1% wt agarose gels, the latter requiring higher fields (up to 500 Gauss). The trajectory 
(see Figure 9 (d)) is defined in real time by a joystick. The average linear velocity 
reaches roughly 200 µm/s with a magnetic field rotating at 5 Hz. 
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Fig. 8. Helmholtz coil setup to drive the micro-screw. (a) Tri-axis Helmholtz coil setup is used 
to drive and steer the micro-screw. Stereo-microscope (Leica MZ95 stereoscope with a Leica 
DFC 490 camera) is used to observe the movement. (b) 3-dimensional navigation of the micro-
screw can be realized by turning the magnetic field with a joystick. (c) Enlarged picture of the 
tri-axial Helmholtz coil. 

 

Fig. 9. Propulsion of the micro-screw in agarose gel. Snapshots after (a) 0 s, (b) 30 s, (c) 60 s, 
respectively, (d) the trajectory of the micro-screw from 0 to 100 s defined by the external 
magnetic field. 
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5 Conclusions 

We have reviewed fabrication methods that can be used to grow some of the smallest 
magnetically actuated microrobots. We have shown how helical structures that are 
smaller than 100 nm can be made. We illustrated the excellent control that we have 
over material composition and shape that this fabrication scheme offers and the 
superior control that we obtain when actuating these structures in fluids. We have also 
demonstrated controlled magnetically-actuated propulsion of a polymer micro-screw 
in agarose gels. The fabrication is convenient and scalable and permits larger numbers 
of screws to be obtained quickly. The micro-molding process can serve as a cost-
effective replication method for microbot propellers. The micro-screws have the 
potential to be used as an efficient propeller for self-powered wireless microbots in 
fluids. The systems may serve as promising micro-tools for minimally invasive 
therapeutics, and the fabrication scheme is general such that it permits the use of 
medically approved polymeric materials. Both schemes permit the use of surface 
chemistries or the loading with suitable molecules and drugs. 
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Abstract. In this paper we review our ongoing research on untethered
stress-engineered microrobots (MicroStressBots), focusing on the chal-
lenges and opportunities of operating mobile robots on the micrometer
size scale. The MicroStressBots are fabricated with planar dimensions of
approximately 260 µm × 60 µm and a total mass less than 50 ng from
1.5-3.5 µm thick polycrystalline silicon using a surface micromachining
processes. A single global power delivery and control signal is broadcast
to all our robots, but decoded differently by each species using onboard
electromechanical memory and logic. We review our design objectives in
creating robots on the microscale, and describe the constraints imposed
by fabrication, assembly, and operation of such small robotic systems.
Our robots have been used to motivate and demonstrate multiple robot
control algorithms constrained by a single global signal with a limited
number of distinct voltages.

1 Introduction

Microscale mobile devices have many potential applications, including assem-
bly, medicine, and surveillance. The ability to operate multiple microrobots is
particularly useful, but challenging to implement using a globally broadcasted
control signal. In this paper we review our ongoing research effort on untethered
stress-engineeredmicrorobots (MicroStressBots) [1–5], and discuss the challenges
and opportunities of operating mobile microrobots at the micrometer size scale.
Specifically, we show the application of our robots to controllable microassembly
tasks.

Our work is motivated by a goal to develop self-reconfigurable robotic systems
at the microscale. This research objective required the development of unteth-
ered micro-scale robots with a means of (1) planar locomotion and steering, (2)
wireless reception of control and power signals, and (3) on-board control signal
decoding (requiring minimal memory), all operating in an environment where
multiple robots could interact. To obtain this functionality using a robust mass
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manufacturing process on the micro-scale, design simplicity is key; here the limi-
tations of a simple elegant hardware design are compensated for by more complex
control algorithms [4, 5].

2 MicroStressBots

The MicroStressBots consist of a single monolithic plate of polycrystalline silicon
with a thin chromium film used to control its out-of-plane shape through stress
engineering. Precise design of each microrobot chassis and stress engineering
layer ensures the ability to control multiple robots on a single substrate. Fig. 1
shows micrographs of two types MicroStressBots, a single arm design (left) and
a dual arm design (right). In both cases, locomotion is accomplished using an
untethered scratch drive actuator (USDA) [1], while turning occurs through a
snap-down of one of the steering arms.

Fig. 1. Micrographs of two MicroStressBots: single arm design (left) and dual-arm
design (right). In both cases the untethered scratch-drive actuator (i) provides for-
ward motion, while the steering arm actuator (ii) determines whether the robot moves
forward or turns.

All the robots operate on a single power delivery substrate (also called their
operating environment). Because of this, a single power and control signal is
broadcast over the entire operating environment. Independent control is achieved
by differentiating the design of the steering-arm actuators, and thus the behavior
of the robots during the application of the global control signal. Fig. 2 shows
several MicroStressBots operating on a single substrate.

2.1 Locomotion

Scratch drive (SD) actuation is a well-established MEMS locomotion mechanism
(see left panel, Fig. 3). Traditionally, a voltage is applied to the actuator through
direct contact using a power rail or a tether wire. Our goal was to implement in-
teracting robots without the constraints of such tethers or tracks, so we devised
the capacitive coupling scheme shown in Fig. 3, right panel [1]. Broadcast elec-
trodes are interdigitated uniformly under the entire operating environment, and
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Fig. 2. Multiple MicroStressBots operating on a single power-delivery substrate

(a) (b)

Fig. 3. Scratch drive actuation mechanism (a) and the capacitive power delivery mech-
anism for untethered MicroStressBots power delivery and control (b)

are powered by a single voltage wire (V2) and ground (V1). The electrodes are
covered by a thin insulating layer (primarily zirconia). This prevents any direct
electrical contact between the electrodes and the robots, and the high dielectric
constant (≈ 20) of zirconia enhances the surface charge resulting from applied
voltages. This prevents any direct electrical contact between the electrodes and
the robots.

A robot positioned on top of this dielectric layer covering several of the in-
terdigitated electrodes will experience a downward force each time a voltage is
applied across the electrodes. The scratch drive mechanism illustrated in left
panel of Fig. 3 then converts this downward force to lateral motion [6]. For a
given applied voltage, the high dielectric constant (20) of the zirconia layer en-
hanced the surface charges and results in a larger vertical force and hence a
stronger SDA locomotion.
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2.2 Steering

MicroStressBots use an electrostatic snap-down mechanism for steering as well
as locomotion; both actuators are fabricated out of the same layer of doped
polysilicon. The turning mechanism is shown in Fig. 4. During pull-down, a
portion s of the steering arm comes into flat contact with the substrate (Fig.
4.a). When the USDA is subsequently actuated, s acts as a temporary anchor,
restricting the motion of the tip of the steering arm. The robot follows a curved
trajectory, flexing the steering arm until the restoring force of the arm equals the
force applied by the USDA (Fig. 4.b). When the arm is released during periodic
polarity reversal of the waveform, the flexure in the arm is relieved, resulting
in a net change in the heading of the microrobot (Fig. 4.c). The amount of the
steering arm flexure is highly dependent on the geometry of the steering arm
actuator, making the corresponding turning rate design-specific.

s

r

s

r

( )
s

(a) (b) (c)

Fig. 4. MicroStressBot turning mechanism

To control the actuation of the steering-arm independently of the scratch
drive, we utilize electromechanical hysteresis by designing the arms to respond to
different voltage levels. The scratch drive stepping voltages are nested between
the steering arm snap-down voltage, Vd, and snap-up voltage, Vu, such that
the scratch drive can provide locomotion with the steering arm either up or
down. In [2] we show that this nesting is difficult to achieve using ordinary
photolithographic patterning, which defines only the in-plane (x-y) shape of the
steering arm. However, by widening the design space to include out-of-plane
(z axis) geometries, it is possible to incorporate nesting. We integrate such 3D
designs into the nominally 2D process of surface micromachining by inducing
out-of-plane curvature in the steering arm through stress-engineering: a stressor
film is deposited on the arm and patterned in post-processing [7] (i.e. after wafer
dicing).

2.3 Species Differentiation

While all our robots receive the same power and control signals, we can vary the
design of the steering-arms of the individual MicroStressBots such that different
robots respond differently to the global applied control. We call this concept
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for Global Control, Selective Response (GCSR) [3], and MicroStressBots that
exhibit different behavior are said to be of a different microrobot species.

For example, the different steering arm designs (primary varying the length
of the arm, the length of the stress-engineering layer, and the pad size) result
in distinct threshold voltages for changes in arm state, that is, the snap-down
(Vd) and snap-up (Vu) voltages. Each species has a unique Vd or Vu; control
signals with different combinations of these will result in distinct motion of the
individual devices. Fig. 5 shows five unique waveforms, called control primitives,
which are used to differentiate the motion of four distinct microrobot species
using differences in the snap-down and release voltages of their steering arms.

P0 P1 P2
P3 P4

species 1a
species 1b

species 2
species 3

species 4 stress-engineering run 1
stress-engineering run 2

stress-engineering run 3

direction of motion

4 d

3 d
2 d
1 d

2-4 u

1a,b u

VSDA

Fig. 5. Differentiation of MicroStressBot species using snap-down and release voltages
of the steering arms: Five unique waveform primitives, P0-P4 (top) that differentiate
the motion of four different species of MicroStressBots (R1-R4), distinguished by their
snap-down (1d-4d) and up (1u-4u) voltages. Under each control primitive are the ex-
perimental trajectories of five robot designs responding to that primitive. Clockwise
from top-left of each panel except P0, they are: R1a (blue), R1b (green), R4(yellow),
R2(red), R3(black). Robots R1a and R1b are different designs but belong to the same
MicroStressBot species. USDA actuation (flex/release) voltage range (VSDA) is brack-
eted by arm snap voltages so that MicroStressBots can move with arms up or down.
(Based on data from [3]).

It is also possible to differentiate microrobot species using differences in their
turning radius rather than snap voltages [4]. Fig. 6 shows the designs (top)
and trajectories (bottom) of two MicroStressBot species differentiated by their
turning rates. The differentiation stems from design-induced differences in the
steering-arm design.
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Fig. 6. Differentiation of MicroStressBot species using different turning rates: The
design of two different microrobot species R1 (top-left) and R2 (top-right), and the
trajectories of the robots showing their clearly different turning rates. (bottom) (Based
on data from [4]).

2.4 Transfer Frames: Batch Transfer Mechanism for Initial
Placement of Robots

In [1] the operating environment and devices were fabricated on the same die
along with a self-assembly mechanism, however this co-fabrication imposed se-
vere constraints on the materials and design. In [2] a vacuum microprobe was
used to to pick and place single robots on the operating environment, however
such sequential manipulation has its limitations with respect to transferring
many microrobots onto the operating environment. In [3] we devised transfer
frames to enable separate fabrication without imposing a pick-and-place opera-
tion, one robot at a time. The operation of the transfer frame is shown in Fig.
7. In this design, twelve robots can be transferred at a time. The robots are fab-
ricated attached to the frame in a set configuration, and maintain their relative
placement during the transfer operation. After transfer, the robots can be either
immobilized by applying a potential to the electrodes or locked down mechan-
ically using pressure applied by a microprobe. Lifting the frame away from the
substrate causes the weak mechanical links between the robots and the transfer
frame to be severed, releasing them from the frame.
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(i)

(ii)

(iii)

(iv)

(v)

(a) (b)

(vi)

Fig. 7. Optical micrograph of a batch transfer structure called a transfer frame. (a)Mi-
crorobots are manufactured connected to the frame through sacrificial notched beams
(i). The frame is anchored to the substrate through another set of sacrificial beams
(ii). This second set of beams are broken, and the frame is lifted of the substrate by
microprobes inserted into hinged ears at the perimeter of the frame (iii). (b) Once a
transfer frame is placed on the destination operating environment, mechanical pressure,
such as provided through either electrostatic hold-down or a microprobe (iv), is used
to immobilize the microrobots. The transfer frame is then lifted, for example, using a
second microprobe (v), severing the sacrificial beams (vi) connecting the robots to the
frame. (From [3]).

3 Independent Control

Differentiation of microrobot species allows multiple MicroStressBots to be in-
dependently controllable within a planar operating environment. Because future
microrobtic application will likely rely on simultaneous operation and cooper-
ation of many microrobots, independent control is likely to be an important
capability of future multi-microrobotic systems. In [3, 5] independent control
has been used to implement planar microassembly, enabeling MicroStressBots
to independently move into configurations that allows them to dock to form
larger structures. The asymmetric friction of the USDAs together with compli-
ance allows the structures to align to a global minimum energy shape through
a form of pairwise self-assembly. Fig. 8 shows five structures assembled using
species differentiated by different steering arm snap voltages [3]. As described in
Sec. 2.3, it is also possible to achieve independent control through other forms
of behavioral differentiation, such as variable turning rate [4].

3.1 Global Control Selective Response (GCSR)

The concept of Global Control Selective Response (GCSR) was coined shortly
after it became clear that it is difficult to design USDAs to be selectively ad-
dressable using the power delivery waveforms [2]. Instead, systems composed of
several MicroStressBots were designed to always move, but to move differently
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Fig. 8. Five structures assembled using species differentiated by distinct snap-down
and release voltages of the steering arms [3]

during portions of the control voltage waveform. Differentiation through physical
design of microrobot chassis is called Global Control Selective Response (GCSR)
[8]. Another similar concept called Ensemble Control (EC) was also proposed
to be applicable to independent control of underactuated multi-microrobotic
systems [9].

In the absence of control error, trajectory planning of independent motion
of several microrobots using a single GCSR can be viewed as multiple path
planning problem where the motion of the robots is coupled and trajectories
of the individual robots are designed (planned) such that all robots enter the
desired target configurations at some common point in time. A simple illustration
of this concept is shown in Fig. 9 from [5], which shows nominal trajectories of
two MicroStressBots that are maneuvered to dock together. The global control
signal consists of three control primitives, but only P2 and P3 are shown in Fig.
9. Note that the robots motion is differentiated only during the application of
primitive P2.

Any physical microrobotic system will experience control error, which will
perturb its trajectory, and a control strategy scheme must be devised to minimize
such control error. A closed loop re-planning controller can be used, and has been
implemented in [3, 5]. Fig. 10 shows the trajectories of four MicroStressBots as
they progressively assemble a planar shape. Similar control schemes have been
later presented [10].

Finally, compliance [11] between two or more docking microrobots can be
used to further reduce the resulting control error. MicroStressBots are specifi-
cally well suited for compliant interaction because the USDAs can rotate if the
motion on one of its sides is slightly obstructed. This mechanism is used used
during turning, however also allows the robots to align during docking. Such
self-alignment can be used to remove any residual control error. Fig. 11 shows
mutual alignment of two MicroStressBots during docking. The self-alignment
reduces final missalignment of the robots at the end of the assembly operation.

Ultimately, independent multi-microrobot control is an important direction of
future research. The scalability of the control scheme is of particular importance
in order to enable control of future multi-robotic systems composed of large
numbers of microrobots. For example, the SeSAT control scheme presented in
[5] proposes a design methodology that can control n MicroStressBots with sub-
linear (O(

√
n)) number of control voltage levels.
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Fig. 9. Example trajectory planning for two MicroStressBots maneuvered towards a
common configuration. (a) Robot R2 is maneuvered to an intermediate configuration
Ca while robot R1 follows a circular trajectory (orbit). (b) Robot R1 is maneuvered to
dock with robot R2, while R2 moves in straight line. Assuming both robots move at
the same speed, the length of trajectory T1+T3 is equal to the length of the trajectory
T2 + T4. Based on data from [5].

(a) Initial Configuration R1 (b) Assembly of seed shape G1

(c) Assembly of G4 (d) Assembly of  the goal shape, G5
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Fig. 10. Progressive assembly of a planar shape through independent control of four
MicroStressBots
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100 μm(i) (ii) (iii) (iv)

Fig. 11. Optical micrographs taken at the time of initial contact (i) and successively
though the alignment process (ii)(iv) showing the self-alignment of two robots

4 MicroStressBot Tribology

USDAs require non-symmetric friction in order to ensure continuous forward
motion. Although they move reliably in one direction (as can clearly be seen
from Fig. 5), this locomotion mechanism is not yet fully understood. We have
observed two surface effects that may contribute to how the MicroStressBots
operate on the power-delivery substrate.

4.1 Surface Modification

The USDAs modify the surface on which they move. The left panel of Fig. 12
shows atomic force micrographs of the SiO2-coated ZrO2 insulated surface of
the power delivery substrate after traversal by a MicroStressBot. Debris pushed
forward by the bushing is clearly visible. Scratches in the surface, caused either
by asperities or lodged debris, can also be seen.

(a) (b)

Fig. 12. AFM images showing substrate modifications by scratch drive actuation: (a)
Visible is the line of debris pushed by the bushing and scratches in the surface caused
by either asperities in the bushing or lodged debris. (b) Apparent asperity modification
for an area that has be repetitively traversed in one direction (indicated by red arrow).
The grey scale corresponds to an elevation of 100 nm (black to white). The x-, and
y-scale is in µm.
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The right panel of Fig. 12 shows a close-up of the asperities on a surface that
has been successively traversed by a scratch drive actuator (SDA). The asperities
are elongated in the direction of travel, with a sharper edge on the side corre-
sponding to the forward direction. These apparent changes in surface topology
are particulary striking in the 3D visualisation of the AFM data shown in Fig. 13.
Such surface modifications could contribute to the asymmetric friction observed.
The statistical nature of this process is consistent with recent observations by
McGray et. al. [12] showing a distribution of USDA single step sizes.

Fig. 13. A 3D visualisation of the AFM data showing substrate modifications by re-
peated scratch drive actuation. The division in the x-, and y-scale is 0.5 µm, and the
z-scale is exaggerated 10×. The red arrow indicates the direction of travel.

4.2 Surface Charge Injection

The high electric field generated by the power delivery and control signal across
the dielectric layer may also cause changes in the environment traversed by a
MicroStressBot. Figs. 14 and 15 show scanning electron micrographs of tethered
SDAs after actuation over a silicon nitride coated surface. The SEM images
reveal a shadow imprint in the substrate, which is likely caused by embedded
charges. These silhouettes were only visible in the SEM and not in corresponding
optical images. Charging of the substrate was also confirmed by the need for
periodic polarity reversal of the power delivery waveform, although the effect was
never completely negated. Trapped charges are important because they are likely
responsible for variations threshold snap voltages which we have used to set the
minimum difference between any two control voltages; this limits the number of
distinct control voltages. Even short lived trapped charges could cause hysteretic
forces during the course of the SDA actuation, thus affecting the motion of the
MicroStressBots.
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50 m 10 m

Fig. 14. Scanning Electron Micrograph (SEM) images of tethered SDA after repetitive
actuation over a silicon nitride surface. The shadowy image of the SDA is visible in
the underlying substrate does not show up in optical microscopy, and is believed to
be caused by charges embedded in the surface). Debris pushed by the bushing is also
visible in both images.

5 Scaling Laws at the Microscale

Our MicroStressBots operate in a strictly sub-millimeter size domain. In this
section we discuss how scaling laws have influenced their design and fabrication.
Although scaling to small size for our thin film devices is not isomorphic, we
simplify the dimensional analysis in this discussion by using a single characteris-
tic length scale, parameterized by l [13, 14]. Forces scaling with a smaller power
of l become more dominant on the microscale.

A microrobot will generally have a much larger surface (l2) to volume (l3) ra-
tio than a large (standard-sized) robot. Effects which scale with mass or volume
(l3), such as inertia and gravitational forces, play a much less important role on
the microscale; for example, gravitational forces can be much weaker than adhe-
sion forces. For flat clean surfaces, adhesion forces can scale as surface area (l2)
or perimeter (l) [15, 16]. Physico-chemical adhesion between surfaces typically
scales as the area in contact (l2). In the presence of a condensable fluid, meniscus
capillary forces can dominate and scaling then goes as the circumference of the
contact area (l), though for a rough surface with multiple asperities in contact,
bridges form, so the perimeter of the contact area increases [15] and can be-
come fractal with scaling between (l) and (l2) [17]. Meniscus capillary forces can
work against robot locomotion; we minimize the potentially deleterious effects
of such strong forces by operating our MicroStressBots in a dry environment.
The fact that a purged dry environment improves their performance is in fact
an indication that such forces can indeed be important. Adhesion can also result
from built-up electrostatic charges; for constant charge density (or equivalently
constant electric field between surfaces), such adhesion also scales as area (l2),
as shown below.
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Fig. 15. Scanning Electron Micrograph (SEM) images of tethered SDAs after actuation
over a silicon nitride surface. The shadow traces left by the SDAs are clearly visible, and
are not visible in optical micrographs. After the tether connected to the left SDA broke,
the right SDA and the spring were pulled back towards the starting configuration.

Microscale frictional forces typically scale with area (l2). On millimeter and
larger scales, friction depends on load, material, and sometimes velocity, but not
on contact size. However on the microscale, adhesion provides a built-in load
force which can dominate over the weight or other applied load. For this reason
the common assumption for surface MEMS is that friction scales as contact area
(l2) [16]. Air friction also depends on (l2) [14].

Electrostatic forces for constant electric field also typically scale with area (l2).
For example, the force between plates of a parallel plate capacitor of capacitance
C, plate area A, gap x, and fixed voltage V , is given by:

F = − d

dx

1

2
CV 2 ∝ A

(
V

x

)2

= AE2. (1)

Initially this force is independent of l because as the gap shrinks, the electric
field (E) increases, while the area decreases. However in practice, the increasing
field is limited by the dielectric breakdown strength of the insulator used (zirco-
nia in our case), and the electrostatic forces then scale with area (l2). We choose
zirconia as our dielectric due to its particular combination of a high dielectric
breakdown strength and a large dielectric constant, enabling maximum force
with lower applied voltages.

Magnetic forces resulting from constant current density electromagnets scale
as l4 [14] and are thus relatively weaker on the microscale. For example, the
magnetic force between two parallel wires of length l, separated by d and carrying
currents i1 and i2 is proportional to i1i2(l/d); at constant current density, each
current i1 and i2 scales as the wire cross-sectional area, so the force scales with l4.
Such magnetic forces are thus relatively weak for small devices. If two permanent
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magnets are used, scaling is better: for fixed flux density the force between two
magnetized surfaces is proportional to area (l2). While such a system with only
permanent magnets could be used for one-time assembly, it does not allow for
dynamic control. Microrobots made of hard magnetic materials can successfully
interact with external field gradients [18, 19]; the force then scales with magnet
volume (l3), while the relatively large external electromagnets are assumed to
remain fixed in size.

A locomotion mechanism based on local electrostatic forces (l2) is thus at-
tractive for microrobots, both because such forces scale better than magnetics
and because they scale in the same way as the dominant dissipation (friction),
allowing a range of different sized robots to operate similarly within this regime.
Inertial (l3) and rotational inertia (l5) effects are less dominant at this scale,
simplifying the robot kinematics.

Scratch drives provide perhaps the simplest electrostatic MEMS locomotion
mechanism, but traditionally have required a tether or track to provide power. Our
thin film capacitive power coupling scheme [1] enables their untethered use. Such
harvesting of power from the operating environment is advantageous over schemes
involving on-board energy storage because for fixed energy density materials, the
storage capacity scales as volume (l3), making this less attractive at microscale.

An additional constraint for microscale devices is that assembly techniques are
limited; our designs are fabricated as a complete unit to avoid the need for assem-
bly. We provide locomotion, steering, power reception, and command decoding
all through a simple monolithic structure. Connected transfer frames, such as
those described above in Sec. 2.4 also enable the post-fabrication placement of
multiple robots as a parallel process.

6 Conclusion

We have fabricated several distinct microrobot species using surface microma-
chining. Power and control signals are broadcast to the robots from a uniform
global environment through capacitive coupling. MicroStressBot species are dif-
ferentiated by their design, respond uniquely to the same global control signal,
and are able to achieve assembly. In this chapter, we have summarised our work
on MicroStressBots and introduced some of the many challenges pertained to
the simultaneous control of multiple stress-engineered robots at the microscale.
Fabrication of mobile microbots is challenging, however the lack of mass assem-
bly tools at this scale also provides a niche which may eventually be filled using
such microrobots. On a micro-factory floor, an army of simple robots could be
used to assemble more sophisticated devices out of micromachined parts.
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Abstract. This chapter covers some fundamental work towards realiz-
ing functional mobile magnetic microrobots. First, the theoretical funda-
mentals of electromagnetism are presented. Second, an electromagnetic
testbed design for controlling mobile magnetic microrobots is described.
It is utilized to perform benchmarking tests on a simple I-bar shaped
magnetic microrobot design. After benchmarking, the critical aspects
for micro scale robots and two specific microrobot designs are developed
addressing the application needs of biomedical and micro manufactur-
ing tasks. They exhibit tumbling and crawling locomotion mechanisms,
respectively. Finally, a magnet microrobot body and vision-based force
sensor end-effector combination illustrates an approach for combining
different technologies together to create the truly functional mobile mag-
netic microrobots of the future.

Keywords: magnetic microrobotics, micro-force sensing.

1 Introduction

1.1 Motivation

The features and traits of tiny robots hold great promise in biomedical and man-
ufacturing applications. In biology, manipulation at the cellular level is always
a critical and challenging task, especially when manipulating live cells during
in vivo tasks. Also for the medical applications, there is a desire for tools on
the small scale for minimal and non-invasive surgery. Micro scale robots are
also needed for advanced micro manufacturing, especially in bottom-up additive
manufacturing scenarios. Micro parts typically require operations like handling,
sorting, positioning and assembly. Untethered micro agents have the poten-
tial to demonstrate advantages in executing these tasks in enclosed incapacious
workspaces. Driven by these practical needs, efforts have been conducted towards
functional magnetic micro scale robots that are more than pure permanent mag-
netic bodies and can exhibit advanced functions beyond simple locomotion. The
research community is still far away from realizing a micro scale robot that can
perform a complex microsurgical or manufacturing tasks with on-board sensing,
actuation, and intelligence. However, this allows for many opportunities for new
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ideas and approaches in order to make this a reality in the future. This chap-
ter presents the intial efforts towards creating truly functional magnetic mobile
microrobots for biomedical and manufacturing applications.

1.2 Related Work

Since actuation is still a significant challenge for micro scale robots, a major por-
tion of recent research efforts are addressed on the power delivery and working
mechanism for microrobots in order to derive mobility and controllability. Au-
tonomous robots on the macro scale are powered by engines, motors, etc., which
consume fuel or electricity. At present, these on-board power methods can not
be shrunk down to the micro scale, i.e. smaller than 1 mm. Since there are no
on-board power sources on that small scale, the representative power solutions
of recent work on wireless microrobotics are mainly based on field effects such
as electrostatic, thermal and magnetic principles.

The first representative microrobot prototype was presented by Donald et
al [1] with the largest dimension of 250 μm. This design applied a scratch-drive
actuator (SDA) working mechanism through electrostatic forces. The unteth-
ered, electrostatic microrobot consisted of a SDA and a curved, cantilevered
steering arm mounted on the actuator. The SDA part was able to move the
robot body forward while the steering arm could be clamped down as an anchor
to steer the robot’s orientation.

Thermal energy is also able to deliver energy over distances wirelessly. A
focused laser beam is one of the energetic options for optical driven thermal
propulsion [2]. With a focused laser beam, one micro device consisting of a
three-legged, thin-metal-film bimorphs structure has been developed by Sul et
al [3] with the overall dimension as small as 30 μm. Due to the different thermal
expansion coefficient of aluminum and chromium, the leg exposed to the laser
beam deflects differently than its original shape after release. Therefore, the
device can perform locomotion like an inchworm.

In additional to electrostatic and thermal actuation methods, the magnetic
principle also provides a solution for wireless power delivery to a microrobotic
agent. Various magnetic microrobot designs have been investigated. On the sub-
millimeter micron scale, the direct method of pulling or propelling a magnetic
microrobotic agent uses magnetic field gradients directly. One significant work
has been done by Yesin et al [4]. The design was an assembly of two electro-
plated nickel plates named “OctMag”. The assembled soft magnetic agent, of
largest dimension of 950 μm, was able to swim in a fluidic environment driven
by coaxial Maxwell and Helmholtz coil pairs.

For current microrobotic systems based on the direct propulsion with mag-
netic field gradients, one considerable limitation is that it requires relatively
strong magnetic field flux intensity. This is due to the trend that the magnitude
of magnetic force decreases fast comparing with inertia forces when dimensions
scale down. The magnetic force also decreases drastically with increasing working
distance and agent volume decreases. For the tiny robotic system, it’s difficult to
set the working distance close and keep the agent volume small at the same time.
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These difficulties place a limit on the minimum size of the effective magnetic vol-
ume of the microrobotic device. Therefore, other than the direct propulsion by
magnetic field gradients, more deliberate working mechanisms are explored for
feasible magnetic microrobotic systems.

One of the representative working mechanisms for magnetic microrobotics is
based on the oscillation of magnetic bodies. The mobile microrobot presented
in [5] is a spring-mass system powered by an external oscillating magnetic field.
The robot structure of largest dimension of 300 μm consists of a conductive base
frame carrying two smaller asymmetric soft-magnetic masses. The base frame
is made of gold which is non-magnetic while the magnetic masses are made of
nickel that serve both as a magnetic “attractor” and a mechanical stopper. This
resonant oscillation propells the agent to move in a desired direction in the plane
due to the asymmetry of the “attractors”.

Another representative series of work on magnetic microrobotics had been
done in Sitti’s group at CMU [6]. The agent is laser cut from a metal sheet
with the largest dimension of 250 μm. The metal sheet is made of permanent
magnetic material, NdFeB, that has built-in polarization and retains constant
magnetization. This feature makes it possible to predict the agent response when
exposed to time-varying magnetic fields. A sawtooth-shaped field signal was
generated to induce a cyclic rocking action that resulted in stick-slip motion on
various surfaces.

For the dry surface but not limited to it, Hou et al. [7] designed a rolling
locomotion method for a magnetic microrobot. The rolling magnetic microrobot
was fabricated by dripping adhesive onto an iron wire. A micro ball with a
diameter of 440 μm was formed after minutes of drying due to the cohesive
force. An external rotating magnetic field was generated by a rotating permanent
magnetic block underneath the working substrate. The magnetic force along with
normal blocking and friction force enabled successive rotations and locomotion.

1.3 Roadmap

The magnetic principle has been chosen here to actuate the micro scale robots
based on two major concerns: (1) It is a convenient way to realize untethered
power delivery over distance; (2) It does not need an engineered environment,
which is usually not available in the biomedical working environments nor in
small enclosed workspaces.

Once the power principle has been chosen, the required magnetic coil test-bed
and control module are developed to provide customizable magnetic fields with
required intensity level (Section 3). Initial studies begin with an I-bar shaped
robot design to derive the power input and resistance force levels on the micro
scale. The power input to the agent can be evaluated through calculating the
intensity of the magnetic field and the magnetization of the agent volume. The
undetermined part is the resistance force and power consumption at the micro
scale, such as the friction resistance, electrostatic adhesion, etc. These forces are
critical to benchmark the microrobot’s behavior prior to the future development
(Section 4).
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The micro magnetic tumbling microrobot (μTUM) design aims to be capable
to fulfill tasks in biomedical applications. For the micro scale robots, the pri-
mary features of biological and medical environments are: (1) complex, variable
resistance and damping; (2) 3D surfaces or obstacles. Therefore, the microroobt
needs adaptable mobility with limited power levels. The philosophy here is to use
the lowest power to realize as much possible mobility on variable surfaces and
medias, which is the reason that tumbling working mechanism is investigated on
the micro scale (Section 5).

Inspired by types of stepwise locomotion mechanisms in nature, a crawling
microrobot design applying the magnetostrictive principle is explored to achieve
stable incremental motions on dry surfaces. This feature accommodates the ad-
vanced manufacturing task such as precise positioning and assembly of micro
objects. The manufacturing environment is usually dry and the objective re-
quires stable and precise locomotion. Thereafter, a magnetostrictive asymmetric
bimorph (μMAB) microrobot design addresses applications in advanced micro
manufacturing scenarios (Section 6).

Since in-situ sensing is necessry for truly functional robots, the micro force
sensing function is incorporated into the wireless microrobot design as a micro-
force sensing mobile microrobot (μFSMM) (Section 7). Although the micro
force sensing function will not complete the whole roadmap to functional mag-
netic microrobots, it can be used as launching pad to more functional designs,
such as ones with on-board micro and nano actuators and other sensors.

2 Theoretical Fundamentals

2.1 Magnetic Phenomenon

Maxwell’s equations build up the original foundation of classical electromag-
netism. This classical set of four relationships is derived into equations that can
accurately predict the electro-magnetic behavior larger than quantum level. Mi-
cro scale magnetic robots are larger than quantum dimensions, therefore, the
equations are still valid for the magnetic phenomenon on the micro scale robots.

Although Maxwell’s equation set itself is a complete description, Ampère’s
circuital law and the Bio-Savart law provide the basic concept for the magnetic
phenomenon. The magnetic field density vector B inside a magnetic body not
only depends on the magnetic field but also on a superposition with the body’s
magnetization which is related to the material’s magnetic property itself. TheB’s
unit is Tesla (T ) while the pure magnetic field intensity vector H is measured
in Ampères per meter (A/m). The relationship between B and H is derived
through:

B = μ0(H+M) = μ0(H+ ρH) = μ0(1 + ρ)H (1)

where M is the magnetic body’s magnetization vector and ρ indicates this mag-
netization ability called magnetic susceptibility. The item 1+ρ is termed as μr,
which is named relative permeability of the material. A core of high permeability
μr is usually inserted inside a solenoid to strengthen the magnetic field B by μr
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times accordingly. Note that the magnetic properties are not only determined
by the material composition but also by the physical form like the crystalline
phase. Therefore, it might be more complex to interpret the magnetic behavior at
the micro scale due to different forming methods when compared to traditional
macro-scale manufacturing process.

2.2 Magnetic Force

Any magnetized body within a magnetic field will experience force and torque,
which is the actuating basis for the magnetic microrobot designs. The magnetized
body always has the tendency to align its internal magnetization according to
the streamline of the external field. In any case, the acting force on the magnetic
body is in the gradient direction of the magnitude of the applied magnetic field.

If the magnitude of the inner field strength is treated as a constant value for
simplification, the acting force and torque can be derived by:

Fm = Vm (M · ∇)B (2)

τm = Vm M×B (3)

where Fm and τm are the acting force and torque on the magnetic body respec-
tively, and Vm is the volume of magnetic part. Therefore, it is apparent that
three factors play primary roles in the exerting forces and torques on a magnetic
body, where the volume of magnetic material scales linearly.

3 Experimental Setup

Based on the electromagnetic theory, most of the artificial magnetic fields are
produced by electromagnetic coils whose common form is a solenoid, an iron
core wrapped with conducting wires. The resulting overall magnetic field in-
tensity vector can be derived through the algebraic sum of multiple solenoids’
contribution.

Thereafter, in order to actuate the microrobot designs, a first edition testbed
consisting of five independently controlled solenoid coils has been constructed
for customizable magnetic field signals (Figure 1(a)). One coil is built with more
turns than the others and mounted as the bottom coil to provide the vertical
magnetic field. The other four coils are manufactured identically with the same
dimensions and number of turns to produce the horizontal magnetic fields. All
five coils have cobalt-iron cores inserted with high magnetic permeability which
increases the field strength. The work space area is encompassed by the four core
end faces in a 1” square. The resultant field has been assessed and calibrated with
measurements from a DC Gaussmeter and simulation in COMSOL software.

The second edition compact coil system has also been manufactured consist-
ing of six coils in a more compact setting (Figure 1(b)), where the footprint of
total coil system is under 6”. The four side coils are still in solenoid form with
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(a) (b)

Fig. 1. (a) Photograph of the electromagnetic test bed. (1) CCD camera; (2) Micro-
scope lens; (3) One of the four side coils set for the horizontal magnetic field; (4)
Bottom coil for the vertical magnetic field; (5) X-Y stage; (6) Chamber in workspace.
(b) Photograph of the 2nd generation, compact electromagnetic test bed. (i) Overview
photograph of the compact test bed: (1) Overhead CCD camera; (2) Top coil of the
Helmholtz coil pair; (3) Side coil produces horizontal magnetic field. (ii) Overhead view
without the top Helmholtz coil: (4) Workspace. (iii) Bottom view of the coil system:
(5) Bottom coil of the Helmholtz coil pair.

cobalt iron cores inserted and they form a 0.6” square workspace. The upper and
bottom coil are wrapped with less turns in order to fit the compact dimension.
This coil pair in the vertical direction is in a Helmholtz setting without strength-
ening cores. This is for uniformly distributed vertical magnetic field that has no
field gradient across the horizontal plane. The setting also makes it possible for
observation with an overhead camera along the vertical axis.

Auxiliary hardware includes imaging, control and power supply systems. The
real-time imaging is accomplished with an overhead CCD camera along with
a microscope lens of adjustable magnification. The control commanding signals
are sent from a PC GUI program written in Labview software. The coils are
powered by a two channel variable power supply, where a matched drive circuit
is used to amplify the control signal.

4 Magnetic Microrobot Performance Benchmarking

So far, for the untethered submillimeter microrobots, mobility and adaptability
are still not resolved to perform functional tasks for real applications, such as in
biomedical or advanced manufacturing scenarios. The adaptability and mobility
are not separate but also not in a monotone relation either; faster speed does not
indicate better adaptability in many cases. While inertia becomes less significant
when the dimension decreases to the micro scale, the robot’s performance at a
particular instant does not only depend on its working mechanism but also
the environmental factors. Therefore, the first logical step toward functional
magnetic microrobots is to benchmark the various environmental forces that
a microrobot will experience. These are summarized as “resistance”, although
they may not always play negative roles. Since the acting magnetic force can be
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directly evaluated through the principle, these resistant micro force entities are
essential to benchmark the adaptability and mobility of the microrobot.

4.1 Resistance

The micro scale robots are primarily susceptible to surface force on dry surfaces
and fluid drag in fluidic environments. For the submillimeter microrobot, the
resistance on dry surface can not be simply estimated by the friction force due
to weight, since the inertial forces no longer play the dominant role at this
small scale. Instead, the resistance here on a dry surface is considered to include
adhesion forces.

The primary source of the “adhesion” comes from the electric charge accu-
mulated on the object’s surface. The magnitude of the electrostatic force Fe can
be derived based on Coulomb◦s law:

Fe =
1

4πε0

q1q2
r2

(4)

where ε0 is the vacuum dielectric constant, Ke = 1/4πε0 = 8.987×109 Nm2C−2

is called Coulomb constant, q1, q2 are the interacting charges and r is the
distance between them. Referring to the data of charge density, the electrostatic
force acting on a micro scale agent can be accumulated up to more than 10 μN .

In fluidic environments, the “resistance” on an object is generated by a pres-
sure gradient and friction drag on the object surface. As long as our study object
is small compared to the environment, the pressure gradient can be set as zero.
Hence the fluid drag FD is able to be written as:

FD =

∫
S

τdA (5)

where S indicates the object surface, A is the total surface area in contact with
the fluid, and τ is the shear stress. The fluidic drag force is usually evaluated
through empirical drag coefficients, related to the Reynolds number, Re.

4.2 Experimental Evaluation of Resistance

In order to experimentally evaluate the resistance force on micro scale, a de-
sign of a soft magnetic material volume is proposed and fabricated, whose ge-
ometric contour is outlined by a MEMS processed layer (Figure 2). Thus, it is
straightforward to derive the power level that the micron scale magnetic agent
owns. Furthermore, it is possible to extract the micro resistant force information
through motions with customized parameters in various environments.

The experimental method to derive the adhesive micro force on the dry surface
is conducted with a micro force sensor produced by FemtoTools [8]. The force
sensor chip is screwed onto a mounting plate attached to a shaft. The shaft is
further fixed to a manipulator which can move in the X−Y −Z directions with
65 nm step sizes (Figure 3). I-Bar prototypes with various aspect ratios and
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(a) (b)

Fig. 2. I-Bar shape microrobot design driven by magnetic field gradients. (a) CAD
model of I-Bar shape magnetic microrobot. (b) Prototypes of I-Bar shape magnetic
microrobots in different geometric aspect ratios.

Fig. 3. Experimental setup for resistance on dry surface. (a) Overview of the experi-
mental setup. (b) Local view of the workspace and the force sensor tip. (c) Overhead
view of the pushing test under the microscope.

different magnetic layer thickness are pushed by the force sensor (Figure 3(c)).
The tests are conducted on both sputtered gold and unpolished silicon surfaces.
The root mean square (RMS) values of their surface roughness are in nm and
μm magnitude, respectively.

These test results show that the resistance force on dry surface for the small
agent ranges from a few μN to several hundreds of μN . This fact indicates
that the normal friction becomes trivial on this small scale, which is due to
the inertia force such as weight. This trivial amount is governed by the normal
blocking force and coefficient of friction. Except the above amount of friction,
adhesion is also observed during the tests. This adhesion includes the attraction
due to electrical charge. Based on Equation 4 and the test result, the electrostatic
force is evaluated to be up to μN levels in magnitude. This is larger than the
magnetic force exerted on the micro scale magnetic agent, which is in nN range.
This conclusion corroborates the fact that the existing adhesion dominates the
micro scale magnetic robot in a field intensity in the mT range.

The test strategy for fluid drag is to record the swim velocities of the I-Bar
micro agent in both water and oil environments. The fluid test is conducted in
a 1” cube chamber fit into the workspace of the coil system. Since the fluid is
contained in a small chamber, the capillary effect and surface tension will lead
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to a slight curve of the water surface that impacts the translation velocity and
drag force on the microrobot body. Additionally, the orientation of the agent
also has influence on the velocity. In order to cross out the unrelevant factors,
four different current inputs are tested for each type of microrobot agent. The
three bigger current inputs and velocity outputs are subtracted by the minimum
reference set to cross out the surface effects. Therefore the rules affected by
the fluid drag and corresponding parameters can be extracted from the series
of the velocity differentials. An example result is shown in Figure 4. The tests
and following calculations indicate that the microrobots are in a stable laminar
flow domain in both fluids with low and high viscosities. The fluid drag force is
determined to be on the order of nN .

Fig. 4. Reynolds number of motion tests in fluid. The media is mineral oil with kine-
matic viscosity of 350c.s.t. in room temperature. t is the thickness of the magnetic
layer on the magnetic microrobot. The fraction indicates the geometric aspect ratio of
the I-Bar shape. I indicates the input current to the drive coil.

Evaluation results of the micro resistant forces provide a beneficial reference
for other future magnetic microrobot designs on the micro scale, such as the
necessary magnetic volume or required field intensity which is valuable for the
auxiliary hardware development. On the other hand, this preliminary informa-
tion is useful to estimate the adaptability and mobility of the microrobot in
various complex working environments.

5 The Tumbling Magnetic Microbot (µTUM)

Applications in biology and medicine is one of the primary drivers for mobile
microrobot research. Real bio-environments are usually not flat but complex
surfaces of tissue, flagella, etc. The evaluation of micro resistant forces indicates
that various types of forces on the surface are the major portion of the challeng-
ing resistance for the microrobot. Thus, a working mechanism that decreases the
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contacts with surface would be beneficial. However, totally lifting the robot up
from surface and removing all friction will make the agent exhibit fast uncon-
trollable behaviors. The philosophical trade-off here is to take advantage of the
surface friction but reduce the surface contact as much as possible. Therefore, a
tumbling motion style could be the solution for an adaptive working mechanism.
The tumbling magnetic microrobot, μTUM, (Figure 5) addresses this need to
be able to negotiate complex surfaces in biomedical environments [9–11].

(a) (b)

Fig. 5. The μTUM magnetic tumbling microrobot. (a) Schematic of μTUM . (b)
μTUM on a US dime. [10]

5.1 Working Mechanism and Analysis

To realize the tumbling locomotion mechanism on the micro scale, a composite
dumbbell structure with magnetic properties has been designed (Figure 5(a)).
The two bell parts of the dumbbell structure are permanent magnets with op-
posite polar directions. The bell ends are connected by a non-magnetic bridge
part.

Suppose the microrobot body lies on the working surface (Figure 6(a)). When
the magnetic field in upward (+z) direction is turned on (Figure 6(b)), bell A
will be pulled down whereas bell B will be repelled up. This pair of forces will
generate a pure moment (force couple). If we turn on the horizontal magnetic
field pointing right (+x) at the same time when turning off the vertical field
(Figure 6(c)), the dumbbell device will experience a continuous moment making
itself tumble forward (Figure 6(d)). If the device needs to tumble to the left
(−x), all that needs to be done is commanding the magnetic field signals in the
opposite direction. The beauty of this tumbling mechanism is the adaptability to
different non-idealized surfaces which are common in biomedical environments.
During this locomotion process the surface is not necessary to be ideally flat or
horizontal as long as it has contact between the microrobot and the substrate.

Another sliding operating mode is also able to be accomplished by this tum-
bling microrobot design. When in a flat local area, the tumbling microrobot is
able to translate in a simpler standing up-sliding locomotion mode (Figure 7).
After the μTUM agent stands up, one can turn on the horizontal field in a pulse
of certain length oppositely (Figure 7(c)) compared with the step(c) in tumbling
cycle (Figure 6(c)). Therefore, the lower bell part will be pulled resulting in a
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(a) (b) (c) (d)

Fig. 6. Tumbling motion mechanism of the magnetic tumbling microrobot. (a) Initial
position; (b) Apply vertical magnetic field to make the agent stand up; (c) Apply
horizontal magnetic field to fulfill the tumbling locomotion cycle; (d) Final position of
one tumbling cycle.

(a) (b) (c) (d)

Fig. 7. Sliding motion mechanism of the μTUM microrobot. (a) Initial position; (b)
Apply vertical magnetic field to make the agent stand up; (c) Apply horizontal magnetic
field to pull the lower bell part for sliding; (d) Turn off the horizontal field while keep
the vertical field on, the agent will stand in a translated position.

sliding motion (Figure. 7(d)). Only repeating the last two steps can accomplish
the sliding locomotion cycles. This sliding locomotion is not as adaptable as
tumbling is to complex environments. Since it has relative motion between the
microrobot body and the surface. However, it is more suitable for certain manip-
ulation tasks after the agent reaches the goal area through tumbling locomotion.

The general case of a force analysis model for the tumbling robot is shown
in Figure 8, where the arrows in orange color indicate the directions of the
magnetic field on the magnetization of the bell parts. The black arrows show the
forces and torques that act on the agent. ϕA and ϕB are the angle contained
by the vertical direction of the streamline of magnetic field at position A or B,
respectively, whereas θ is the agent’s incline angle from the horizontal surface.
Based on d’Alembert principle, the agent’s equilibrium stance can be evaluated
through:

δW

δθ
= V M ∇BB cos2θ L− 1

2
(G+Fa) L cosθ+V M (BB −BA) sinθ = 0 (6)

The model analysis indicates that a larger exerting magnetic force is helpful
for magnetic actuation, including this tumbling design. While a larger volume
is not feasible on micro scale, larger field gradients along the vertical direction
is beneficial for the performance. Moreover, with the same magnetic force, this
tumbling design can conquer larger adhesion than driving the magnetic agent by
field gradients directly. The performance can also be enhanced by a completely
uniformly distributed vertical field which means less field gradient across the
horizontal plane.
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Fig. 8. Free body diagram of μTUM microrobot on a surface with applied external
forces and torques

5.2 Experimental Tests

This tumbling magnetic microrobot design has been fabricated through a custom
surface MEMS process [10]. The three parts are patterned through photolithog-
raphy with negative photoresist step by step. The magnetic bell parts are cast by
the photoresist mixing with permanent magnetic powder. It is polarized during
the soft bake process before exposure. The prototypes have shown the opposite
polarization successfully. The tumbling locomotion mechanism has been verified
through manually controlled signal (Figure 9).

Fig. 9. Steps in one cycle of a μTUM agent performing tumbling motion. The states
of top views and side views are captured in different cycles of tests when a side camera
is temporarily set up.

The motion adaptability has been tested on various substrates, such as paper,
glass, bio-tissue, and rough surfaces like a U.S. penny (Table 1). The tests show
that the μTUM microrobot owns about the same mobility on different surfaces,
which confirms the motion adaptability of the tumlbing locomotion mechanism
at the micro scale.
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Table 1. Results of tumbling tests on various substrates

Substrate Travel distance Time Velocity
(mm) (s) (bodylength/s)

Paper 1.76 4.3 1.02
Glass 1.64 4.5 0.91
Penny 3.45 9.4 0.92
Tissue 2.22 5.7 0.97

Note: The tests have been run with manual control.

The sliding locomotion and manipulation ability of this magnetic tumbling
microrobot has also been verified with the proposed field signal sequence (Fig-
ure 10). The manipulation force was derived with pushing tests against a tip of
an atomic force microscope tool and determined to be approximately 4 μN .

Fig. 10. Pushing manipulation test of μTUM prototype working in sliding mechanism.
A triangle peg is pushed within one sliding locomotion cycle and released. This test is
also conducted in an oil bath (viscosity = 40 c.s.t.).

6 The Crawling Magnetic Microbot (µMAB)

Untethered micro-scale end-effectors for advanced manufacturing on the mi-
cro scale will be advantageous for additive manufacturing operations in tight
enclosed workspaces. The requirements of advanced manufacturing tasks are
typically precise positioning and stable motion, needed for assembly and ma-
nipulation tasks. Therefore, the logical idea for a microrobot fitting the require-
ments is to exhibit incremental locomotion on a dry surface. Thus, a crawling
micro-scale Magnetostrictive Asymmetric thin film Bimorph (μMAB) micro-
robot design has been proposed and investigated (Figure 11).

6.1 Working Mechanism and Analysis

Thismicro-scaleMagnetostrictiveAsymmetric thin filmBimorph (μMAB) mi-
crorobot [12, 13] consists of a magnetic film bonded to a nonmagnetic substrate.
Due to the magnetostrictive phenomenon, stress is produced in the film when it’s
exposed to magnetic field. Bending occurs if one end of the two layer structures
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(a) (b)

Fig. 11. (a) Actuation principle of the μMAB magnetic microrobot; (b) Isometric view
of the μMAB schematic

is clamped. Further, if the deflected end is in contact with some ground or face,
a blocking force is produced which is able to provide mechanical work through
the friction force it causes. Legs with different geometry dimensions and different
contact lines/areas are able to lead to different blocking forces and then friction
forces. Making use of the friction difference along the contact face between the
robot and the ground can push or pull the robot mass in an incremental step.

Few theories and software tools are able to simulate and predict a planar
magnetostrictive bimorph’s behavior. What has been done here is translation
of the magnetostrictive problem to a piezoelectric problem, because the later
situation has analysis tools available. Essentially the same as the piezoelectric
phenomenon and its converse effect, piezomagnetic and magnetostrictive effects
are opposite phenomena. The piezomagnetic principle is described as:

{
ε = σ

EH
y

+ dσ33H

B = dH
∗

33 σ + μσH
(7)

where ε is strain, EH
y is Young’s modulus at constant magnetic field H, B is

magnetic induction, μσ is permeability at constant stress, dσ33 is its the ax-
ial strain coefficient while dσ33= dε/dH, and dH

∗
33 is its inverse coefficient while

dH
∗

33 =dB/dσ.
For the piezoelectric phenomenon, the so-called coupled equations illustrating

the principle are described as:
{
S = [sE ]T + [dt]E
D = [d]T + [εT ]E

(8)

where S is strain, s is compliance stiffness and T is stress. D is the electric
charge density displacement (electric displacement), ε is permittivity and E is
zero or constant electric field strength, d is the matrix for direct piezoelectric
effect and dt is the matrix for the converse piezoelectric effect. The superscript
E indicates a zero or constant electric field; the superscript T indicates a zero,
or constant, stress field; and the superscript t stands for transpose of a matrix.

One can compare the items of the piezomagnetic and piezoelectric equation
sets correspondingly (Equation set 7 and 8). The units of the parameters are
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Table 2. Analogies in Piezomagnetic and Piezoelectric Domains

Magnetostriction Piezoelectricity

Physical quantity Strain(ε) Strain (S)
Unit 1 1

Physical quantity Elasticity(1/E) Elasticity(SE)
Unit ( N

m2 )
−1 ( N

m2 )
−1

Physical quantity Stress (σ) Stress (T )
Unit N

m2
N
m2

Physical quantity Magnetostriction (d) Piezoelectricity (d)
Unit V ·s

N
= m

A
C
N

= A·s
N

= m
V

Physical quantity Magnetic field (H) Electric field (E)
Unit A

m
N
C

= V
m

Physical quantity Magnetic induction (B) Electric displacement (D)
Unit N

A·m
C
m2 = N

V ·m
Physical quantity Permeability(μ) Permittivity (ε)
Unit H

m
= A·s

m·V
F
m

= V ·s
m·A

Table 3. Parameters and results of magnetostrictive cantilever

Material W L tm ts H (V/m) δsim δcal Fb (μN)

Nickel 280 190 1 10 2× 105 0.036 0.037 6.376

Terfenol-D 280 190 1 10 2× 105 5.921 5.976 629

Note: W is the width, L is the length, tm is the thickness of the magnetostrictive layer,
ts is the thickness of non-magnetic substrate layer,H is the exterior magnetic field, δsim
indicates the simulated deflection in COMSOL software, δcal indicates the calculated
deflection, and Fb is the blocking force. All the geometric items are quantified in μm.

summarized as Table 2. We can see that the calculation and effects of mag-
netostriction can be mapped to the piezoelectric domain. The mathematics of
piezoelectricity and magnetostriction are essentially the same if the effect is
treated as a one-dimensional property. Based on the design parameters [12, 13],
with an operating current of 5 A the deflection of a nickel bimorph layer is simu-
lated as approximately 5 μm and the corresponding blocking force is calculated
at about 6μN (Table 3).

6.2 Experimental Tests

This μMAB design has been fabricated with customMEMS techniques including
photolithography and electroplating [13]. The finger structure and body film are
patterned layer by layer. The top magnetostrictive layer is electroplated last.
The current magnetic layer is made of nickel since it can be easily deposited
through electroplating. However, its magnetostrictive property is much lower
than the composite magnetic material named “Terfenol-D”, which is ideal for
this application but can not be processed with electroplating.
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(a) (b)

Fig. 12. Two actuation modes of μMAB prototypes. (a) Vibration actuation from
oscillating field. (b) Pulling actuation by magnetic field gradients.

For the μMAB made from nickel, the actuation is coupled with both magnet-
rostrictive and magnetic phenomena (Figure 12). The desired actuation mode
for μMAB prototypes is shown schematically in Figure 12(a).

An input of 20 current pulses of 5 A are incrementally applied to the side coil
pair in a frequency of approximately 4 kHz. The pulse signal causes the robot to
vibrate/deflect and translate across the substrate. At the conclusion of the pulse
train, the robot motion ceased. Upon the application of another magnetic field
pulse train, robot movement resumed in a similar manner. Snap-shots from one
such test illustrating this actuation mode are shown in Figure 13. It is observed
from the experimental results that the expected magnetostrictive phenomenon
is coupled with the strong magnetic field gradient, which leads the robot body
to translate in the lateral direction.

Fig. 13. Snap shots of vibration mode translation of μMAB prototype

Therefore, it has not been determined how the magnetized body and magne-
tostrictive principle of the body are coupled and interact at the micro-scale.
More accurate theoretical modeling of the planar magnetostrictive bimorph,
considering the initial magnetization is necessary for precise prediction of the
microrobot’s behavior based on magnetostrictive principle. However, this design
does show great potential for realizing stable incremental motion on dry surfaces
for advanced manufacturing applications.
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7 The Micro-Force Sensing Mobile Microrobot (µFSMM)

For the micro scale robot, the evironmental conditions are critical for the micro-
robot design and performance. Therefore, the effort here is to develop a mag-
netic microrobot design with a sensing module that is able to provide in-situ
micro force feedback wirelessly. This Micro-Force Sensing Mobile Microrobot
(μFSMM) joins a magnetic microrobot body part and a non-magnetic, vision-
based force sensing end-effector (Figure 14(a)). The magnetic part is the driven
part of the robot that is manipulated with magnetic fields in the workspace.
The force sensor part works as a vision-based force sesor that provides micro
force feedback, without wire, circuit or any complex electronic device [14]. From
knowledge of the planar stiffness of the mechanism and observing the displace-
ment with an overhead camera as it interacts with objects, the forces can be
determined.

(a) (b)

Fig. 14. (a) μFSMM design. The base part in pink color indicates the magnetic drive
part. The spring structured part in greem color shows the vision based force sensor
module. (b) Prototype of μFSMM design.

The design parameters of the micro force sensor module can be found in [14].
The stiffness parameters are derived from finite element simulation and AFM
indentation tests of fabricated prototypes. It shows that the force sensor has
different stiffness in the X and Y directions.

The force sensor part is made of polydimethylsiloxane (PDMS) for low stiff-
ness. In order to manufacture the micro force sensor part, a micro mold made
from negative photoresist is patterned in advance. The released force sensor part
is bonded with beryllium copper piece for attachment with a magnetic body piece
(Figure 14(b)).

A prototype μFSMM has been experimentally tested with the first edition
coil system. The input current in the coil is gradually increased from 1A to 6A
to drive the robot into a fixture for initial testing. Increasing the current input
results in larger field gradients and also larger deflection of the micro force sensor
due to the larger blocking force. The evaluation of the blocking forces through
the two methods are compared in Figure 15. In the first method, the blocked
force, Fm, is determined by calculating the exerting magnetic force on the robot
based on the input current level and magnetic body volume and properties.
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In the second method, the blocked force, Ff , is determined from experimentally
observing the deflection of force sensor and multiplying this value by the stiffness
of the mechanism in the appropriate direction. The results for each method show
good agreement, with errors in the tens of nN range (same order as the force
sensor resolution). Therefore, we can set up a monotone relationship between
the current input and output force on the tip of the micro force sensor robot.
Thus, the vision based force sensor on a magnetic microrobot body is able to
provide reliable force feedback information to a teleoperator or to a force-guide
closed loop control system.

Fig. 15. Blocking force evaluation of micro force sensor assembly through two meth-
ods. Fm indicates the experimental result from applying the magnetic drive force. Ff

indicates the evaluation result through multiplying the tip deflection by known stiffness.

8 Discussion and Conclusions

Actuation and mobility are still the major challenge for micro scale robots.
These magnetic microrobot designs address the difficulties of practical appli-
cations. This work provides a beneficial starting point for the truly functional
submillimeter magnetic microrobots of the future for biomedical and advanced
micro manufacturing applications.

The submillimeter scale magnetic microrobot is able to generate a small
amount of acting force ([nN , μN ]) when compared to the environmental re-
sistance that it must overcome. To address this difficulty for the mobility of the
magnetic microrobots, the resistance exerted on the micro agent is explored in
both dry and fluidic environments. An I-Bar shape magnetic prototype has been
designed and fabricated as the end-effector to explore the range of the resistance
at micro scale. It is confirmed that inertia force plays a minor role (nN) while
stochastic adhesion and electrostatic forces are significant ([nN , μN ]). In the
fluidic environment, the micro scale agent moves in the laminar flow in both
high and low viscosity. The micro force data provides benchmark information
for future microrobot system development in specific environments.
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The μTUM microrobot is able to work in a tumbling motion mechanism
driven by a predefined sequence of external magnetic fields. By switching the con-
trol signal during the cycle, a sliding locomotion mode can also be realized with
advantages for executing manipulation tasks. The most appealing advantage of
this μTUM microrobot design is the adaptability to complex environments and
flexible operation modes, which will provide some beneficial mechanisms for ef-
fective tools in real biomedical applications in future, such as drug delivery in
hard to reach areas or scraping and pushing tasks at micro scale. This tumbling
mechanism at the micro scale can be further explored with more uniformly po-
larized prototypes. The coil testbed and control system can also be improved for
better magnetic field distribution.

The μMAB microrobot design has been verified by modeling and analysis
with translating the piezomagnetic principle to the piezoelectric domain. The
behavior of prototypes made from nickel indicates that magnetic and magne-
tostrictive principles are actuating the microrobot with two operating modes.
A more complicated and functional microrobot design should be feasible by
suitable design and application of structures using micro-scale magnetostrictive
mechanisms. The results also indicate that a more realistic theoretical model
and calculations are essential to capture the coupling effect of the magnetization
and magnetostrictive phenomenon for the micro scale magnetic robot.

The μFSMM design provides a concept of a micro scale robot accomplishing
an in-situ task wirelessly. It incorporates the micro force sensing function into the
mobility of the magnetic microrobot. The sensed force of the current prototype
is in nN range.

The work presented here shows that the most critical aspect of magnetic mi-
crorobot development is the limited power level of the robots when compared
with the environmental resistance that they must overcome. A delicate working
mechanism is required based on magnetic principles and it should be tailored to
specific application scenarios. The tumbling and crawling working mechanisms
have shown merit for functional micro scale magnetic microrobots. The magnet
microrobot body and vision-based force sensor end-effector combination illus-
trates an approach for combining different technologies together to create the
truly functional mobile magnetic microrobots of the future.
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