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Abstract
Primary challenges in the building of untethered submillimeter sized robots
include propulsion methods, power supply, and control. Based on previous
work on the Wireless Resonant Magnetic Micro-actuation principle a large
number of mobile micro agents called MagMites have been designed, built,
characterized, modeled, and successfully controlled with the purpose of handling micro objects in dry and wet environments. The term MagMite is
derived from Magnetic Mite—a tribute to the underlying magnetic propulsion principle and the micro-scale dimensions of the robot. The device harvests magnetic energy from the environment and effectively transforms it
into inertia- and impact-driven mechanical force. It can be powered and
controlled with oscillating fields in the kHz range and strengths as low as
2 mT. With dimensions less than 300 µm × 300 µm × 70 µm and a total mass
of 30–50 µg these agents are capable of moving forward, backward and turning in place while reaching controllable speeds in excess of 12.5 mm/s or 42
times the robot’s body length per second.
In this work it is demonstrated how the micromachines exhibit a plethora
of driving behaviors and operate on a host of unstructured surfaces under
both dry and wet conditions. Various micro-objects ranging from beads to
biological entities have been successfully manipulated in a fully automated
fashion. Multi-agent studies have shown great promise to be used in cooperative tasks and it is shown how the principle can be extended to agents
capable of untethered and self-propelled three-dimensional motion in fluids.
Many platforms based on impulsive actuation have been suggested before,
but none of them combined all the features that are required for a truly mobile and flexible sub-millimeter robot suitable for multi-agent applications
in an unstructured environment. The MagMites offer an exceptionally wide
range of behaviors and exhibit an overall degree of controllability, performance, and flexibility unmatched by other microrobots demonstrated thus
far. It is conceivable that combining this principle with other technologies
could enable new applications of magnetically actuated micromachines in the
medical field.
i

Zusammenfassung
Die grösste Herausforderung bei der Konstruktion von frei beweglichen
Robotern mit Dimensionen unter einem Millimeter ist die Entwicklung geeigneter Methoden zur Fortbewegung, Energieversorgung und Steuerung. Basierend auf vorgängigen Erkenntnissen zum Prinzip der berührungsfreien resonanten magnetischen Mikroaktuation wurde eine grosse Zahl von mobilen Mikroagenten, die sogenannten MagMites entwickelt, gebaut, charakterisiert und erfolgreich betrieben mit dem Zweck der Manipulation von Mikroobjekten in trockener und nasser Umgebung. Der Begriff MagMite steht
kurz für Magnetic Mite (engl. für magnetische Milbe) und erinnert an das
magnetische Aktuationsprinzip sowie die mikroskopischen Dimensionen des
Roboters. Der Mechanismus verwendet die magnetische Energie der Umgebung und wandelt diese direkt in trägheits- und impulsgetriebene mechanische Kraft um. Er kann mit schwingenden Feldern im Kilohertzbereich und
Stärken von nur 2 mT betrieben werden. Mit Dimensionen von weniger als
300 µm×300 µm×70 µm und einer totalen Masse von 30–50 µg sind die Agenten in der Lage, vorwärts und rückwärts zu fahren, sich an Ort zu drehen,
und dabei kontrollierte Geschwindigkeiten von über 12.5 mm/s oder 42-mal
die eigene Körperlänge pro Sekunde zu erreichen. In der vorliegenden Arbeit
wird demonstriert, welch vielfältiges Fahrverhalten die Mikromaschinen aufweisen und wie sie auf zahlreichen unstrukturierten Oberflächen sowohl unter
trockenen als auch nassen Bedingungen betrieben werden können. Verschiedenste Mikroobjekte von Glasperlen bis hin zu biologischen Entitäten wurden
erfolgreich vollautomatisch manipuliert. Mehragentenstudien zeigen vielversprechende Möglichkeiten auf für die Verwendung in kooperativen Aufgaben.
Es wird dargelegt, wie das Prinzip auf mobile Agenten für die dreidimensionale Fortbewegung in Flüssigkeiten ausgeweitet werden könnte. Zahlreiche
Plattformen basierend auf impulsiver Aktuation wurden schon vorgeschlagen,
doch hat bisher keine davon alle Eigenschaften auf sich vereinigt, die für echte Mobilität von flexiblen Robotern mit Dimensionen unter einem Millimeter
mit der Befähigung zu Mehragentenanwendungen in einer unstrukturierten
Umgebung benötigt werden. Die MagMites bieten ein ausserordentlich breites
ii

Verhaltensspektrum und weisen eine Steuerbarkeit, Leistungsfähigkeit und
Flexibilität auf die bisher von keinen anderen Mikrorobotern erreicht wurden. Es ist gut vorstellbar, dass die Verbindung dieses Prinzips mit anderen
Technologien neue Anwendungen von magnetisch betriebenen Mikromaschinen im Bereich der Medizin ermöglichen könnte.
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1 INTRODUCTION

1
1.1

Introduction
Motivation

Untethered biomedical microrobots have potential applications in diagnosis and targeted drug delivery, implantation of active structures, and material
removal. In comparison to current laparoscopic techniques, microrobotic approaches can be classified as “noninvasive” with the potential benefit of even
less injury to the patient and correspondingly faster recovery times. Many
technologies must be developed and synergistically integrated to realize the
types of applications envisioned including device design and fabrication, device localization, control and planning, power, biocompatibility, and surgical
interfaces.
Science fiction writers have always fantasized about shrinking modern mechanical marvels to a size that could travel through our bodies. By making
machines small enough, they could use the cardiovascular system as miniature highways to wipe out disease, repair cells or give us superhuman powers.
Portrayed as submarines with a human cargo shrunken by exotic forms of
energy or as miniature nanobots bent on our assimilation, they have captured our imagination for generations. Unfortunately (depending on your
point of view), this is where they have been forced to remain, limited by the
technological hurdles of reality.
While autonomous microrobots traveling through the body are still the
work of science fiction, large robotic systems have arrived on the medical
scene and are an accepted part of many surgical suites. They are commonly used in minimally invasive procedures that reduce patient discomfort
and recovery time by reducing surgically induced trauma. Robotic systems
are being used to simplify difficult procedures and enable completely new
procedures that were previously impossible. Smaller systems such as Given
Imaging’s PillCam have given doctors new tools to peer inside the body.
Using camera pills, parts of the body that were previously only accessible
through major surgery can now be viewed on a monitor in a doctor’s office.
While the PillCam is quite small, it is still over 1 cm in diameter and nearly
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3 cm long. The development of even smaller systems will undoubtedly enable more minimally invasive and non invasive procedures. As sure as they
have captured our imaginations, wireless microrobots have the potential to
revolutionize many aspects of medicine. Small devices will use natural ducts
and cavities in the body to enable new procedures. The urinary tract, the
cardiovascular system, the cerebrospinal fluid system in the brain and spine,
and the vitreous humor in the eye are all possible pathways for microrobots
to perform procedures, deliver drugs and monitor patient health. Unfortunately, these developments will not be as easy as simply injecting a small
robot into the body. Microsystems are hampered by technological hurdles.
Devices this small require new technology for sensing, localization, propulsion
and actuation. Propulsion and actuation are the more challenging of these
requirements and the recent development of a wirelessly powered resonant
magnetic actuator is the basis of this research.
First, we outline the practical context and constraints, the applied design
principles for the microrobotic platform MagMite based on resonant magnetic
actuation, as well as their fabrication and handling. Then experimental work
on the characterization of tethered and untethered devices is presented and
compared to analytical and numerical models. Finally, the setup for the
application of the agents is introduced as well as the methods for observation
and control of mobile agents. We conclude with demonstrations of the current
capabilities of the overall system and an outlook on future applications.
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Figure 1.1: A MagMite prototype of 300 µm × 300 µm × 70 µm powered by
wireless resonant magnetic actuation and capable of driving on planar surfaces in dry and fluidic environments (colored micrograph taken with a scanning electron microscope, coloring by Brad Kratochvil). For size comparison
the microrobot is placed in front of a fruit fly (Drosophila melanogaster ),
which has a typical size of 1.5–3 mm.
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1.2

Roadmap of Mobile Microrobotics

While human intuition is built around the physics of larger scale objects in the range of centimeters to meters different phenomena dominate
at the microscale that are less intuitive. Material properties and forces in
many contexts directly relate to the volume of a given object and distances
between objects and therefore scale with 1/L3 and 1/L1 , respectively. For
instance, inertia becomes less significant and heat capacity becomes negligible while surface contact forces and atomic interactions begin to play a
dominant role [Trimmer, 1989; Wautelet, 2001; Cugat et al., 2003].
1.2.1

Power and Actuation

Central to the challenge of building submillimeter robots, or microrobots,
is the development of effective power storage and locomotion mechanisms [Abbott et al., 2007b]. While headway is being made on propulsion and sensing,
there are no suitable power sources or actuators available to drive pumps,
valves or other mechanical systems on wireless untethered microrobots. Few
practical actuators exist at these scales that can generate sufficient force to
perform useful tasks, and almost none of them can be operated in a wireless manner on sub-mm platforms. Many aspects of the problem must be
addressed when considering solutions. Energy storage does not scale well
and must be considered a primary design criterion [Curtright and Bouwman, 2004]. Selective control of individual actuators, and force output must
also be considered. Traditional methods of wireless communication or power
transmission methods typically involve inductive coupling between antennas.
Unfortunately, the efficiency of this method depends on the area of the coils,
making it a less attractive method for transmitting power to sub-mm robots.
In addition, such systems require circuitry and electronics that lead to further
power consumption, increased complexity and space requirements.
1.2.2

Agent Intelligence and Behavior

One day microrobots are widely expected to exhibit some forms of local
intelligence, however primitive, that enables them to interact with the envi4
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ronment and adapt to changes in their surroundings. A simple example would
be the PillCam that is already widely used in medical applications imaging
and sampling the environment while passing through the gastrointestinal
tract. Its purpose is the early detection of tissue and blood anomalies that
hint at the existence of tumors and other diseases. Currently, these devices
are passive (and fairly large). Local intelligence and actuation capabilities
could enable them to actively stop whenever a problem is detected, sample
the environment, extract a relevant specimen, and mark the target for further treatment. Such capabilities will distinguish microrobotic agents from
widely used chemical or radiological treatments.
In macroscale robotics, agent intelligence is typically achieved by implementing distinct behaviors on the software level, i.e. by making the agent
respond differently based on the combination of its inner state (dependent
on its history) and external cues (such as environmental feedback or an external control signal). To date, this is not yet possible in microrobotics due
to the insufficient miniaturization of electronic components, power supplies,
and actuators. As a result, the larger portion of the “brain” controlling the
behavior of a microrobot must reside outside the agent. Hence, state-of-theart microrobotic platforms are typically limited to a single agent with an
outside control infrastructure providing its “intelligence” and controlling its
behaviors. The simplest form of behaviors of microrobots can be achieved
with a form of on-board mechanical intelligence or “morphological computation” [Pfeifer et al., 2005] thanks to deliberate design variations leading to
an selective response of an individual agent to external cues.
1.2.3

Agent Localization

Potential localization methods for microscopic agents include passive and
active means with respect to the sensing apparatus. Active sensing is based
on the emission of a signal by the sensing apparatus where the emitted signal is affected and changed by the agent’s presence. Passive sensing could be
achieved if the agent was actively emitting its own signal that can then be
picked up by the sensing apparatus. While bilateral active communication
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in general and the wireless exchange of digital information in particular is
a common solution for larger scale robots, it becomes challenging or even
impractical at the microscale where the robot dimensions are order of magnitudes smaller than the wavelength of typical radio signals.
Active means with respect to the sensing system include the emission
of x-rays (e.g. CT), gamma rays (e.g. SPECT), magnetic resonance imaging
(MRI), etc. The magnetic properties of the agents presented in this work
make them ideal field perturbators that can be detected by a multitude of
such active sensing methods.
Passive means include any form of physical signal that accompanies the
agent’s presence and/or operation. For instance, if the same signal that is
powering and controlling the robot can also lead to the emission of different
signals, such as sound waves. If these can be picked up by a larger sensing
system, active signal emission by the agent has been accomplished. This is
the case with the resonating actuators presented in this work. Resonators
based on the same magnetic actuation principle have been studied as active
sound emitters [Flückiger et al., 2009] and could be demonstrated to allow
three-dimensional localization of the device.
Even though sound localization or active detection methods may be feasible and necessary in a biological environment, the robots presented in this
work are currently operated on a plane and can therefore be tracked by optical means.
1.2.4

Selective Addressability of Individual Agents

The potential of a robotic platform to scale to true multi-agent control,
i.e. the simultaneous operation of multiple agents in a shared environment,
depends on the addressability of individual agents. For practical reasons such
as miniaturization and sufficient power supply, intelligence implemented on a
software level is unlikely in the near term. For the time being “Morphological
computation” (Section 1.2.2) is a viable alternative to software solutions and
has been deliberately implemented in the microrobotic platform presented in
this work.
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2

Related Work on Mobile Microrobots

Veritable microrobotic systems featuring wirelessly controlled mobile agents
with principle dimensions in the submillimeter range have only emerged in
recent years. This can be attributed to the primary challenge of finding
suitable strategies to supply on-board or off-board power and methods for
transforming that power into mechanical actuation in general and propulsion
in particular (Section 1.2.1).

2.1

Power and Actuation

Strategies for supplying power can be classified as on-board, scavenged
from the environment, and transmitted [Nelson et al., 2010]. Illustrative
examples would be a battery, harvesting glucose and oxygen in the blood
stream, and electromagnetic induction of current in a receiver antenna, respectively. Typical methods of actuation at the macroscale include motors
driven by heat-induced expansion of fluids or gases, motors driven by the
controlled chemical combustion of fuels, motors driven by electrical currents,
and pneumatic pistons driven by pressurized fluids. None of these methods
are readily applied at the microscale. In contrast, microscale actuation typically relies on the direct induction of forces and torques, on resonant effects,
and on impulsive phenomena where phases of rapid change are followed of
longer phases of relaxation and slow buildup of new energy.
In microsystems the supply of power and its transformation into mechanical actuation is typically tightly coupled. In the following, power and
actuation principles and their practical application in actual microrobotic
platforms are briefly reviewed. Current strategies for microactuation include
inchworm motors, stick-slip actuators, impulse actuators, crawlers, and combinations thereof (see [Zhao et al., 2004; Brown et al., 2007] and references
therein). Impulsive actuation has been implemented in several systems and
has been achieved with different physical means. Electromagnetically induced repulsion [Higuchi, 1984], piezo actuation [Yamagata et al., 1990],
rapid thermal expansion by Joule heating [Yamagata et al., 1994] or with
pulsed lasers [Ohmichi et al., 1997], and electrostatic forces [Mita et al., 2003]
7
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have been proposed for driving miniature actuators with impulsive forces.
2.1.1

Electrostatic Actuation

Electrostatic transducers have been widely used in MEMS applications as
the surface area to volume ratio scales favorably allowing for strong interaction forces relative to the components’ mass. Electrostatic forces were used
for impulsive actuation of a device designed for micropositioning tasks [Mita
et al., 2003]. The device has approximate dimensions of 3 mm × 3 mm ×
0.6 mm, can be driven with a step size of ≈ 10 nm and reach a speed of up to
2.7 µm/s when operated at 200 Hz. However, the device needs to be tethered
to a 100 V signal during operation (Figure 2.2).
[Donald et al., 2003; 2006] demonstrated devices that rely on an electrostatic scratch-drive principle [Akiyama and Shono, 1993] and move on
specially prepared substrates with velocities on the order of 1.5 mm/s. The
actuation principle is based on the capacitive interaction between an electrostatic potential applied through the substrate with an insulating top layer
and opposing charges forming in the body of the robot [Akiyama and Shono,
1993], as shown in Figure 2.1. The attractive force will make the polysilicon
structure buckle and simultaneously deflect a standoff in front of the device.
Due to this, the robot will slip forward by a small distance. Once the potential in the substrate vanishes, the buckled plate will go back to its original
state but this time the tail is pulled forward rather than the standoff backward due to its particular geometry. In this way the device can be driven
forward by applying time-varying clamping signal. A separate pivot arm
can be employed for clamp-down and turning of the device in one direction
(Figure 2.1.b). Multiple devices can be addressed and controlled individually thanks to their mechanically tuned clamp-down voltages, but the need
for an engineered substrate and high voltages of up to 120 V and perfect
surface conditions limits the range of applications of this type of propulsion
mechanism.
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Figure 2.1: Left: basic principle of scratch drive actuation of a deformable
structure [Akiyama and Shono, 1993]. Right: principle applied to untethered
microrobots [Donald et al., 2003].

Figure 2.2: Electrostatically driven impulsive actuator on a chip package [Mita et al., 2003].

9

2 RELATED WORK ON MOBILE MICROROBOTS

2.1.2

Piezoelectric Actuation

Piezo actuation has been widely used for microactuation and precision
positioning [Yamagata et al., 1990; Martel, 2005]. Larger scale robots have
been implemented that successfully use this principle [Wood et al., 2003;
Nguyen and Martel, 2006; Edqvist et al., 2009]. However, smaller scale agents
with active piezo actuation have yet to appear. Due to the necessity of a
comparatively high voltage supply wireless operation may be challenging to
achieve.
2.1.3

Thermal Actuation

Thermal actuation is a suitable candidate for microactuation as the thermal capacity of objects scales with their volume, i.e. 1/L3 —which means that
heating and cooling times become very short with smaller dimensions. Hence,
controlled thermal expansion and contraction of micro-components and the
deflection of bi-layer materials due to different thermal expansion coefficients
when heated are favorable strategies. Electrical heating has been widely used
in MEMS to deflect silicon beams. Powerful miniature robots have been
built based on this principle [Ebefors et al., 2000; Kladitis and Bright, 2000;
Brown et al., 2007]. Optical means have been suggested for local heating
and deflection of bilayer cantilevers [Baglio et al., 2002]. Impulsive actuation
of untethered microstructures has been achieved by rapid thermal expansion
using Joule heating [Yamagata et al., 1994] or pulsed lasers [Ohmichi et al.,
1997]. Thermally driven locomotion mechanisms have been proposed using
focused lasers to provide the motive power. By controlling the heating time
and location, i.e. heating a single leg with a laser, tripod shaped agents with
dimensions in the range of 30 µm have achieved velocities as fast as 0.1 mm/s
(Figure 2.3) [Sul et al., 2006].
2.1.4

Vibration Actuation

Vibration actuation of a millimeter scale legged robot has been implemented by [Yasuda et al., 1995]. Two “kicking” legs that respond to particular resonant frequencies propel the robot forward. Addressing only one of
10
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Figure 2.3: (a) SEM micrograph of a micro tripod shaped agent (scale bar
is 20 µm). (b) comparison of idealized drawing of the essential features of an
impulse drive and inchworm walk that move through the successive deformations of the device [Sul et al., 2006].

the legs at a time causes the device to turn left or right, respectively. The
device measured 1.5 mm × 0.7 mm. Walking speeds of up to 7 mm/s could be
demonstrated. [Saitou et al., 2000] implemented a micropositioning system
based on microcantilever impactors that could be addressed by tuning the
vibration frequency. Forward and backward motion of a sliding end-effector
was controlled by actuating dedicated suspended masses that would impact
in the respective direction (Figure 2.4).
2.1.5

Magnetic Field Gradients

Aside from electrostatic and thermal power delivery systems, the use of
magnetic fields provides an attractive source of energy for untethered microrobotic agents. Systems have been proposed that rely on field gradients to propel the robots [Martel et al., 2004; Yesin et al., 2006]. Gradient propulsion requires relatively large magnetic fields due to the adverse
nature of magnetic force scaling depending on both distance and agent volume. These restrictions place strong limits on the minimum size of the
robots based on the work volume and materials used to generate the magnetic field [Abbott et al., 2009]. Recent developments in magnetic control
systems show great promise for the controlled three-dimensional manipulation of magnetic end-effectors in fluids [Kummer et al., 2011 to appear;
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Figure 2.4: Schematic top view of the externally resonated linear microvibromotor for on-substrate precise positioning [Saitou et al., 2000].

Kratochvil et al., 2011 to appear]. They could potentially be used in future
medical applications [Nelson et al., 2010] (Figure 2.5).
2.1.6

Rotating Magnetic Fields

Torques induced on ferromagnetic materials in a magnetic field scale more
favorably than the gradient force, which has led to a number of different approaches for microrobotic locomotion. Helical microrobots have been demonstrated to swim in low Reynolds number regimes by using rotating magnetic
fields [Yamazaki et al., 2004; Zhang et al., 2009; Ghosh and Fischer, 2009].
With this biomimetic propulsion method reminiscent of flagellar actuation
robots can effectively be screwed through fluids and even denser materials
such as cell tissue. Similarly, tumbling nanowires have been demonstrated
to show interesting locomotion and transport behavior of microparticles in
fluids near solid surfaces [Zhang et al., 2010a].
2.1.7

Pulsed Magnetic Fields

Impulsive actuation using electromagnetic fields has been proposed. Early
studies using electromagnetic pulses to microposition masses as large as
3.82 kg relied on a principle used in the industrial process of electromag12
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Figure 2.5: Image of a microrobot prototype intended for use in medical
applications. It is assembled out of three nickel pieces and driven by gradient
fields with the OctoMag system [Yesin et al., 2006; Kummer et al., 2011 to
appear].

netic forming where a repulsive force is generated by inducing eddy currents
in a conductive plate with the help of a pulsed electromagnetic coil [Higuchi,
1984]. Miniature robotic systems with wireless magnetic end-effectors have
been proposed for biomanipulation [Gauthier and Piat, 2004], where a small
ferromagnetic “micropusher” with dimensions on the order of 300 µm ×
300 µm × 10 µm follows the changing magnetic field of a mechanically moved
and rotated permanent magnet located under the surface carrying the sample medium. In a similar approach, hard-magnetic materials such as NdFeB
have been employed as untethered end-effectors and operated with pulsed
magnetic fields. The objects had dimensions of 250 µm × 130 µm × 100 µm
with a weight of 25.6 µg and were cut from a larger sheet of NdFeB by laser
micromachining and retain a magnetization of 500 kA/m [Floyd et al., 2008;
Pawashe et al., 2009]. Controllable speeds of 3 − −8 mm/s could be achieved
on a variety of different substrates as well as under water. A sawtooth-shaped
pulsed magnetic field is generated with the help of 5 macro-scale electromagnets. The pulsed field induces a rocking motion that results in stick-slip
propulsion of the end-effector over the substrate (Figure 2.6). This system has displayed good controllability and performance during microrobotic
competitions. It is operated with magnetic field in the range of 1–10 mT and
gradient fields of up to 150 mT/m. The challenge of batch microfabrication
13
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(a)

(b)

Figure 2.6: (a) Side view of a micro-robot exhibiting stickslip motion observed with a high-speed camera, compared with simulated results. (b) NdFeB end-effector driven over the surface of a coin [Pawashe et al., 2009].

with hard-magnetic materials is as of yet unsolved. This limits prototyping
and eventual production prospects. More recent prototypes are no longer cut
from hard magnets but made of magnetic powder formed with a photoresist
molding technique. In a similar approach, using a single step fabrication
method biocompatible ferromagnetic microtransporters were fabricated that
can be produced in large numbers [Sakar et al., 2010]. In a different approach a magnetic resonance imaging (MRI) system was used for power and
control. With the goal of biomedical applications a MRI has been adapted
to control a ferromagnetic bead with a diameter of 1.5 mm in a fluid environment. The device has been shown to be controllable in vivo in the
carotid artery of a living swine [Martel et al., 2004; Mathieu et al., 2006;
Martel et al., 2007].
2.1.8

Biological Actuation

Some have approached the challenge by harnessing biological systems to
provide the power transfer and actuation mechanisms [Behkam and Sitti,
2006; Steager et al., 2008; Martel et al., 2009]. While approaches such as
these hold great potential for future research, they are complicated by the
practical challenge of keeping biological entities alive for the desired task and
relying on an evolving organism with high intrinsic variation of the genetic
makeup, the phase of the life cycle, and hence the individual behavior. Ge14
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netic (re-)engineering of microorganisms to tailor them to a man-defined task
is an area of great promise but comes with the general ethical issues to be
addressed and the more practical potential dangers of stray organisms with
yet unseen characteristics. This being said, synthetic biology may well be one
of the most promising approaches to engineer truly autonomous man-made,
or rather man-designed, micromachines that can harvest local energy sources
and exhibit autonomous behaviors.
2.1.9

On-board Batteries

Commonly used electrochemical batteries have high conversion efficiencies
of up to 50% but they still suffer from low energy densities in the range of
1–2 kJ/m3 [Bates et al., 1993]. In their review, [Patil et al., 2008] discuss the
rechargeable thin-film solid-state lithium batteries that are available today
and express their believes in a fast advancement of the current technology.
They expect energy densities in the range of 720 kJ/kg within the next 5–6
years.
2.1.10

On-board Fuel-driven Actuators

Hydrocarbon fuels have been used in microfuel cells and microheat engines [Holladay et al., 2002]. They have relatively high energy densities of
20 kJ/m3 but the generators are still several millimeter in dimensions and
they suffer from low conversion efficiencies at the microscale. Furthermore,
the volume of fuels that can be carried on-board is quickly depleted making
the lifetime of such devices unpractical for most applications.
2.1.11

On-board Power Generation

[Lal et al., 2005] recently reported a radioisotope-powered piezoelectric
generator (RPG). It employs radioactive thin films and a nonthermal energy
conversion cycle where the buildup of electrical charges and periodical discharge by mechanical deflection of a beam is converted into electricity by
a piezo element. They claim high energy density (approximately 105 kJ/m3
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for radioisotopes) and conversion efficiency. Depending on the half-life of the
material very long live spans of years to hundred of years could be envisioned.
2.1.12

On-board Power Conversion of Scavenged Fuels

The scavenging of chemical energy found in the environment surrounding
a microagent has been proposed [Solovev et al., 2009] (see also references
therein). The authors implemented tiny jet engines driving microtubes with
speeds of up to 2 mm/s (approximately 50 body lengths per second). The
motion of the microjets is caused by gas bubbles ejecting from one opening
of the tube. The bubbles are created by a catalytic reaction of the aqueous hydrogen peroxide solution at the inner catalytic metal surface of the
tube. The devices can potentially be steered by magnetic fields. While the
performance of such engines is impressive and illustrates the advantages of
scavenging chemical fuels from the surroundings, the aggressive oxidation
properties of the artificial environment limit the direct application of such
a device in biological environments. In a more biocompatible setting the
scavenging of glucose and oxygen from the bloodstream could be envisioned.

2.2

Multi-agent Systems

Due to their small size technologies must likely be sought to enable the
operation and control of multiple agents, if microrobots are to have a useful
role outside of the laboratory setting.
On planar surfaces, the simultaneous operation of multiple agents has
been demonstrated [Frutiger et al., 2008b; Kratochvil et al., 2009b; Donald
et al., 2008; Pawashe et al., 2009]. However, in the approach of [Pawashe
et al., 2009] the robots do not truly share a common environment. Instead,
the hard-magnetic NdFeB end-effectors have to rely on a segmented surface
providing local electrostatic clamping in individually addressable areas. As
such, the system is limited by the resolution of the checkerboard-like digitized
substrate.
The deformation-based scratch-drive actuation proposed by [Donald et
al., 2008] on the other hand allows for individual addressability based on
16
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a selective response to a combination of snap-down and release voltages.
This enables the authors to address a limited number of multiple agents
individually in a shared environment but requires a structured substrate.
In three dimensions, such as the agents operating in fluids reported by [Yesin
et al., 2006; Zhang et al., 2009; Ghosh and Fischer, 2009], “multi-agent
control” has so far been limited to synchronous bulk-actuation due to the
rigid design of the robots. These systems could potentially be scaled to true
multi-agent platforms by capitalizing on the aforementioned “morphological
computation” principle, i.e. with the intentional inclusion of a secondary response mechanism enabling the agents to be addressed individually. In the
case of microhelical swimmers or “Artificial Bacterial Flagella (ABF)”, different agent-dependent step-out frequencies can be exploited for the individual
addressability of several agents [Zhang et al., 2010b].
With the exception of thermally actuated microrobots, all of the previously described systems require that the same control signals are sent to all
of the agents in use. Although strategies exist for multi-agent control in this
scenario, the tasks that multiple agents can perform are restricted to functions such as meeting at the same location, gathering close together, and
avoiding collision [Bretl, 2007]. In the case of systems using magnetic material, it is additionally unclear how multiple agents can be used effectively
due to the difficulty of separating agents that have come into contact with
one another.

2.3

Summary

While many actuation principles have been demonstrated to be successful
and promising for their primary application as high-precision micropositioning tools, to date few of them cover the feature combination required for
untethered mobile microrobots. The single actuator units implemented so
far are typically limited to one degree of freedom, often times mechanically
guided by trenches, and sometimes only unidirectional. Most of them have
overall dimensions of several millimeters to several centimeters. With the
exception of the laser-driven rapid thermal expansion method all of them
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remain tethered to electrical feeds, run on tracks, or rely on structured substrates to either power or individually address agents.
While advances are being made in the field of thin-film batteries, fuelpowered microgenerators, and even in new and exciting directions involving
radioisotopes, so far these technologies are not sufficiently developed to be
used as power sources on sub-mm micromachines. One of the more promising
approaches for autonomous agents in a biological environment would be the
scavenging of glucose and oxygen from the bloodstream or similar sources.
At the Institute of Robotics and Intelligent Systems other submillimeter robots have been developed that are powered and controlled by either
spatially varying [Yesin et al., 2006; Kummer et al., 2011 to appear] or timevarying magnetic fields [Zhang et al., 2009; 2010a]. These strategies make use
of gradient fields for pulling magnetic devices and rotating magnetic fields
to effectively screw them through the surrounding medium, respectively. So
far, all magnetic agents are nondeformable structures—or rather, wireless
robotic end-effectors.
The most promising applications for microrobotic systems are to be found
in the biomedical field where micro agents can provide a platform for “noninvasive” treatments in vivo. To this end, we focus our efforts on micromanipulation under “wet” conditions and multi-agent control capabilities.
In this work we present a deformable magneto-mechanical micromachine
that incorporates a two-mass resonator that can be powered and controlled
by pulsed magnetic fields [Vollmers et al., 2008; Frutiger et al., 2008a; 2008b;
Kratochvil et al., 2009b; Frutiger et al., 2010b; 2010a; Nagy et al., 2010]. It
is capable of directly converting the energy supplied by the external magnetic field into mechanical motion without any intermediate conversion to
electrical power by induction or eddy currents. A single signal is used to
control two degrees of freedom, i.e. bi-directional translation and rotation.
As opposed to the scratch-drive actuators [Donald et al., 2008]—which are
significantly slower and can only turn in one direction (either clock-wise or
counter-clock-wise) with a minimal turning radius of 176 µm—the micromachines presented here can turn in place in both directions. By designing
actuators for operation close to their natural resonant frequency, power con18
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sumption can be decreased. Furthermore, thanks to their resonant property,
the control of individual actuators becomes possible by using frequency modulated signals [Yasuda et al., 1995; Saitou et al., 2000]. The devices have been
demonstrated to be suitable for multi-agent applications without any need
for structured surfaces.
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3
3.1

Overview of Magnetic Principles
Magnetic Field

Electromagnetic coils are commonly used to generate magnetic fields. The
underlying principle is described by the Biot-Savart law as the relationship
between the length of the coil L, the number of windings N , the current I
flowing through them, and the resulting magnetic field density vector B at
a point of interest at a distance R ar from dL:
~ = µ0 I
B
4π

I
C

~ × ~aR
dL
R2

(3.1)

where C labels the coil integral, µ0 is the permeability of free space, dL is
the infinitesimal line segment along the direction of integration, ar is a unit
vector pointing from the line segment dL to the point of interest.
When multiple coils are used, all their contributions must be considered at
the point of interest. As the magnetic field density B is inversely proportional
to the square of the distance between coil segment and point of interest
large variations in magnetic force are to be expected for objects traveling
through the field. This is of great importance when the reliable control of
a microscopic robot in a magnetic field must be achieved. A solution to
attenuate field inhomogeneities in the work volume are Helmholtz coils.
3.1.1

Helmholtz Coils

In the context of this work pairs of coils are used that are arranged in the
so-called Helmholtz configuration shown in Figure 3.1.
The arrangement is such that the distance between the center of the
windings of both coils matches the coil radius R. The coils are connected in
series and create a field of high homogeneity in the center volume between
the coils. This is important in order to ensure a sufficiently controllable field
with little agent drift by minimizing field gradients in the workspace where
the robots are operated. Implementations of Helmholtz coils for this work is
discussed in greater detail in Section 11.1 and field plots given in Appendix H.
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Figure 3.1: Illustration of a Helmholtz coil arrangement (Wikipedia).

3.2

Materials and Magnetization

The magnetic field density vector B from Equation 3.1 is measured in
Tesla (T ) and material dependent. B is magnetic field density vector of the
induced total magnetic field within a given material and needs to be distinguished from the magnetic field intensity vector H measured in Ampères per
meter (A/m). Their relationship is given by:
~ = µ0 (H
~ +M
~ ) = µ0 (H
~ + χH)
~ = µ0 µr H
~
B

(3.2)

where M is the internal magnetization vector of the material, χ is the magnetic susceptibility or “receptiveness” of the material, µ0 is the permeability
of free space, and µr the relative permeability of the material.
The relative permeability µr is material dependent and particularly large
for ferromagnetic materials such as iron, nickel, and cobalt. Ferromagnetic
materials can be further divided into so-called soft-magnetic materials, which
are magnetized by an external magnetic field but retain little or no magnetization after the external field is removed, and so-called hard-magnetic materials, which stay significantly magnetized after the external field is removed.
Permanent magnets are made of ferromagnetic materials that have been
subjected to a special process that includes the application of powerful external magnetic fields forcing the magnetic domains in the microcrystalline
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Figure 3.2: Generic BH loop showing magnetization and hysteresis of magnetic material [NDT Education Resource Center, ]. The hysteresis loop of a
ferromagnetic material is generated by measuring its magnetic flux while the
external magnetizing field intensity is changed. The magnetic flux of an initially unmagnetized material will start at the origin and increase nonlinearly
(dashed line) with the externally magnetizing field until reaching saturation
in point (a). If the external field is now decreased to zero, the magnetization
of the material will no longer go back to zero but to a residual magnetization
at point (b) instead. To bring the magnetic flux of the material to zero again
an opposing external field has to be applied to overcome the coercive field
or “resistance to demagnetization” of the material at point (c). The material will follow the hysteresis loop as indicated depending on external field
direction and intensity.
structure to realign. The coercivity of a ferromagnetic material measures
the resistance of the material to becoming demagnetized, in other words it is
related to the intensity of the applied magnetic field that is needed to demagnetize the material to zero again after saturation. Therefore, soft-magnetic
materials have a low coercivity while hard-magnetic materials have a high
coercivity.
Magnetic materials can be characterized by a BH loop or hysteresis loop.
A generic hysteresis loop is shown in Figure 3.2. The overall shape anisotropy
of a ferromagnet greatly influences its preferential direction of magnetization
and if possible it will always tend to magnetize along its long axis or “easy
axis”.
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3.3

Electrodeposited Soft-magnets

In this work electrodeposited nickel is used as the magnetically active material of microrobots. The magnetic properties strongly depend on the particular fabrication and postprocessing history that defines the overall shape
as well as the microcrystalline structure and, thus, the often times significant
anisotropic stresses within the crystal grains. An experimentally determined
M H hysteresis loop of electrodeposited nickel is given in Figure 3.3 [Vollmers,
2008].

Figure 3.3: M H plot showing magnetization and hysteresis of a rectangle of
electroplated nickel with dimensions of 1000 µm × 500 µm × 50 µm measured
along the long axis. The measured coercivity is approximately 70 Oe (5570
A/m or with B = µ0 · H = 7 mT) while the saturation is around 0.75 T.
A experimentally determined magnetization curve of nickel is given in
Figure 10.5 and used in numerical models.
As an alternative to nickel alloys of ferromagnetic materials can offer better magnetic properties for the soft-magnetic part of microrobots. Electrodeposited CoNi alloys with cobalt percentages around 50-55 wt% and a facecentered cubic (fcc) structure are promising candidates [Duch et al., 2002].
CoNi alloys exhibit a high saturation magnetization (around 120 emu/g).
The saturation magnetization of electrodeposited cobalt is 150 emu/g) while
for electrodeposited nickel it is 52 emu/g [Gomez et al., 2005]. Moreover,
when the material is electrodeposited under favorable conditions it can exhibit a exceptionally low coercivity (around 16 Oe) with very low rema23
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nence [Kim et al., 2003; Ergeneman et al., in review]. If combined with iron,
these alloys can exhibit coercivities lower than 1 Oe [Osaka et al., 1998] and
high saturation magnetization (around 210 emu/g). Such properties are beneficial if the material needs to oscillate between a highly magnetized and an
ideally completely demagnetized state. This is the case for the magneticallydriven oscillators presented in this work.

3.4

Magnetic Forces and Torques

Generally, magnetized bodies are subject to translational forces and rotational torques when exposed to an external magnetic field. The magnetic
force given by Equation 3.3 depends on the non-uniformity of the magnetic
field. Hence, no net-force is exerted on a hard or soft-magnetic body in a
perfectly homogeneous magnetic field.
~ • ∇)B
~
F~m = Vm (M

(3.3)

Gradient fields are used to exert translational force on magnetic materials.
A magnetized body will then experience a force that pulls it in the direction
of increasing field intensity. Such fields can for example be generated with a
Maxwell coil arrangement [Yesin et al., 2006].
Magnetized bodies experience a torque when exposed to an magnetic field
and align their magnetization axis parallel to the external field.
~ ×B
~
T~m = Vm M

(3.4)

Hence, both force and torque scale with the volume of the magnetic object.

3.5

Interbody Magnetic Forces

If two soft-magnetic bodies are exposed to an external magnetic field,
dipoles will form leading to either attractive or repulsive forces. The interactive force depends on the separation distance as well as the shape and relative
arrangement of the bodies. Figure 3.4 illustrates this with magnets in serial
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Figure 3.4: Depending on device geometry, soft-magnetic bodies in a uniform
magnetic field can be made to either a) attract in a serial configuration or b)
repel in a parallel configuration. By maintaining a small distance between
the bodies on a microrobot, relatively high forces can be generated between
them.
and parallel arrangement with respect to their easy axis that is assumed to
be aligned with an external magnetic field.
In a serial arrangement as depicted in Figure 3.4.a opposing poles will
face each other and strong mutually attractive forces arise. In a parallel arrangement as depicted in Figure 3.4.b identical poles lie next to each other
and strong repelling forces arise. These forces are attributed to the fact that
a magnetic body perturbs the local magnetic field and generates strong local gradients that may in turn act on the second body. Therefore, strong
attractive or repulsive forces between soft-magnetic bodies can be generated even with locally uniform external magnetic fields if soft-magnets are
brought in close proximity. In a serial arrangement the bodies act as field
concentrators by funneling the field lines between their interfaces thereby
increasing the local field density significantly. As opposed to an arrangement
of two hard-magnetic bodies, the mutual attractive forces between two softmagnetic bodies will be reduced to a minimum again, i.e. dependent on the
remanence of the material, as soon as the external magnetic field is turned
off. This phenomenon was exploited in the design of the actuator on which
this work is based.
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4
4.1

Wireless Resonant Magnetic Micro-Actuators
Magnetically Driven Resonator

By combining the resonant response of vibration-driven actuators with
the ability of magnetic fields to remotely create strong localized interbody
forces, a new class of actuators was developed within our group, the so-called
Wireless Resonant Magnetic Micro-Actuators (WRMMA) [Vollmers, 2008].
The actuator is based on an arrangement of a relatively simple magnetomechanical spring-mass system operating close to resonance. The excitation
of this spring-mass resonator system is achieved by harnessing the strong
local interactive forces between small magnetic bodies in a uniform external magnetic field. Operating the system close to resonance maximizes the
amount of energy absorbed by the system. This energy is then used to overcome static friction and move the device relative to a substrate or guides.
Resonant actuators take advantage of the ability of the system to absorb large amounts of energy from the driving signal when the signal closely
matches a natural resonant frequency. During impact-free operation the
spring-mass-system can be modeled as a damped driven harmonic oscillator
as follows
F (t, x) = kx + c1 ẋ + c2 ẋ2 + mẍ
(4.1)
where k and m are spring constant and mass. Linear and quadratic damping
terms are given by c1 and c2 . F (t, x) is the excitation force received from
the magnetic field and differs from the driving force due to the nonlinear
gap-dependent magnetic forces shown in Figure 4.1.a. Because the moving
parts in the resonant actuator are quite small, the Reynolds number is much
smaller than one and the quadratic damping term (c2 ) can safely be set to
0 for a first approximation in air. The resonant frequency can then be given
as
r
1
k
c2
ωd
=
−
(4.2)
fd =
2π
2π m 4m2
when linear damping (c) can not be ignored. In our situation, the dampp
1
ing is quite weak in air and the simpler expression fn = 2π
k/m is suffi26
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cient in most cases, i.e. during design and to describe the tethered oscillator.
When mobile, however, the system behaves more like a two-mass oscillator
with a natural frequency shifted upward compared to the tethered device,
√
i.e. approaching f = f˜fn = 2fn when friction can be assumed to be very
low.

a

b

Figure 4.1: a) FEM-derived interbody forces between two 150 µm x 130 µm
x 50 µm (W x L x H) nickel bodies as used for microrobotic devices with a
5 mT field applied along the principle axis. The inset shows the robot body
with magnetic poles that arise in response to the external field. These poles
generate the modeled forces. The combined shape of the bodies acts like
a compass needle in an applied external magnetic field and enables control
of device orientation. b) Illustration of FEM-derived interbody forces and
torque of two close-by soft-magnetic bodies in an externally applied field of a
30◦ angle relative to the principle axis of the combined nickel bodies (external
field lines are shown in red going from the lower left to the upper right).
When placed in a uniform magnetic field, a ferromagnetic body will align
its long axis with the field due to torque generated by shape anisotropy.
Hence, for untethered devices rotational motion is controlled by changing
the direction of the external magnetic field acting on the easy axis of the
combined elongated shape of the two serially arranged magnetic bodies—
similar to a compass needle (Equation 3.4 and Figure 4.1.b).
Depending on the device geometry, the magnetic field also creates local
gradients and interaction forces between the two bodies, causing the spring to
deflect and the gap between them to narrow (Equation 3.3 and Figure 4.1.a).
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When the field is turned off, the attractive forces decrease to the level of
those generated by the magnetic remanence of the material and the bodies
separate. When excited with a low amplitude oscillating external magnetic
field the system can be driven to resonate. As the amplitude of the driving
field is increased, the amplitude of the mechanical oscillations also increases
until, potentially, impact occurs between the two bodies. During this impact,
the second body transfers its momentum to the first body and reverses its
motion to begin the oscillatory cycle again.
If the device was perfectly symmetrical in its oscillatory motion and actuated on a frictionless surface it could be expected to vibrate in place without
exhibiting any preferential direction of motion. To generate motion in a particular direction, net-motion over the course of an oscillation cycle must be
achieved. Hence, an asymmetry of the overall net-force acting on the device
over time must be present. Furthermore, the motion difference between the
two directions of the stroke of the resonant body can potentially be actively
rectified with an additional force leading to an increase of asymmetry in
net-force over the period of an oscillation cycle.
Thanks to the direct transformation of external magnetic energy into
mechanical oscillations the device can be operated without the need for wires
or tethers. Each oscillator offers multiple narrow frequency responses that
enable the selective control of individual devices. In addition, under some
conditions the oscillator can provide high directional forces through the use
of impact.
As opposed to other approaches, the construction of the resonant system
allows us to use soft-magnetic material for the magnetic bodies, which can be
readily batch fabricated. Additionally, the design of the actuator to perform
at resonant frequencies enables the possibility of frequency selectivity, which
is not readily available in other magnetically powered microrobotic systems
to date [Yesin et al., 2006; Zhang et al., 2009; Ghosh and Fischer, 2009;
Gauthier and Piat, 2004; Pawashe et al., 2009].
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4.2

Linear WRMMA Ratchet Drive

A first implementation of an untethered WRMMA actuator principle in
work prior to the development of microagents presented in the remainder
of this thesis was a linear ratchet drive Figure 4.2.a [Vollmers, 2008]. The
mechanism was designed for linear motion in one direction guided by a trench
structure etched into a silicon substrate. The device consists of a 40 µm
thick SU-8 structure that features two main bodies connected by a spring
Figure 4.2.b. Electrodeposited nickel pieces with a thickness of up to 45 µm
were to be attached onto the SU-8 areas such that two magnetic attractors in
a serial arrangement would be formed as shown in Figure 4.2.c. A preferential

(a) Schematic assembly

(b) SU-8 carrier, spring, fingers

(c) Nickel bodies

Figure 4.2: Schematic illustration of the first WRMMA based micromachine.
direction of motion of the oscillator would be achieved by making the friction
coefficient direction dependent. This was done by designing arrays of small
polymer fingers on only one of the two bodies with an angle of approximately
50 ◦ allowing it to slide more easily in one direction than the other. The
significant friction between the array of polymer fingers and the trench walls
as well as between the polymer supports and the ground was expected to be
29
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overcome by the strong forces released during hammer impact into the front
attractor.
Numerous challenges prevented the device from being finalized and operated. The problems included the direct deposition of nickel onto the polymer
support. Manual assembly of the device was attempted. Furthermore, fabrication induced feature variations and fatigue of the SU-8 structures created
significant variations of geometrical and mechanical properties. Despite the
fact that the device could not be reliably operated the developed processes
and lessons learned proved to be crucial in the implementation of future
generations of mobile devices presented in the remainder of this thesis.
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5

Design of Mobile Microrobots: MagMites

In this work, we developed a class of mobile microrobotic agent, the
MagMite, that is powered and actuated by an on-board resonator and driven
by strong localized magnetic forces induced in soft-magnetic attractors by
time-varying external magnetic fields (WRMMA) (Section 4). The term
MagMite is derived from Magnetic Mite—a tribute to the underlying magnetic propulsion principle and the micro-scale dimensions of the robot [Vollmers
et al., 2008; Frutiger et al., 2008a; 2008b; Kratochvil et al., 2009b; Frutiger
et al., 2010b; 2010a; Nagy et al., 2010].
In this chapter first multiple relevant physical phenomena are described.
In a second step the design context as well as the imposed constraints to
be considered are introduced and the fitness parameters defining the device
performance are outlined. Several trade-offs must be found for a suitable
design strategy within the given constraints for a successful implementation
of mobile agents. Third the design process within constraints and the actual
implementation of device variants is discussed.

5.1

Physical Concepts and Phenomena

In the following the relevant physical aspects are listed and graphically
illustrated whenever possible for the reader’s convenience and better understanding. Finally these aspects are summarized in a list in Section 5.1.9.
5.1.1

Magnetic Force

The primary driving force of the system is time-varying magnetic excitation. Different arrangements can be chosen with respect to the aspect ratio
of the magnetic bodies as well as their position and orientation relative to
each other. As outlined in Sections 3.5 and 4 the interacting non-linear forces
can be attractive or repulsive leading to a positive or negative feedback loop,
respectively. This is illustrated in Figure 5.1. In close proximity the bodies
act as field concentrators by funneling the field lines between their interfaces
thereby increasing the local field density in the gap significantly with respect
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(a) Parallel: negative feedback loop

(b) Serial: positive feedback loop

Figure 5.1: Conceptual depictions of the a) negative and b) positive feedback
loops arising from parallel and serial magnetic arrangements, respectively.

to the amplitude of the applied external magnetic field. A parallel arrangement leads to a fast decay of repulsive magnetic forces as the bodies are
pushed apart until an equilibrium point with either contact forces or spring
forces is reached. A serial arrangement will lead to ever stronger non-linearly
increasing attractive forces as the bodies approach each other. If the magnetic attraction between the bodies is sufficient to overcome opposing forces
such as the spring force, the bodies will continue to approach each other until
impulsive contact occurs (Section 5.1.3).
5.1.2

Spring Force

The spring force between the two magnetic bodies is an antagonistic force
counteracting any displacement induced by the magnetic force. The spring
force can be assumed to be linear and counteracting any displacement of the
relative resting position of the two bodies (Figure 5.2). The spring element
is the basis for the resonating properties of the device that allow for efficient
transformation of wireless magnetic field oscillations into mechanical energy
for propelling the device.
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(a) Spring force at rest

(b) Elongated spring

(c) Compressed spring

Figure 5.2: Conceptual depiction of the linear spring force counteracting any
displacement between the two bodies.

5.1.3

Force Superposition

When superimposing the non-linear magnetic attraction (acting in only
one direction) with the antagonistic linear spring force (acting equally in
both directions) different excitation modes with an asymmetric course of the
total force over an oscillation cycle can be achieved (Figure 5.3). The range
of possible force superpositions is broad due to the fact that the magnitude,
offset, frequency, and duty cycle of the magnetic excitation can be controlled
freely. If the magnetic force as a function of the external magnetic field
magnitude is strong enough to overcome the equilibrium point with the spring
force, the hammer will accelerate more and more until potential impact into
the front body occurs. This however depends on the timing and duty cycle
of the excitation as well as the direction and magnitude of friction forces
controlling the sticking or sliding of the front mass and therefore its position
relative to the swinging mass. The resonant properties of the spring-mass
system can greatly help to overcome the equilibrium point.
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Figure 5.3: Conceptual depiction of the superposition of the non-linear attractive magnetic force as a function of the external field magnitude leading
to a positive feedback loop in a serial arrangement of bodies and the linear spring force counteracting the relative mechanical displacement. The
swinging amplitude depends on both excitation and mechanical limits.
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5.1.4

Mechanical Limiting

The mechanical amplitude of the swinging mass is mechanically limited in
one direction by the other magnetic mass or device features (Figure 5.4). This
influences achievable speeds, acceleration paths, and impulsive phenomena
including potential impact of the swinging mass into the front mass and
inertial pull during the back stroke. Larger gaps will naturally lead allow for
larger swinging amplitudes without impact. While a larger gap distance will
require stronger magnetic excitation for the initial displacement potentially
higher speeds and inertial forces can be reached. This is the case when the
non-linear magnetic forces dominate the linear spring forces and accelerate
the swinging mass until either mechanical impact, change of excitation, or
induced relative motion of the device body.

(a) Mechanical limiting

(b) Small gap

(c) Large gap

Figure 5.4: Conceptual depiction of the influence of asymmetrical mechanical
limiting of the relative body position on the free stroke amplitude of the
hammer mass.

5.1.5

Ground Contact Configurations

As detailed in Section 4, MagMites are designed to capitalize on resonant
oscillations of a spring-mass system that is wirelessly powered by external
magnetic fields and unidirectional friction to rectify its motion. Figure 5.5
illustrates the different methods that can be implemented for the spring-mass
arrangement and points of contact between device and substrate.
An oscillator consisting of two bodies connected by a spring could be
implemented in two ways: a) both masses are in contact with the ground
35

5 DESIGN OF MOBILE MICROROBOTS: MAGMITES

thereby experiencing frictional forces when in motion (dependent on mass,
direction, and velocity); b) only one mass, the body, is in ground contact
while the oscillating “hammer” remains suspended above the ground and

(a) Double ground contact

(b) Single ground contact

(c) Single ground contact, vertical force

Figure 5.5: Conceptual drawing of the spring-mass oscillator system including gravitational force, attractive magnetic forces, antagonistic spring forces,
and friction forces but without any inertial forces. Note that the depiction is
purely schematic, i.e. the presence, direction, and magnitude of these forces
is highly dependent on the time during an oscillation cycle. Also note that
the slipping body and the oscillating “hammer” are typically designed to be
unequal in mass.
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hence without any ground contact forces acting on it (only internal friction of
the spring, fluid drag, and squeeze film damping). c) illustrates the possibility
of contact force control (in principle for both configurations) by applying a
vertical force acting on the device in addition to the gravitational acceleration
acting on its mass. In this configuration the adjustability of friction opens an
additional parameter space for direction and speed control (Section 5.1.8).
All three configurations have been implemented and characterized experimentally (Section 9). Highest asymmetries in force superposition over an
oscillation cycle can be achieved with configuration c).
5.1.6

External and Internal Degrees of Freedom

The device as a whole has two translational degrees of freedom (DOF)
and one rotational degree of freedom. Internally, however, the suspended
swinging mass has six degrees of freedom with respect to the device body
(Figure 5.6.a). The dominance of the potential directions of trajectories of
the swinging mass relative to the front mass is controlled by the mechanical
properties of the connecting spring, i.e. its stiffness with respect to different directions. One of the primary design goals is to make the preferential
swinging trajectory coincide with the axis of magnetic attraction as well as
the intended primary direction of travel of the device (Figure 5.6.b) for highest propulsion efficiency and controllability.
For highest efficiency the device should be operated at resonance. Any
mechanical spring-mass system has several resonant modes. Again, a primary
design goal is to make the trajectory of the first eigenmode, i.e. the one with
the lowest frequency, coincide with the direction of excitation and device
motion in order to minimize the requirements for the power electronics. A
secondary goal is to increase the spacing between different eigenmodes at
the same time (Figure 5.7). This results in a wider excitation range of the
primary mode and less cross-excitation in undesired directions by other forces
such as a potential additional vertical force.
The trajectories of several eigenmodes may lead to different actuation
patterns that can be used for forward propulsion or alternatively more exotic
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(a) Neutral degrees of freedom

(b) Preferential modes

Figure 5.6: a) schematic depiction of the degrees of freedom (DOF) of the
device as a whole (3 DOF) and the hammer mass relative to the body mass (6
DOF). b) in order to maximize the forward propulsion of the device the axis
of magnetic excitation as well as the mechanical modes should be as much
aligned with the principle axis of motion as possible. This can be influenced
by the relative arrangement and orientation of the magnetic bodies as well as
the spring stiffnesses in different directions, both translational and rotational.

locomotion strategies in any direction (Section 5.1.7). While these trajectories may or may not be close to the primary axis of excitation and device
propulsion they can all be expected to be either somewhat rectified or dampened by the magnetic force pulling on the swinging hammer on its path. This
phenomenon is illustrated in Figure 5.8.
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Figure 5.7: Schematic depiction of the first three mechanical resonant modes
of the spring-mass system. a) if the spring stiffnesses are comparable in
all directions the resonant frequency of the first three modes will be close
to each other and parasitic excitation of multiple modes is more likely. b)
by controlling the spring stiffness in different directions a wider spacing of
resonant modes can be achieved thereby reducing undesired cross-excitation.

Figure 5.8: Schematic depiction of how the trajectory and amplitude of a
resonant mode a) not naturally coinciding with the primary axis of excitation
and motion is likely to be b) rectified, i.e. redirected to the primary axis due
to the attractive magnetic forces if its trajectory is already close or else
dampened if it is more orthogonal.
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5.1.7

Near-holonomic Mobility

The device is primarily designed to drive non-holonomically, i.e. capable
of going forward, backward, and turning on the spot or following curved
trajectories of arbitrary radius similar to a tank. Due to the six degrees of
freedom of the swinging mass and the large number of possible eigenmodes
sideways motion with different angles can also be achieved with the systems
(Figure 5.9). The smoothness of the device trajectory is one fitness parameter
taken into consideration when judging device performance for a given control
parameter set (Section 9).

Figure 5.9: Definition of forward and backward direction, orientation and
drift. The system is near-holonomic, i.e. the orientation of the device is
largely but not completely decoupled of the direction of travel of the device due to its broad response patterns to different excitation frequencies.
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5.1.8

Micro-scale Friction Effects and Vertical Force

Friction is typically approximated similar to Figure 5.10 where phases
of static and dynamic friction are distinguished. The device remains static
initially during the static friction phase while internal forces are building up.
Eventually the external force will dominate static friction and the device will
start to slide at a constant speed dictated by the dynamic friction coefficient
(after an initial jump at a higher speed). Hence, for successful operation of
the device the crucial minimum requirement is to generate sufficient kinetic
energy in the spring-mass system to overcome static friction and initiate sliding. This is achieved by magnetic excitation and exploitation of the resonant
properties of the device.

Figure 5.10: Conceptual depiction of the static and dynamic friction force
acting on the body with ground contact as a function of the total mass of
the device.

However, friction remains a poorly understood phenomenon that is hard
to mathematically describe and challenging to control. This is even more true
for surface interactions at the microscale where many phenomena become significant that can be safely neglected at the macroscale (Figure 5.11.a). To
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minimize microscale tribological effects, lower the required magnetic excitation energy, and to achieve a better predictable and controllable sliding
motion the area of ground contact of the device should be minimized (Figure 5.11.b).
The friction forces acting on part of the device are dependent on the
friction coefficients and the normal force. The normal force is assumed to be
constant (though it is likely to vary as a result of the out-of-plane inertial

(a) Surface interactions

(b) Contact reduction

(c) Normal force control

Figure 5.11: a) conceptual depiction of the most prominent contact forces
to be considered at this scale. Sliding body of the device (1) with ground
contact (2). Both surfaces can expected to have significant relative roughness
at this scale. This is illustrated by random interlocking teeth. Dust and dirt
particles (3) can pose significant obstacles at the microscale. Surface charges
(4) due to material properties as well as triboelectrical effects may lead to
significant interactions between body and substrate. Relative humidity will
most likely lead to a moisture film and possibly a water meniscus (5) between
body and surface. b) dimple feet providing a larger gap between device
body and substrate can reduce the ground contact area and alleviate the
unpredictable effects of different types of surface interactions. c) depiction
of how the sticking and sliding behavior of the device can be more precisely
controlled if a means for vertical force control is implemented.
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forces of the swinging mass) and equal to the gravitational acceleration acting
on the mass of the device. If a method is found to apply an additional vertical
force pulling the device down or alternatively levitating it the normal force
and therefore the magnitude of the friction force becomes controllable. The
applied external vertical force would add to the gravitational force acting on
the device. It would allow to gradually increase the friction coefficients up
to domination of friction forces and permanent lock-down of the device. If
the vertical force can be modulated over time it becomes possible to control
the points of release of the energy stored in the spring mass system and its
transformation into kinetic energy propelling the device forward or backward
during an arbitrary period within an oscillation cycle.
If such a vertical force is realized in the form of an electrostatic potential
applied through the substrate its magnitude, timing relative to the magnetic
excitation, and duty cycle can be controlled. It then becomes possible to
rectify the direction and efficiency of net-motion of the device (Figure 5.11.c).
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5.1.9

Summary of Characteristic Phenomena

The concept for power, actuation, and control of mobile microagents developed in this work is based on the Wireless Resonant Magnetic Microactuator (WRMMA). Its functionality is primarily a result of the combined
physical phenomena listed in the following:
• the preferable magnetization of a soft-magnetic body along its principle
axis or easy axis due to shape anisotropy,
• the preferable alignment of the easy axis of a body with the external
magnetic field due to magnetic torque (Figure 4.1.b),
• the field concentrator effect of soft-magnetic bodies in close proximity leading to much higher field densities and gradients and thus also
stronger interactions between them,
• the interaction of strong magnetic forces arising in two soft-magnetic
bodies placed in close proximity and exposed to an external magnetic
field (Figure 3.4),
• the reversible magnetization of soft-magnetic bodies enabling the on/off
control of the internal force and the excitation of oscillations with an
external magnetic field,
• the positive feedback loop of nonlinear attractive forces between such
bodies when they approach each other (Figure 4.1.a),
• the low remanent magnetization when the external field is turned off
leading to further nonlinearity of the magnetic force over the course of
an oscillation period,
• the low remanent magnetization leading to a preferential orientation of
the device with respect to the external field,
• the harnessing of the energy of the external magnetic field and directly
converting it into mechanical displacement by using a spring-mass system,
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• the resonance of the spring-mass system enabling the efficient use of
the available energy,
• the resonance of the spring-mass system ensuring a frequency selective
response of the device to the exciting magnetic field,
• asymmetry in the contribution of timed nonlinear magnetic forces and
friction acting on one body only to the overall net-force acting on the
device over a period leading to net-motion,
• potential asymmetry in the motion of the swinging body due to mechanical limiting and impact in to the attracting body,
• impulsive actuation based on relative inertia of the swinging body mass,
absolute inertia of the device, and potential impact phenomena between
the bodies,
• potential range of additional friction control with an externally applied
constant signal,
• potential rectification of the oscillating motion with an additional externally applied time-varying signal.
The exploitation of these phenomena and practical considerations for device implementation are elaborated and illustrated further in the following
chapter.

45

5 DESIGN OF MOBILE MICROROBOTS: MAGMITES

5.2

Development Context

For the reader to fully understand the design constraints imposed on the
first MagMite prototypes the historical development context must be briefly
introduced. Under the initiative of the National Institute of Standards and
Technology (NIST), USA, the so-called Nanogram Demonstration Competition was held for the first time at RoboCup 2007. In short, the goal of the
Nanogram Demonstration league is to use autonomous robots with microscopic dimensions to perform a series of soccer related tasks (Section 14.1.2).
While an existing actuation technology was offered by the organizers
(Figure 2.1) the power and actuation principle used in the competition was
left open to the choice of the participating teams. However, multiple constraints were imposed. First, the maximum agent dimensions could not exceed 300 µm × 300 µm × 300 µm. Second, the robot is considered an autonomous agent and can therefore not be connected by wires or tethers to
the outside world – which means that power for motion must be harvested
from the environment or transferred wirelessly. Third, the agents were to be
entirely driven by computers using visual servoing and other control strategies. Hence, to successfully compete, a robot must be fast, agile, and capable
of manipulating objects in the micro-world under automated computer control.
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(a) Dimension

(b) Power

(c) Control

(d) Agility

(e) Force

(f) Speed

(g) Automation

(h) Repeatability

Figure 5.12: Requirements for an untethered mobile microrobot and its robust performance in the proposed competition setting. a) the robot must fit
into a box of 300 µm × 300 µm × 300 µm, b) it must be powered on-board or
through transmitted power, c) it must be wirelessly controlled, d) it must be
agile enough to negotiate obstacles and moving objects, e) it must have sufficient force to push objects with a mass on the order of 6 µg against surface
friction, f) it must be fast enough to outperform the expected competition
and stay below the trial timeout, g) its operation must be fully automated
after the start signal is given (requiring the implementation of significant offboard intelligence in the control system), h) the agent’s performance must
be robust in order to carry out tasks reliably and repeatedly.
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5.3

Agent Design within Constraints

From a performance-centric point of view, the designs can be distinguished by the amount of available space within the given bounds and the
degree of symmetry of the mass-spring system with respect to the principle axis of motion of the robot. From a fabrication-centric point of view, all
initial designs fall into two categories distinguished by the number of fabrication steps it takes to produce them, as discussed in more detail in Section 6.
A higher number of fabrication steps allows for more sophisticated layered
designs but comes with increased process complexity and, thus, risk of failure.
5.3.1

Optimizing for Forces and Torques

The magnetic force and torque scales with the volume of the magnetic material (Equation 3.3). It is therefore highly desirable to maximize the volume
of magnetic masses within the given device bounds. With the given fabrication method of electrodeposition the achievable height is process-dependent.
Therefore the focus during design lies on the maximization of the magnetic
area in the plane. This, however, conflicts with other criteria. Besides fabrication and space constraints the shape and arrangement of the soft-magnetic
bodies highly influences their direction of magnetization.

(a) Maximum magnetic area

(b) Low aspect ratio

(c) High aspect ratio

Figure 5.13: Magnetic mass arrangement within given bounds.
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Hence trade-offs must be found between space constraints and sufficiently
strong forces and torques depending on volume, aspect ratio, and relative arrangement of the magnetic masses as well as sufficient space for the spring.
This is illustrated in the progression in Figure 5.13. While a) features the
highest mass the probable magnetization direction is along its longest dimension, i.e. its overall diagonal. Hence it is the diagonal that will tend to align
itself with the external field due to the induced torque. This may lead to
repulsive forces rather than attractive forces between the two bodies. In the
arrangement depicted in b) the proportions have been changed by sacrificing
some of the magnetic volume. The magnetization will still tend to be along
the diagonal but overall the field and therefore arising forces and torques are
more aligned and pointing into the principle direction of intended mechanical excitation and device displacement. The easy axis of the single blocks,
however, is still in a parallel arrangement. In c) the aspect ratio is more
pronounced to the extent that even the single masses now have a long axis
coinciding with the overall long axis of the combined bodies. Even though
the magnetization axis will still not perfectly coincide with the long axis this
is expected to be the best arrangement for alignment with the principle axis
of oscillation and travel but comes at the cost of reduced magnetic mass.
Therefore in many devices a trade-off has been sought.
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5.3.2

Optimizing for the Primary Resonant Mode

Depending on the chosen fabrication method different design strategies
for the spring can be pursued by controlling the spring stiffnesses to finetune eigenmodes and their likely trajectories (Figure 5.14). The design goals
for the spring is first to minimize the eigenfrequency and hence the required
excitation frequency, second to design for eigenmodes coinciding with the
principle axis of excitation and device motion while third maximizing the
spacing between desired and undesired modes. The longer the spring, the
lower the eigenfrequencies, the higher the aspect ratio the more likely does
the principle direction coincide with the first resonant modes.

(a) Omnidirectional spring

(b) Preferential direction spring

Figure 5.14: Schematic depiction of how the primary modes can be influenced
by proper spring design. a) a low aspect ratio meander spring in the plane
has excitation modes that do not coincide with principle axis of excitation
and motion. b) increasing the aspect ratio significantly changes the primary
modes in favor of the primary axis of excitation and motion of the device.
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5.3.3

Optimizing for Object Handling

With the current approach micro-objects are being manipulated by mechanical pushing similar to a bulldozer. How well certain objects can be
handled and pushed by the robot also depends on the relative size of the
object to be manipulated and the device frame height (Figure 5.15). With
the current fabrication method spring and device frame are deposited in the
same step and hence have the same height. As a result a higher aspect-ratio
spring naturally leads to a higher device frame that is in turn suitable for
pushing larger objects. This is of particular importance when manipulation
in fluids is to be achieved.

(a) Object pushing with a low device
frame

(b) Object pushing with a high device
frame

Figure 5.15: Schematic depiction of how the height of the device frame is
important for the manipulation of tall objects.
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5.3.4

Pseudo-3D Vertical Stacking

The devices are currently fabricated with a combination of thick-film
photolithography and electrodeposition of various metal layers into molds
of patterned and removable photoresist (Section 6). The number of sacrificial layers dictates how many air gaps between moving features can be
achieved. Three-dimensional features such as air-filled lumina can only be
approximated by repeated layer deposition and the later removal of sacrificial
support layers. As such only pseudo-three-dimensional features can be implemented. This is of particular interest when attempting to make better use
of the available space for long and soft springs and maximizing the volume
of magnetic bodies. A simpler fabrication method comprised of fewer steps
only allows for a side-by-side arrangement of spring and magnetic bodies as
shown in Figure 5.14.a) and b) before and after release, respectively. Figure
c) illustrates how features would interlock if electrodeposited on top of each
other without an additional sacrificial layer providing and air gap after removal. As the number of fabrication steps increases air gaps and overhanging
features can be realized and therefore a better space management becomes
possible. This is illustrated in Figure 5.14.d) and e) with features before and
after release, respectively.
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(a) Single layer, before release

(b) Single layer, after release

(c) Mechanical interlock

(d) Double layer, before release

(e) Double layer, after release

Figure 5.16: Schematic depiction of the vertical arrangement of device frame
(yellow), spring (yellow), and magnetic bodies (blue) depending on the available number of spacer layers (sacrificial copper shown in dark red).
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5.3.5

In-plane Space Management

Several spacial arrangements are possible when assuming a quadratic
agent bound that must fit a stable frame, magnetic masses, and a spring
(Figure 5.17). While the concepts a) to d) can be fabricated with a simpler
process a trade-off between spring and magnetic volume has to be found.
Layouts a) to c) are symmetric with respect to the placement of magnetic
masses within the device outline. In a) the spring is placed between the magnetic bodies leading to a very large gap and small magnetic volume which
has a negative impact on both magnetic force and torque. In b) the spring
is placed at the end of the bodies leading to an acceptable gap but still a decrease in magnetic force and torque due to reduced volume at the same time.
In c) the magnetic volume and hence force and torque are maximized, but
two shorter and therefore stiffer springs lead to a higher resonant frequency
which is undesirable. In d) symmetry is sacrificed and a low-stiffness spring
can be combined with maximum magnetic volume. Hence layout d) is the
layout of choice within the given constraints if only a simpler fabrication process is available. A more space-efficient layout e) can only be achieved with
an upgraded photolithography process that includes additional fabrication
steps.

(a)

(b)

(c)

(d)

(e)

Figure 5.17: Schematic depiction of potential spring-mass arrangements
within given bounds. Asymmetrical layout d) achieves the best performance
for the simpler fabrication method while layout e) is a logical design if an extended fabrication process allows for the spacial overlap of magnetic masses
and spring. The higher symmetry simplifies device operation.
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5.4

Implementation of Different Designs

Since November of 2006 the Institute of Robotics and Intelligent Systems
has produced over 30 MagMite design variations in four different fabrication
runs. A complete gallery of device designs can be found in Appendix A.
The designs contained in the first two fabrication runs were focused on the
2007 Nanogram competition. All of the initial robot designs fit within the
required bounds of 300 µm x 300 µm—4 to 6 times the width of a human
hair. All robots consist of a non-magnetic base frame with a footprint of
300 µm × 300 µm carrying a smaller soft-magnetic mass that serves both as
a magnetic “attractor” and a mechanical stopper structure.

Figure 5.18: Illustration of a MagMite device consisting of non-magnetic base
frame and spring (white) and soft-magnetic bodies magnetized (red/blue)
when exposed to a homogeneous external magnetic field (black arrows).
Attached to the frame and elevated 6 µm above the substrate is a nonmagnetic meander spring that supports a second soft-magnetic body, also
suspended above the substrate, that acts as a second magnetic attractor
or “hammer”. The base frame rests on the playing field and is supported
by 5–7 small ≈ 1.5µm high dimple feet reducing the contact area in order
to minimize friction. The mechanism is illustrated in Figure 5.18. It is
important to note that only the dimple feet on the bottom of the base frame
come in direct contact with the ground while spring and hammer can move
freely (as opposed to the ratchet-drive WRMMA from Section 4.2 where both
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bodies touch the ground).

Figure 5.19: Magnetization of both magnetic bodies and resulting (delayed)
rotation with the homogeneous external magnetic field orientation.
The animation sequence in Figure 5.19 depicts the simplified principle
of how two opposing soft-magnetic bodies are magnetized and following the
turning external magnetic field direction similar to a compass needle. The
animation also captures the induced attraction, the resulting spring deflection, and, qualitatively, the expected reaction delay visible in the orientation
offset between external field lines the magnetization axes of the individual
bodies. It does not, however, capture any offset between the magnetization and the device’s primary axis in steady state that is to be expected for
perfectly rectangular geometries.
As mentioned in Section 4, when exposed to a pulsed external magnetic
field the mechanism could be expected to vibrate in place without exhibiting
any preferential direction of motion as long as it was perfectly symmetrical in
its the oscillatory motion and actuated on a frictionless surface. Asymmetry
in the total force acting on the system over the course of an oscillation period
was expected to accomplish such a net-motion. Significant asymmetry and
therefore net-motion was likely due to the nonlinearity of attractive magnetic
forces and the fact that friction was only acting on part of the device by
design.
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(a) Real image of device and substrate

(b) Visualization of the clamping principle

Figure 5.20: a) a MagMite robot (07g2-MH) on a real substrate. The microscopic clamping feeds are visible as wavy lines. b) illustration of the Coulomb
force between the induced charge separation in the 07g2-MH device frame
and the potential in insulated electrical feeds in the substrate. The electrostatic force is acting on the device frame holding it in place while attractive
forces between the two magnetized nickel bodies lead to spring compression.
However, during design time it was known that the agents were to be
operated on a structured substrate normally used for scratch-drive actuation. In order to actively rectify the agent’s net-motion by allowing it to
release its kinetic energy in one direction only electrostatic rectification was
considered as an additional means to enforce and amplify timed directional
friction and potentially gain higher propulsion efficiencies. This is achieved
by driving the robots on an engineered substrate, where the unidirectional
force is caused by a phase-locked electrostatic clamping signal on the order
of 30–80 V during normal operation. The engineered substrate consists of
interdigitated electrodes which can be used to induce a charge separation in
the metallic robot frame and, thus, adjust the frictional forces. By aligning
the on/off clamping phase with either the forward or backward stroke of the
oscillation, the robot can be forced to drive either forward or backward only.
The clamping substrate is shown in Figure 5.20.a and the clamping principle
illustrated by Figure 5.20.b.
The anticipated primary functionality intended by design is best captured
by animation and video footage of the microrobots in action [Frutiger et al.,
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Figure 5.21: Animation frames depicting an actuation cycle of the swinging hammer based on the oscillation induced by pulsed external magnetic
fields while the net-motion of the device is rectified by phase-shifted electrostatic clamping (black vertical lines make the motion more apparent, further
explanation can be found in the text).
58

5 DESIGN OF MOBILE MICROROBOTS: MAGMITES
2010a]. Figure 5.21 depicts the motion cycle of the device with electrostatic
clamping, i.e. with only one direction of motion per cycle instead of typically
two. (a) the hammer is at the extreme back position, no magnetic forces
are active, and the spring fully stretched after the previous cycle. (b) the
overstretched spring pulls the hammer forward while the external magnetic
field is switched on thereby magnetizing the nickel bodies. (c) the arising
attractive magnetic forces combine with the vanishing attractive mechanical
forces and lead to further spring compression while electrostatic clamping
pulls the device towards the substrate. A maximum compression is reached
(in this case not leading to impact) but the device can not release the hammer momentum in forward motion due to electrostatic clamping acting on
the frame. (d) the device is held in place while the magnetic field is turned
off. (e) the attractive magnetic forces vanish and the stored spring energy
is converted into kinetic energy driving the hammer again backward while
clamping potential is fading. (f) the clamping force has vanished while the
hammer reaches its maximum backward velocity. (g) the inertia of the hammer pulls the device making it slide backward by a small step (highlighted
by an orange circle).
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5.4.1

Design within Constraints

The designs produced with the first run (Section 5.4.2) were deliberately
kept as simple as possible in order to allow for a higher yield fabrication
process (Section 6). A multitude of conflicting design parameters have to be
taken into consideration while keeping the overall shape within the prescribed
limits and compatible with specific fabrication processes:
• For best excitation strong attractive forces between the two nickel
masses are desirable in ground state when the spring is undeflected.
Magnetic forces scale with volume, field strength, and are inversely
proportional to the gap between the two bodies (Figure 4.1).
• Highest potential impact momentum depends on velocity before impact
and the mass of the swinging body. Higher velocity on the other hand
depends on the acceleration by attractive magnetic force, but also on
travel distance, i.e. the gap size.
• For proper alignment of the robot with the external magnetic field
an overall elongated shape of attractor and hammer is required. The
higher the aspect ratio, the higher the resulting torque (Figure 4.1.b).
• Due to induction effects in the magnetic coils, increasing frequency requires higher voltages to keep the magnetic field stable. Low frequencies
are desirable in order to minimize the load on the power electronics.
For the first prototype, the spring-mass arrangement was designed in
such a way that the first resonant mode was kept as low as possible,
i.e. in the range of 1–2 kHz.
• To ensure a high Q-factor, the component of the hammer displacement
that is parallel to the external magnetic field and thus the principle
direction of the induced attractive magnetic forces (Figure 4.1.a) should
be maximized for the primary mode of excitation.
• Two orthogonal excitation directions exist when driving the robot. One
is the desired excitation of the spring-mass system along the axis of the
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combined nickel bodies, the other is an up/down excitation due to the
phase-shifted electrostatic clamping signal with the same frequency as
the primary magnetic excitation. Contact of the hammer mass with
the substrate may disrupt the oscillation and was deemed undesirable.
As a result the device was designed in such a way that the up/down
eigenmode was spaced as far as possible from the primary excitation
mode. In practice, both modes are excited whenever clamping is used.
It remains to be quantified whether the up/down mode is beneficial for
certain modes of operation or not.
• As illustrated by Equation 4.2 the frequency can be lowered by increasing the hammer mass and/or spring length. The order of modes can
be influenced by structural parameters such as the aspect ratio of the
spring.
• To ensure structural resilience the base frame must enclose the entire
robot in order to prevent the spring-mass system from being damaged
or getting stuck during handling and driving experiments.
• For a good sliding behavior of the robot under unknown friction conditions it is desirable to lift the base frame off the ground by a small
distance in order to reduce initial stiction and dynamic friction due to
surface charges and surface tension.
• For good signal rectification and control of robot motion the surface
area of the base frame must be large in order to ensure good electrostatically induced charge separation and thus sufficiently large clamping
force. This force can then be used to increase friction when desired and
only when desired.
It is evident that many of the design parameters mentioned above are strongly
coupled and conflict with one another. Most of them, however, can be summarized as conflicting space requirements.
In a first step, all robots are iteratively optimized in finite element method
(FEM) simulations (COMSOL Multiphysics). Iterative FE modeling was
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used for two primary purposes. First mechanical simulations were used to
ensure that the primary excitation coincided with the first mode and lowest
excitation frequency on the mechanical model (Figure 5.23). In a second
step magnetic simulations were used to ensure sufficient force and torque for
a given excitation field. Magnetic forces scale inversely proportional to the
distance between hammer and attractor (Figure 4.1.a). Hence, it was sufficient to ensure that the resulting forces acting on the hammer in ground
position at a given magnetic field strength would induce a hammer displacement in the order of a few microns. A good trade-off with large safety factors
was achieved with the first design.
While Equation 4.1 and Equation 4.2 were adequate for initial predictions they can not sufficiently describe the more general modes of operation
of the WRMMA-powered mobile devices reported throughout the remainder of this thesis. Time-variant nonlinear excitation, asymmetrical friction,
and mechanical limiting potentially leading to impact introduce non-smooth
dynamics into the system, the effects of which can be readily observed in
experiment. After the successful fabrication of several generations of robots,
these phenomena were addressed in more detail and are discussed in Sections 9 and 10.
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5.4.2

Initial Designs

The first MagMite agent was 06v6 (short for “FEM iteration version 6 in
2006”) and was designed, produced, and successfully operated in less than
three months (Section 9.3). The agent consist of an electrically conducting
base frame made of gold carrying a smaller soft-magnetic mass made of nickel
that serves both as a magnetic “attractor” and a mechanical stopper structure (Figure 5.22). Out of multiple possible arrangements a meander spring
placed side by side with an asymmetrically positioned attractor-hammer pair
gave the best trade-off of the conflicting geometrical, mechanical, magnetic,
and electrostatic design aspects listed in Section 5.3. From the fabrication
perspective, the recommended minimum feature sizes based on experience
with previous fabrication runs had to be respected and were defined as 8 µm
for the spring width and 12 µm for the spring gaps in order to assure fully
developed features at high aspect ratios of 1:3 up to 1:5 for frame and spring
features. Existing fabrication processes could be leveraged that had been
developed in the context of previous WRMMA-related devices such as the
linear ratchet drive (Section 4.2).
FE modeling was used to identify the primary direction of motion of
hammer resonant modes and to ensure frequencies in the low Kilohertz range,
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Figure 5.22: CAD model of the first-generation 06v6 prototype that was
fabricated. b) Exploded view: 1) gold base frame resting on dimple feet, 2)
nickel attractor attached to base frame, 3) nickel swinging mass or “hammer”,
separated by 4) a 10–20 µm gap and held by 5) a meander gold spring which
in turn is attached to the base frame about 6 µm above ground.
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a

b

c

Figure 5.23: Purely structural FEM eigenmode analysis of the relative hammer motion of the 06v6 prototype assuming a fixed base frame. a) first and
lowest eigenmode expected around 1500 Hz is a rotation which can be used
as principle motion leading to the eventual impact of the swinging mass into
the fixed attractor mass, b) up/down motion around 1700 Hz as second eigenmode, c) spring compression around 4000 Hz as third eigenmode. Hammer
movements are indicated with gray arrows. Regions of high displacement
are highlighted in dark red, regions of no displacement in dark blue (i.e. base
frame and attractor mass).
i.e. significantly below a hardware-related upper bound of initially 5 kHz and
later 10 kHz. Assuming perfect geometry and standard material properties
for nickel (density ρ = 8908 kg/m2 , Young’s modulus E = 219e9 Pa, Poisson’s
ratio ν = 0.31) and gold (density ρ = 19300 kg/m2 , Young’s modulus E =
70e9 Pa, Poisson’s ratio ν = 0.44) the three primary resonant modes were
identified to be in the order of 1470 Hz (rotational mode around the z-axis),
1717 Hz (out-of-plane up and down mode along z-axis), and 3950 Hz (lateral
spring compression), as illustrated in Figure 5.23. The in-plane rotational
mode was deemed the desired primary mode of actuation as its direction of
deflection coincides with the direction of attractive magnetic forces whereas
the other two modes are orthogonal to the magnetic actuation forces arising
between the soft-magnetic bodies. To account for asymmetrical impact as
illustrated in Figure 5.24, different device variations were produced with
angled hammer contact surfaces (overview given in Appendix A).
To actuate the device attractive magnetic forces between the two softmagnetic bodies are induced by magnetizing them with an external magnetic field. The available field strength was unknown at design time. Fields
of 42 mT were measured with coils previously built for the ratchet-drive
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Figure 5.24: In-plane rotational motion of hammer and spring of a 06v6 at
the primary resonant mode around 1500 Hz. Displacement is illustrated by
color and arrow field: regions of high displacement are highlighted in dark
red, regions of no displacement in dark blue (i.e. base frame and attractor
mass), while the arrow length is proportional to the displacement at its origin. The deformation illustrates how the in-plane rotational mode leads to
asymmetrical impact at the outermost point of the hammer-attractor face
planes. It can be seen how the center of rotation is close to the center of the
spring area.
WRMMA and it was assumed that fields of up to 25 mT could be generated
with future hardware providing large currents at sufficiently low frequencies
if need be. FE simulation results for the original 06v6 design are shown in
Table 5.1. It can be seen how constant external magnetic fields in the range
of 15–20 mT are sufficient to close the gap between the magnetized bodies
under steady state conditions, i.e. only assuming a constant magnetic force
and without considering any induced mechanical deflection of the hammer
that would in fact lead to a nonlinear increase of the attractive magnetic
forces. Hence, with a nonlinear increase of the magnetic force versus a linear increase of the antagonistic spring force combined with the fact that the
device would be excited with pulsed fields at the device’s primary resonant
mode, sufficient deflections for much lower fields could be safely assumed.
As soon as 06v6 was fabricated (Figure 5.25) the basic design assumptions
could be experimentally validated multiple variants were designed and produced to compete in the 2007 RoboCup Nanogram Competition. The 07v6b
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B
5 mT
10 mT
15 mT
20 mT
25 mT

Force in x
2.8 µN
11.2 µN
25.1 µN
44.7 µN
69.8 µN

Deflection (outer point) Deflection (inner point)
1.7 µm
0.5 µm
6.7 µm
2.1 µm
15.1 µm
4.7 µm
26.9 µm
8.3 µm
42.0 µm
13.0 µm

Table 5.1: FE estimate hammer deflection by magnetic force in undeflected
state (not coupled) for the idealized 06v6 geometry in the direction of interest
(towards the attractor) for the outermost and innermost point on the hammer
face.
variants often referred to throughout this thesis were only a slight adaptation of the original 06v6, i.e. with a footprint reduced to 285 µm × 285 µm to
stay well within competition bounds despite fabrication variations described
in the following. Other changes included smaller spring widths of 7 µm and
wider spring gaps of 13 µm.
5.4.3

Experimental Validation of FE Predictions

Iterative FE design was used to find suitable device geometries. These
designs, however, did not yet include special feature details for mechanical
interlocking between gold and nickel bodies needed for mechanical stability
of the final device. Interlocking is achieved by deliberately electroplating
nickel over the sides of the gold features and into specially designed crossshaped attachment holes in the gold base frame. Sacrificial copper was be
used to create S -shaped profiles for higher torsion stability in the device
frame. Furthermore, high-aspect ratio thick-film photolithography processes
on a pre-structured substrate is challenging and leads to other, less desired
feature variations (discussed in Section 6).
Thus, not surprisingly, when comparing the initial FEM design assuming
perfect geometrical features (Figure 5.27) with the actual 06v6-MH device
produced with thick-film photolithography (Figure 5.26), significant deviations were to be expected. While the numerical values were shifted upwards
by around 60% the order and direction of eigenmodes still matched experimental results, i.e. the desired in-plane rotational mode was still the first one
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Figure 5.25: a) SEM micrograph of a fabricated 06v6 prototype still tethered
to a device release strip (only partially visible on the top right). b) image of
a released 06v6 on an American penny for size comparison.
with the lowest frequency.
It was assumed that the significant deviation of actual frequency values between designed and fabricated device could be attributed to a large
extent to geometrical variations and to a lesser extend to differences in material properties (both mechanical and magnetic), since the properties of the
electrodeposited metals may vary (Section 3.3). In order to validate this hypothesis and to estimate the usefulness of FE studies for future robot designs
a better approximation of the FE model was built that followed the measured
dimensions of the fabricated device more closely and included interlock features (Figure 5.22).
The results can be seen in Table 5.2. Purely by approximating the actual dimensions of the fabricated device the error between simulated and
measured eigenfrequencies could be reduced to about 4%, 11%, and 1% for
the first, second, and third eigenmode, respectively. Besides the resonant
frequencies the direction of eigenmodes of the actual device was also investigated and confirmed experimentally.
In summary the comparison of FE models approximating actual fabricated device geometry suggested the dominance of geometrical aspects over
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Figure 5.26: SEM micrograph of orthogonal views of a fabricated 06v6 prototype. a) top view with rough nickel surface of magnetic bodies constrasting
with the smooth surface of gold frame and spring features, b) side view with
nickel flowing over the sides of the gold support structure, c) bottom view
with cross-shaped interlock features to provide better mechanical adhesion
between the two metals.

Figure 5.27: CAD model of the 06v6 prototype’s hammer and spring features approximating the geometry of an actual device after fabrication. a)
Soft-magnetic hammer mass interlocked with non-magnetic hammer support
structure attached to the spring. b) Exploded view with nickel body detached
for better illustration of the plated interlock strategy.
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Mode
#1
#2
#3

Direction
FE design
in-plane rotational
1470 Hz
out-of-plane up/down 1717 Hz
in-plane compression
3951 Hz

Measured
2430 Hz
2550 Hz
6630 Hz

FE approx.
2521 Hz
2823 Hz
6691 Hz

Table 5.2: 06v6 eigenfrequency validation
the exact matching of material properties and very good prediction capabilities for future FE design studies. Adapted models based on measurements
of spring and body dimensions with a SEM are much closer to the measured
values but are time intensive in both measurement and modeling time. The
significance of initial FE predictions are greatly increased if device uniformity
between fabrication runs and across individual wafers can be improved and
match the initial design more closely.
5.4.4

Experimental Validation of Magnetic Excitation Dominance

One of the basic design assumptions was that the primary mode of magnetic actuation would dominate over any orthogonal eigenmode that is not
actively excited. And, with sufficient separation of the primary mode and
the second out-of plane mode, any influence of the electrostatic field on the
hammer trajectory would become negligible.
Three distinct excitation conditions were investigated: first, using only
magnetic excitation of the hammer in the principal direction of body-body
attraction and thus intended device motion; second, using only electrostatic
actuation by applying an electrostatic field in the substrate which would potentially cause the hammer to be pulled down toward the substrate; third,
using both orthogonal magnetic and electrostatic actuation. A laser Doppler
vibrometer (LDV) was used to characterize the device responses (Section 8.4).
Figure 5.28 illustrates how the motion of the hammer can be captured by
scanning four distinct point placed on the hammer surface when excited at
the first resonant mode identified in a separate scan. In this mode, the laser
can only capture the out-of-plane motion but not any lateral motion. Hence,
three orthogonal measurements were taken, i.e. from the back, the top, and
the side of the hammer in motion. To visualize the hammer motion it was
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(a) principal direction

(b) up/down direction

(c) lateral direction

Figure 5.28: Illustration of LDV animation overlays of 4-point measurements
of the 07v6b-MH hammer deflection in three orthogonal directions. The device was excited with both magnetic and electrostatic field. a) hammer back
side scan capturing the orthogonal projection of the primary rotational mode
(direction of magnetic excitation), b) hammer top scan capturing the orthogonal projection of the up/down secondary mode (direction of electrostatic
excitation), c) hammer side scan capturing the orthogonal projection of the
spring compression mode (not directly excited).
amplified giving an only qualitative impression of deflection direction in these
plots. Figure 5.30 shows the per-point frequency and phase response for all
three orthogonal measurement directions. MATLAB was used to recreate an
approximated three-dimensional motion pattern based on data gathered by
three separate orthogonal measurements. As it can be seen in Figure 5.29
the approximative reconstruction of the actual hammer motion when excited
at the first resonant mode stays in-plane as intended as long as the electromagnetic excitation is active (subplots a and c), despite the out-of-plane
electrostatic excitation (subplots c and d).
In summary these qualitative results suggest that only the principal direction of magnetic actuation (as shown in Figure5.24) does in fact dominate
whereas higher modes potentially excited by electrostatic actuation are attenuated and become negligible.
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(a) magnetic actuation

(b) electrostatic actuation

(c) double actuation

Figure 5.29: 3D reconstruction of orthogonal LDV measurement data using
MATLAB. a) amplified 3D hammer trace when using only magnetic excitation, b) amplified 3D hammer trace when using only electrostatic excitation,
c) amplified 3D hammer trace when using both magnetic and electrostatic
excitation. It can be seen how the magnetic actuation dominates the hammer trajectory and how there is very little out of plane motion (all amplified
by a factor of 5 ×).
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(a) data smoothing

(b) principle direction

(c) up/down direction

(d) lateral direction

Figure 5.30: Frequency and phase plots for all four measurement points
for each of the three orthogonal measurement directions with maxima identified for each direction and measurement point. The device was excited
with both magnetic and electrostatic field. a) data distortions caused by
the applied smoothing operation decrease the deflection amplitude but are
proportional for all datasets and have a negligible impact on relative peak
position. b) per-point frequency and phase response for the principle direction, c) up/down direction, d) lateral direction. Also note the phase change
when going through resonance.

72

5 DESIGN OF MOBILE MICROROBOTS: MAGMITES

5.4.5

Advanced Designs: 07g2-MH

As soon as it became clear that the first prototype 06v6 could be successfully fabricated and driven well within hardware and software capabilities in
early 2007, the fabrication process was expanded with an additional sacrificial
copper layer. The new process allowed for complex designs featuring multilayered overhanging structures (Figure 5.31, label 6). The space gain makes
symmetric arrangements of mass and spring possible—leading to significant
improvements in robot performance. Other changes included increasing the
gap size between magnetic hammer and attractor mass from initially 10 µm
to up to 24 µm in order to allow for larger hammer strokes at high field amplitudes. As a result, on the one hand, stronger inertial forces leading to
higher device speeds could be achieved with higher field amplitudes. On the
other hand, the forces would stay in a more linear range for small deflections
at lower field amplitudes.
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Figure 5.31: Initial design of a second-generation prototype 07g2-LH produced with an extended fabrication process featuring an additional layer.
This robot type was used in the competition of 2007. a) top/side view,
b) bottom/side view. 1) gold base frame resting on dimple feet, 2) nickel
attractor attached to base frame, 3) nickel swinging mass separated by 4)
a 10–20 µm gap and suspended above ground by 5) a meander gold spring
which in turn is attached to the base frame about 6 µm above ground, 6)
air gap between compression spring and nickel hammer allowing for larger
springs and masses, 7) 5 µm × 5 µm × 0.75 − −2.0 µm dimple.
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(a) non-magnetic spring, top view

(b) non-magnetic spring, side view

(c) soft-magnetic spring, top view

(d) soft-magnetic spring, side view

Figure 5.32: Magnetic field illustration of a 07g2-MH model closely matching
the as-fabricated geometry. a) is the top view and b) the side view of a regular
design with base frame and spring made out of non-magnetic gold. c) and d)
illustrate the undesirable field distortions created if the spring and hammer
support were also made of soft-magnetic material.
A FE study on the interaction of the external magnetic field with the softmagnetic bodies of an as-fabricated 07g2-MH device is shown in Figure 5.32.a
and b. It can be seen how the field lines are tunneled through the body shape.
In comparison, the answer to a commonly asked question why the spring and
frame needs to be non-magnetic is given by Figure 5.32.c and d where the
field lines are tunneled through the spring, thereby significantly attenuating
the primary interaction between the magnetic bodies.
Figure 5.33 illustrates the first four eigenmodes of the successful 07g2-MH
agent featuring 4 eigenfrequencies below 10 kHz with 3 of them below 5 kHz.
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(a) Top view of deflections of modes 1–4

(b) Side view of deflections of modes 1–4

Figure 5.33: Resonant modes of the 07g2-MH variant with its geometry
approximating the fabricated device. The resonant modes are 2317 Hz,
2519 Hz, 3750 Hz, and 8751 Hz, respectively. Hence, the idealized device
features 4 eigenfrequencies below 10 kHz with 3 of them below 5 kHz. It can
be seen that while none of the modes shown are perfectly suited for forward
motion, multiple modes may be excited and exploited thanks to the active
magnetic attraction in the primary direction of interest.
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5.4.6

Advanced Designs: 07tj-MH

Parallel with the new 07v6b and the 07g2 variants the so-called “TwinJet”
robot was developed and fabricated. It features two pairs of magnetic attractors on each side instead of only one central pair. This MagMite “TwinJet”
design is the most successful so far in terms of driving performance. Unfortunately, only few devices were fabricated (Figure 5.34) as the features are
even more delicate than with other designs.
The 07tj was expected to outperform 06v6 for the following reasons:
• It features a larger number of resonant modes in the low-frequency
range thereby allowing for a wider excitation window, i.e. the device
has 6 resonant modes below 10 kHz with 5 of them below 5 kHz (Figure 5.35).
• Two parallel magnetic hammer/body pairs lead to a stronger magnetic
torque and therefore better device alignment, i.e. a torque increase by
approximately 320 % at an angle of 45◦ could be achieved.
• While increasing the aspect ratio for better alignment the total volume
of both hammer/body pairs could be similar or even larger at the same
time than for the other designs. As a result the arising attractive forces
remain comparable.
• Impulse and/or impact of the two relatively widely spaced magnetic
pairs could be expected to be inherently asymmetrical in time. This
potentially leads to higher frequency vibrations that are beneficial to
overcome static friction, maintain sliding motion, and prevent magnetic
lock-up.
In fact, given these values the “TwinJet” was expected to indeed also outperform the 07v6b and 07g2 that were designed and fabricated in parallel.
Experimental results indicate indeed a larger number of low-frequency response peaks that can be exploited for broader device response in practical
applications (Section 8.4.3).
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(a) SEM micrograph

(b) CAD top/front view (c) CAD
view

bottom/back

Figure 5.34: SEM micrograph of an unreleased 07tj-LH device. CAD redesign and renderings of the approximated as-fabricated device geometry
(b) top and front and (c) bottom and back view. Renderings courtesy of
Bergit Hillner, www.soll-bruch.com.

(a) Eigenmodes 1–3: 1152, 1500, and 2534 Hz

(b) Eigenmodes 4–6: 3464, 4561, and 6804 Hz

Figure 5.35: Resonant modes of the as-designed 07tj-MH variant, i.e. with
its geometry not fully approximating the fabricated device.
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5.4.7

Performance Comparison of Early Designs

In order to make the design variations somewhat comparable the FE
models were adapted to identical metal layer thicknesses and identical gap
sizes of 15 µm (thereby increasing or decreasing the magnetic volumes of
bodies accordingly to still approximate the outer bounds of now 286 µm).
The results are summarized in Table 5.3. It can be seen how the symmetric devices offer more eigenfrequencies in an acceptable range than the
earlier asymmetrical variants while the interbody forces remain comparable. Furthermore, as assumed during design time and experienced in later
experiments they exhibit straighter driving behavior due to their axial symmetry. Naturally, straight driving is more suitable for pushing micro-objects.
Finally, it can be seen how the 07tj design offers the largest number of eigenmodes, strongest force, and an alignment torque that is more than 3× larger
than for other variants.

78

5 DESIGN OF MOBILE MICROROBOTS: MAGMITES

(a) 06v6-MH/07v6b-MH

(b) 07g2-MH

(c) 07tj-MH

Figure 5.36: Gallery of the characteristic three initial designs: a) the asymmetrical single-layer designs with spring and masses side by side, b) a doublelayer design with centered mass arrangement above the spring, c) twin actuators above the mutual spring.
Variant
06v6
07v6b
07g2
07tj

Modes < 5 kHz
2
2
3
5

Modes < 10 kHz Force Torque (5 mT/45◦ )
3
1.8 µN
0.02 nNm
3
1.8 µN
0.02 nNm
4
1.6 µN
0.02 nNm
6
1.9 µN
0.07 nNm

Table 5.3: Comparison of the early MagMite designs, i.e. the initial 06v6
and the second-generation 07v6b, 07g2, and 07tj, with adapted gap sizes
and identical nickel thickness of 50 µm for better comparison. The external
magnetic field was assumed to be 5 mT for these FE simulations.
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5.4.8

Advanced Designs: 07tj Variants

Later variations of that design special shovels were added to the design with the intention of improving the robot’s handling capabilities for
microscale objects (Figure 5.37), such as cells or protein crystals. Changes
on the “TwinJet Dozer” designs also included a closed frame on the back side
for mechanical protection of the spring mechanism as well as an alternative
pushing tool when driving backward. Furthermore, an increase of the gap
size from 14 µm to 20 µm was included for better fabrication yields.

(a) Top and front

(b) Top and back

(c) Bottom view

(d) Prototype

Figure 5.37: A MagMite “TwinJet Dozer” as a digital model and the topview microscope image of a fabricated device still tethered to a carrier. 3D
mock-up was created with GDS mask layouts and the help of the software
package Koala by David Carron, http://shapeshifter.free.fr.

Larger scale models of 1.5 times the original size of original 07tj “TwinJet”
as well as of the “TwinJet Dozer” variant were included to simplify device
handling and enhance experimental by increasing the mechanical robustness
and decreasing the stiction risk for applications where the slightly larger
dimensions are allowed.
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5.5

Multi-agent Capabilities

The potential of a robotic platform to scale to true multi-agent control,
i.e. the simultaneous operation of multiple agents in a shared environment,
depends on the addressability of individual agents.
For the MagMite designs two strategies were adopted in parallel that
aimed at the distinct addressability of the devices based on their intrinsic
resonant frequencies and therefore enabling multi-agent control. First, fundamentally distinct prototypes such as 07v6b and 07g2 were expected to
exhibit sufficient separation in frequency space to make them individually
addressable—an assumption that could be validated experimentally later on
(Section 9.6.4). Second, sub-variants of most device classes were included
in early fabrication runs (see Appendix A) since it required minimal design adaptations. These sub-variants featured different attractor-hammer
mass distributions (while keeping the overall mass of soft-magnetic bodies
constant), i.e. “small hammer” (1/3 of total magnetizable volume, suffix SH), “medium hammer” (1/2 of total magnetizable volume, suffix -MH),
and “large hammer” (2/3 of total magnetizable volume, suffix -LH) variants.
A different proportion between hammer and body masses would lead to
p
1
k/m. However,
shifts in frequency specific response, according to fn = 2π
the frequency distinction turned out to be too close to be practical in experiment (Figure 8.9).
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5.6

Summary and Discussion

The design of first operable mobile agents that incorporate a WRMMA
was achieved in less than three months based on a partially conflicting set
of design principles and with the help of incremental FEM feasibility studies
and design “optimization”. Thanks to previous experience gathered with
a ratchet-drive mechanism and fabrication strategies developed in the same
context (Section 4.2), the production and operation of MagMites was successful already with the first design.
Initial agent designs—i.e. the design of 06v6, 07v6b, 07g2, and 07tj—were
heavily constrained by the framework defined through RoboCup Nanogram
competitions. This was advantageous on the one hand as it focused the design process by significantly constraining the search space of feasible designs.
On the other hand it complicated device fabrication since double layered
designs make better use of the available space but also increase the risk of
failure due to higher process complexity. Without the dimension constraints
imposed by the competition, designs and therefore fabrication complexity
can be simplified.
The design assumptions and predictions could be confirmed by initial
tests (Sections 5.4.3 and 5.4.4) and driving experiments (Section 9). The
later symmetric multi-layered designs exhibit superior driving performance.
This can largely be attributed to better space management allowing for larger
attractor and hammer masses and longer, thus softer, meander springs. The
resulting larger inertial forces and alignment torques make the devices more
robust and less prone to getting stuck due to surface asperities or stiction in
environments with high relative humidity. Furthermore, the longer springs
and larger masses allow for a larger number of resonant modes below the
critical bounds of 5 kHz and 10 kHz. Overall, the symmetric devices seem
to generally exhibit a faster, stronger, more robust, and straighter driving
behavior than the initial asymmetrical design, which is beneficial both for
controlled driving and the handling of objects in both dry and wet environments (Section 5.4.8).
All three considered modes of operation resulting from different combi-
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nations of ground contact and the application of an additional vertical force
(Figure 5.5) lead to successful device operation with distinct advantages and
disadvantages.
Using single ground contact but not relying on a vertical force leads to
rich and robust mobility in both dry and wet environments on any sufficiently
clean and smooth planar surface. Near-holonomic operation is possible due
to the complex, asymmetric and time-variant superposition of magnetic excitation, spring force, friction, and impulsive phenomena. Parameters include
amplitude, offset, frequency, and duty cycle of the magnetic excitation. Multiple frequencies with suitable Q-factor lead to sufficiently distinct responses
to different excitation frequencies. The device is capable of micro-object
handling in dry and wet environments as intended.
An extended mode of operation makes use of an additional vertical force
implemented as electrostatic clamping. This mode offers the broadest set of
usable control parameters and superior device controllability and efficiency.
It comes, however, at the cost of higher system complexity, sometimes reduced operation robustness, and limitation to the operation on a specialized
substrate in a low-humidity environment. Parameters include amplitude, offset, frequency, duty cycle of the magnetic excitation as well as amplitude,
offset, phase, and duty cycle of the vertical force. Multiple frequencies with
suitable Q-factor lead to sufficiently distinct responses to different excitation
frequencies. The device is capable of micro-object handling in dry environments as intended.
Double ground contact was achieved by operating the device upside down.
The frequency response is reduced to a single primary excitation frequency
but with a much stronger and consistent response to a very broad excitation
range. Hence there is only one direction of travel for the device with respect
to its primary axis. Significantly higher speeds and operational robustness
can be achieved. Manipulation capabilities are somewhat diminished (this,
however, is only due to the fact that the device is operated upside down and
was not deliberately designed for double ground contact).
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6

Fabrication

A custom surface micromachining process was developed within the group
and used to fabricate several generations of MagMite micromachines. The
relatively complex three-dimensional structures of the resonator features are
essentially fabricated by sequential layer-by-layer deposition of metals into
two-dimensionally patterned photoresist molds.
Due to the need for high-aspect ratio features of the spring to ensure
a primary resonant mode in the plane of actuation and device motion on
the one hand as well as large volumes for the magnetic bodies on the other
hand, metal layer thicknesses need to be achieved that are significantly larger
than for most photolithography processes commonly used in microfabrication. Most photolithography processes rely on photoresist mold thicknesses
in the range of a few microns whereas current MagMite processing steps
include molds with thicknesses of up to 100 µm. As a result, there are numerous challenges that make the fabrication of MagMites a risky and time
consuming endeavor.
Table 6.1 is used as an overview of all main processes and their individual
steps are referenced and discussed in the text. Process I is based on a method
described in more detail by [Vollmers, 2008] but with adapted parameters for
the individual steps. Processes II and III are extensions of the initial process
that were explored over time that feature more layers, different photoresists,
and new combinations of deposited metals.
6.0.1

Wafer Cleaning

The wafers were cleaned first using a common sequence of solvents, i.e. Acetone
(C3 H6 O) and Isopropanol (C3 H8 O), to remove grease followed by a rinsing
step with de-ionized water (steps S1, S04, S09, S14, S17, S20, S23). After dry
etching the dimple holes into the silicon substrate (S03) and stripping the
resist (S04), the so-called piranha etch, a mixture of sulfuric acid (H2 SO4 )
and hydrogen peroxide (H2 O2 ) was used in proportion of 7:3 to remove organic residues for better adhesion of the metal layers deposited by thermal
evaporation (S05). In second step, plasma ashing was used to remove any
84

6 FABRICATION

Step
S01
S02
S03
S04
S05
S06
S07
S08
S09
S10
S11
S12
S13
S14
S15
S16
S17
S18
S19
S20
S21
S22
S23
S24

Purpose
Dimples
Dimples
Dimples
Dimples
Release Layer
Ground Spacer
Ground Spacer
Ground Spacer
Ground Spacer
Resist Helper
Frame/Spring
Frame/Spring
Frame/Spring
Frame/Spring
Spring Filler
Spring Filler
Spring Filler
Central Spacer
Central Spacer
Central Spacer
Attractors
Attractors
Attractors
Release

Description
Process
cleaning
I,II,III
photolithography
I,II,III
dry etching
I,II,III
stripping/cleaning
I,II,III
thermal evaporation I,II,III
photolithography
I,II,III
metal etching
I,II,III
electrodeposition
I,II,III
stripping/cleaning
I,II,III
thermal evaporation I,II,III
photolithography
I,II,III
metal etching
I,II,III
electrodeposition
I,II,III
stripping/cleaning
I,II,III
photolithography
III
electrodeposition
III
stripping/cleaning
III
photolithography
II,III
electrodeposition
II,III
stripping/cleaning
II,III
photolithography
I,II,III
electrodeposition
I,II,III
stripping/cleaning
I,II,III
wet etching
I,II,III

Table 6.1: Overview of the MagMite fabrication process evolution and variations. The metal deposition steps for the most complex process III are
illustrated in Section 6.0.3
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residual photoresist (S04).
6.0.2

Thermal Metal Deposition

Thermal evaporation was used to deposit metal layers from several nanometers up to a few micrometers, depending on the purpose and metal (S08, S13,
S16, S19, S22). After the etching of dimple holes a thin titanium adhesion
layer of about 25 nm, followed by a 0.5–1.5 micron thick sacrificial copper
release layer, followed by a final titanium protective layer of 50 nm, were
deposited by thermal evaporation (S05).
At several points of the process a thin titanium layer was deposited by
thermal evaporation (S05, S10) for multiple purposes: first, metal surface
protection against dirt during transition and rest times; second, as chemical
diffusion barrier and better adhesion layer for the photoresist; third, as a reflective layer providing a more homogeneous background reflectiveness on a
inhomogeneous substrate during photoresist exposure; fourth, to ensure complete removal of residual photoresist shortly before metal electrodeposition
(S07, S12).
6.0.3

Metal Electrodeposition

Several metals were deposited into resist molds formed by patterned photoresist and onto the conducting metal adhesion layers exposed at the bottom. Electrical conductivity is required for each device and spacer layer in
order to enable electrodepositing of all the following metal layers.
Copper was used as a sacrificial support and release material as it is
conductive and suitable for gold and nickel electrodeposition on top of it. It
can be quickly deposited and selectively etched. The first sacrificial layer to
provide an air gap between moving spring and substrate (S08) as well as the
second spacer layer providing an air gap between spring and soft-magnetic
bodies (S19) were 5–8 µm high and deposited in 5–15 minutes.
Although gold is soft and ductile it was chosen for the spring material
due to the ease of fabrication of the device frame and spring, the availability of a compatible copper-selective etch, the uniformity of coverage and,
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Figure 6.1: White light interferometry profiling of 5 µm thick electroplated
sacrificial copper. It can be seen how the copper surface is fairly rough and
the edges rounded.
most importantly, its electrically conducting but nonmagnetic properties. If
a magnetic material were to be used as a spring to connect the two magnetic
bodies a magnetic circuit forms that robs the gap between the two bodies
of magnetic field strength and force (Figure 5.32). The high mass and low
Young’s modulus of gold compared to other common materials in microtechnology also offers lower natural frequencies thanks to higher hammer mass
and lower spring stiffness. Typical deposition thicknesses were around 20 µm
deposited in several hours for better surface homogeneity.

(a) Ground layer with frame and spring layer resist pattern

(b) Electrodeposited frame and spring metal layer

Figure 6.2: (a) optical microscope image and white light interferometry profiling of the thick film resist (about 37 µm thick) patterning the copper ground
spacer (about 5 µm thick) before metal deposition and (b) after the gold layer
was electrodeposited (about 15 µm thick).
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Nickel was chosen for the magnetic bodies due to its ease of deposition
and availability within the group. A material such as an CoNi-alloy with
higher susceptibility than nickel would increase interbody forces for a given
geometry. Devices with CoNi as a material for the soft-magnetic bodies
instead of nickel are currently being fabricated in the group (Section 3.3).
6.0.4

Dry Etching of Silicon

Inductively coupled plasma (ICP) etching was used for etching approximately 1–2 micron deep dimple holes into the silicon substrate (Table 6.1,
step S03). Later on dry etching was also used to form silicon molds into
the wafer substrate instead of photoresist molds for the metal deposition of
device feature layers (S06, S11), see Appendix G.
6.0.5

Wet Etching of Metals

Selective wet etching with 0.5 % of hydrofluoric acid (HF) was used to
remove the exposed protective titanium metal layer shortly before the electrodeposition of metals. After process completion the device strips were
released by using a copper-selective wet etching mixture of 10 g ammonium
peroxodisulfate in 100 mL de-ionized water and 5–20 mL ammonia solution
(Figure 6.3) which dissolved both the device release layer (S05) as well as
any sacrificial support structures (S08, S16, S19).
6.0.6

Photoresist for Patterning Electrodeposition Molds

Different types of photoresist with corresponding developing and stripping
agents were used within the process chain and varied over time. The thin
layer resist mask for dry etching was patterned using positive photoresist
(S02 and later S06 and S11), all other layers were patterned using negative
photoresist as it typically allows for higher thicknesses. The resists used
over time include MicroChem S1813, Futurrex NR-2 20000P, Futurrex NR21 20000P, KMPR, AZ15nXT, AZ125nXT, etc.

88

6 FABRICATION

Figure 6.3: a) device strip release by dissolution of the sacrificial layer with
a selective copper etch. The formation of hydrogen bubbles can be seen. b)
a strip of ten tethered 07g2-LH devices after release.

6.1

Process I: Single Sacrificial Layer

The first designs, such as the original 06v6 (Figure 5.22) and its later
07v6b variants, were fabricated with process I. It relies on a single sacrificial
layer supporting the spring (step S08). The purpose of this sacrificial layer is
to provide a frictionless air gap between spring/hammer and the substrate.
This is crucial for the operation of the device as it leads to strong asymmetries
of the friction force acting only on the device frame. The process is a subset
of the processes given here. An illustration that includes the photoresist
layers can be found in the Appendix F.

6.2

Process II: Double Sacrificial Layer

The second-generation symmetric robots, e.g. 07g2 shown in Figure 5.31,
were fabricated with a similar but extended process. To make better use
of the available footprint of only 300 µm × 300 µm overhanging structures
were desirable. Hence, if the magnetic attractors could potentially cover the
same area as the non-magnetic features such as frame and more importantly
the spring, then both larger volumes for the magnetic masses leading to
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(a) Mask layout

(b) S04 Dimple holes

(c) S09 Ground spacer

(d) S14 Frame/Spring

(e) S17 Spring filler

(f) S20 Central gap

(g) S23 Attractors

(h) S24 Released

Figure 6.4: Illustration of fabrication process III of a 07tjds-MH variant. (a)
shows the mask layout of dimple holes (positive resist) and all metal layers for
(negative resist). Black: dimple holes, red: the three sacrificial copper layers
acting as spacers, gold: device frame and springs, blue: soft-magnetic bodies.
The overlap of device feature layers in the design will lead to interlocking
of nickel with gold in the fabricated prototype. (b)–(g) illustration of the
layer-by-layer deposition process and how the accumulation of previous metal
layers influences the topology of each subsequent layer (without taking into
consideration a certain smoothing of surfaces during deposition). No resist
molds are depicted here.
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stronger magnetic forces and torques as well as longer springs leading to
lower resonant modes would become possible. For this purpose, an additional
second sacrificial copper layer was included in the original fabrication chain
that would allow a contact-free air spacing between spring and magnetic
bodies (S19), see also Figure 6.4.

6.3

Process III: Triple Sacrificial Layer

Several generations of MagMites were designed and produced with a focus
on the international microrobotics competitions held in the framework of
RoboCup Nanogram with the imposed geometrical constraints of a maximum
footprint of 300 µm×300 µm (Section 14.1.2). However, for both automation
development and feasibility studies on other micromanipulation tasks larger
devices became desirable.
Larger devices are expected to have lower resonant modes and less sticking problems. With this in mind the larger versions of the 07tj designs were
included in later device masks. For both design simplicity as well as comparability of the original 09tjd and the larger 09tjds (suffix s for supersize)
feature proportions were kept constant while scaling the original up to 150%,
i.e. to a footprint of 450 µm × 450 µm. This upscaling increased the width
of spring trenches by 50% making the homogeneous filling and covering of
springs with a single sacrificial copper air gap layer S19 an ever more challenging task (Figure 6.5). To account of this spring trench filling and spring
covering was separated into two separate steps (S16 and S19). The layer-bylayer metal deposition and resulting topology of the final process including
three sacrificial copper layers is depicted in Figure 6.4.

6.4

Challenges and Fabrication-induced Variation

Numerous challenges arise when using a custom thick-film photolithography and electrodeposition process that includes aspect ratios of up to 1:5
between mold trench width and height for photoresist features and aspect
ratios of 1:3.5 for deposited metal features. Layer-by-layer deposition also
means that every new metal layer has to cover higher and higher substrate
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Figure 6.5: Light-microcopy image of a 80–100 µm thick photoresist layer to
serve as a mold for the electrodeposition of nickel. It can be seen how the high
topologies with different reflectivity below the resist make the development
challenging. As this is a 07tjds-MH it can also be seen how due to the missing
sacrificial copper cover the springs are still fully visible and will interlock with
the deposited nickel, thereby rendering the device inoperable.
topologies of varying chemical properties. For the final nickel deposition of
up to 70 µm on top of device features and sacrificial layers with cumulative heights of up to 30 µm, resist molds with thicknesses of 80–100 µm are
required. Furthermore, due to the complexity and length of a fabrication process comprising up to 24 individual steps, multiple machine wait times, and
transitions between facilities significant feature variations and defects were
to be expected between wafers as well as within a single wafer. The properties of resist features is dependent on multiple aspects. These include local
variation of the exposure dose due to different substrate height, substrate reflectivity, and substrate roughness. Different aspect ratios within the device
lead to variations in development times during resist development. The effect
is further amplified by thickness variations on different topologies of previous
feature layers. Metal electrodeposition depends on the homogeneity of the
density of field lines as well as material exchange rates. Both aspects deteriorate with high aspect ratio features leading to an inhomogeneous thickness of
the deposited metal layer for different features. Inhomogeneous development
of resist mold features can often lead to undesired side-wall angles, undercutting of thin features and potential delamination during electroplating, the
widening of feature gaps, and hence the narrowing of feature sizes.
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Figure 6.6: SEM micrographs of an 07g2-MH prototype. a) top view of the
device. It can be seen how metal fins at the bottom of the frame and spring
features were electrodeposited due to undercutting and partial delamination
of the photoresist. The spring gaps are fully connected by thin gold fins. b)
side view of the device. It can be seen how the metal layer thicknesses vary
significantly depending on feature area. Furthermore, gold has been creeping
up the resist at the hammer base.
The result of a sub-optimal but functional batch of 07g2-MH devices can
be seen in Figure 6.6. The undercutting and/or delamination of the tall resist
walls separating the springs leads to the formation of thin gold fins at the
bottom of the frame and spring layer. These fins, however, can be quickly
removed during postprocessing as discussed in Section 7.
Most types of robots that were fabricated have been successfully and
repeatedly driven on structured and unstructured surfaces from the very
beginning. With higher device homogeneity, numerical modeling and experimental characterization will become much more meaningful. Different
materials with remanence lower than nickel are currently under investigation
and are expected on the one hand to decrease the behavioral variations due
to device magnetization and on the other hand to lower the risk of magnetic
lock up in future designs.
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6.5

Alternative Fabrication Strategies

Several steps were taken to improve process controllability and yield—
including several new resists and tuning existing process parameters. Furthermore, different sets of metals to replace the existing gold and nickel
strategy as well as replacing resist molds and support structures by siliconbased processes were investigated and are listed in Appendix G. Radically
different fabrication approaches were taken in later designs and are discussed
in Appendix 16.
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7

Post-processing and Handling

Most robots were fabricated in batches of ten tethered to larger gold/nickel
carrier strips when released (Figure 6.3.b) which greatly facilitates their handling with tweezers as well as mounting for stationary characterization of the
single devices (see Section 8).

7.1

Laser Surface Cleaning

After releasing the devices by etching the sacrificial copper base layer and
copper support structures, the devices need to be further cleaned by washing
with a standard procedure using solvents (Section 6.0.1). This, however,
is not always sufficient and photoresist residues as well as parts of the thin
titanium layers that were protected by dirt or resist may remain (Figure 7.2).

(a) Before cleaning

(b) After cleaning

Figure 7.1: Surface cleaning of dirt accumulated around and debris on the
bottom side of a 07g2 device after chemical release.
Furthermore, depending on substrate cleanliness, the devices tend to accumulate microscopic dirt at the base of the device frame and around the
dimple feet. Particles and dirt have been successfully removed both before
and after release from the carrier strips with the help of a laser benchtop
micromachining system (New Wave Research LaserMill by Electro Scientific
Industries, Inc.). Figure 7.2 shows the effectiveness of the procedure.
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Figure 7.2: Surface cleaning of dirt accumulated around dimple feet on the
bottom side of a 07g2 device after driving. Left to right: no cleaning, 1 laser
hit, 2 laser hits, and 10 laser hits.

7.2

Laser Feature Trimming

Due to the fragility of thick-film photolithography processes on substrates with varying thickness, reflectivity, and resist adhesion properties
(Section 6.4) critical features such as the spring may sometimes be connected
by a very thin gold layer. This layer can be gently removed and even larger
features trimmed with a micro laser system, as illustrated in Figure 7.3. For
the 07v6b devices where the nickel bodies are not overlapping the spring the
laser can also be used to open grown-in actuator gaps.

(a) Grown-in springs

(b) Opened springs

Figure 7.3: Feature trimming with a benchtop micro laser system opening
the spring gaps that have been connected by a thin layer of electroplated gold
due to poor resist adhesion and undercutting during resist development.
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Figure 7.4: Releasing devices by cutting the thin gold tether that attach
them to the larger carrier structures with the help of a laser. A test cut can
be seen on the tether at the lower right.

7.3

Device Release by Laser Cutting

Cutting metal with a micro laser allows for fast and precise separation of
the devices from their tethers, postprocessing steps such as surface cleaning,
as well as opening and trimming features and gaps where necessary. As
such, certain fabrication induced device faults could be manually corrected
and many more devices could be put to use.

7.4

Device Handling and Positioning

For macroscale robots, where the world is dominated by macroscale physics,
the robots can be handled relatively easily. At the microscale on the other
hand, a number of challenges when handling these fragile devices must be
addressed before positioning, control, and automation can be successful. For
example, the task of moving a robot to its operational area without damaging it is a challenge that need not often be considered at the macroscale, but
can pose a serious difficulty for microrobotics researchers.
In case of the MagMites, the individual robots can be picked and placed
exploiting their magnetizability using small magnets and a spacer (e.g. microscopy glass slides) between magnet and robot. However, using such tools
means the exposure of the robots to magnetic fields which are by order of
magnitudes higher than the fields used to drive them. As a result, strong
magnetization due to the relatively high magnetic remanence of nickel can
have a significant effect on the driving behavior. This issue is addressed in
Section 9.11.1
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8

Characterization of Immobile Devices

The experimental results presented in the following can be divided into
the analysis of the stationary device response, i.e. when the device is still
tethered to a larger carrier strip, and the characterization of driving behaviors
on a planar surface with two to three degrees of freedom (near-holonomic
properties, Section 5.1.7). With dimensions of roughly 300 µm × 300 µm ×
80 µm the MagMites are barely visible to the human eye. For high-resolution
visual inspection optical microscopes as well as electron beam microscopes
were used.

8.1

Inspection with a Scanning Electron Microscope

Visual inspection of prototypes included the use of a Scanning Electron
Microscope (SEM), Zeiss DSM 962, for post-fabrication-imaging and assessment of feature dimensions, proper interlocking of nickel and gold features,
and more importantly ensuring the operability of spring and soft-magnetic
attractors, e.g. Figure 6.6. It has to be noted that the magnetic nature of
the body and the hammer do not make them ideal objects to image with
the SEM (this is due to the deflection of the e-beam by the residual magnetization). For FE simulation validation purposes the actual dimensions of
fabricated devices were estimated based on SEM imaging and fed back into
simulation, as previously discussed in Section 5.4.3. Figure 5.25 shows the
comparison of interlock features and resulting material overflow as well as dimension variations between the photolithography mask layout and fabricated
device (Appendix D).
8.1.1

Device Geometry and Mass for Modeling

For mathematical modeling of MagMites the dimensions of three nonideal 07g2-LH devices were averaged. Figure 8.1 shows the SEM image
of the top and back view of one device. The resulting geometries can be
found in the Appendix in Table E. With densities ρN i = 8900 kg/m3 and
ρAu = 19300 kg/m3 the resulting masses for device 06 are 1.25 · 10−8 kg for
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(a) Top view

(b) Back view

Figure 8.1: Geometry of device d07 from SEM micrograph. The corresponding table of dimensions can be found in Appendix E.
the hammer, 5.04 · 10−9 kg for the body, 1.08 · 10−8 kg for the spring (whereof
3.49 10−9 kg belong to the hammer support), and 1.40 · 10−8 kg for the frame,
which yields a total mass of 3.88 · 10−8 kg. For further calculations, the mass
of the hammer support is added to the hammer, while the mass of the frame
is added to the body. When vertical forces are calculated, the whole mass
must be taken into account, which includes the mass of the spring as well.

8.2

Optical High-speed Hammer Motion Imaging

High-speed optical camera imaging was used for initial hammer motion verification (MVD-1024-Trackcam equipped with a 1024 by 1024 pixels
CMOS image sensor, Photonfocus AG, Pfäffikon, Switzerland). Video frames
illustrating the hammer motion are shown in Figure 8.2). A trade-off had to
be found between image size, image frame rate, and sufficient illumination
with power LED arrays in order to visualize the device hammer oscillations.
Hence, 100×100 pixel region of interest (ROI) images where taken exploiting
aliasing effects at a shutter speed of 2418 fps while the system was excited
at resonance 2438 Hz. An increase of the field amplitude lead to the visually
detectable higher swinging amplitudes and the eventual closing of the gap.
Note that measurements were carried out in an attempt to visually observe a static hammer displacement when exposed to a constant external
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Figure 8.2: High-speed camera imaging was used for initial confirmation of
the expected hammer motion using aliasing effects between shutter speed
and hammer oscillation frequency. The circle highlights where the rotational
deflection of the spring is mechanically limited by the attractor mass.
magnetic field in the range of 9 mT. However, the displacement was too
small to be visually detected or reliably quantified.

8.3

Mechanical Spring Stiffness

The spring stiffness is a key parameter of the spring-mass oscillator and
greatly dependent on fabrication-induced feature size variations. The spring
stiffness of the same devices that were characterized in Section 8.1 was measured with a FemtoTools FT-S540 force sensor featuring a force range of
180 µN, a sensitivity of 90 µN/V, and a maximum resolution of 0.05 µN at
a sampling rate of 30 Hz. The entire measurement setup was placed on a
vibration damping table in a room with a continuous artificial light source.
The force sensor was mounted on a steerable mount provided by FemtoTools,
and the device strip was fixed on a plastic mount attached to the table. The
measurements where recorded with a CCD microscope-mountable camera.
Figure 8.4.a shows an overview of the measurement setup.
There are three spring stiffness characteristics in the system, corresponding to the three directions x (primary mode in line with magnetic attraction),
y (side to side lateral motion) and z (out-of-plane up/down motion). The
force sensor was manually steered to its initial position facing the hammer
by joystick control. The positioning was done by vision feedback, with only
one planar microscope view. Due to the small height of the devices and high
likeliness of a collision with the frame and thus risk of damage to the device, the spring stiffness in y-direction was not measured. During the actual
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Figure 8.3: Spring force measurement setup with a custom FemtoTools 3D
manipulation stage.
measurement the sensor was approaching, touching, and finally deflecting
the hammer under closed-loop control by software supplied by FemtoTools.
The software could be told to stop whenever either a certain distance was
traveled or force threshold was surpassed. The sensor motion is controlled
in discrete steps with force measurements carried out after each step. Figure 8.4.b shows the force sensor compressing on the spring of the device by
pushing on the hammer in longitudinal direction.
The measurements were carried out on multiple devices and several measurements per direction were recorded in order to ensure repeatability. For
post-processing, a least squares error method was used for the measurements
on each device and direction. The force measurements and corresponding
fits are shown in Figure 8.5. Table 8.1 shows the overall measurement results. The measurements in x-direction are similar for all devices, while the

Figure 8.4: Longitudinal spring stiffness measurement detail sequence. White
markers help with the identification of the deflection. The triangular large
object on the left is the tip of the force sensor.
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Figure 8.5: Representative spring force measurement and fit of 07g2-LH hammer deflection measurement. A smooth approach with no force is visible on
the left, a linear increase of force with spring deflection in the center, and a
steep inclination of force when the hammer’s displacement is blocked by the
front attractor. Visually observable sticking between sensor tip and hammer
results in a negative force when the sensor retreats.
measurements in z-direction vary more strongly. It is assumed that part of
this effect has its origin in the different longitudinal positioning of the sensor
with respect to the hammer for different devices, which introduces different
torque effects on the measurements.
As the spring stiffness and the mass define the resonant frequency of the
device (for very low damping factors as found in air), it is a reasonable to
cross-check and compare the directly measured resonant frequencies with the
resonant frequencies calculated from the spring stiffness measurements and
the estimated mass based on measured device geometries.
The measured resonant frequencies for these devices were 3200 Hz, 4600 Hz
and 8500 Hz, whereof 4600 Hz corresponds to the longitudinal
q direction, i.e. the
k
1
, the corresponddirection of primary interest for propulsion. By fR = 2π
m
ing mass can be evaluated. For device d06, this would be 1.26 · 10−8 kg, which
is close to the mass calculated from the device geometry, 1.25 · 10−8 kg.
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Device No.
02
03
06
07

Direction Measurements Stiffness [N/m] Gap [µm]
(mean)
X
12
10.4
22
Z
6
6.0
X
6
10.6
22
Z
2
6.2
X
3
10.5
22
Z
2
6.9
X
4
10.7
24
Z
2
5.6

Table 8.1: Spring stiffness measurement results with multiple measurements
in each direction and for multiple 07g2-LH devices.

8.4

Frequency Response Characteristics

The resonant properties of the spring-mass system forming the actuator
on the individual robots were characterized with a microscope-based laser
Doppler vibrometer (LDV) by Polytec GmbH, Waldbronn, Germany. The
system relies on a laser beam orthogonal to the surface plane of a moving
object and a reference beam that records a point at rest. It determines
the out-of-plane velocity of the moving surface and the vibration amplitude
and frequency are extracted from the Doppler shift of the laser beam. In
differential mode the phase shift between the target beam and a reference
beam in a different location is used instead. Vibrometer measurements were
only carried out on fixed devices, i.e. stationary robots still tethered to larger
carries as shown in Figure 6.3.b.
The resonant frequencies are characterized as being the frequencies with
the maximum velocity amplitudes. In a first step a rough scan over all the
frequencies from 1 to 10 kHz with step size of 100 Hz was performed. Once
the regions of interest are found, i.e. the peaks corresponding to the resonant frequencies, a more localized scan with higher resolution was carried
out. The frequency components of the LDV data clearly show the resonant
frequencies, their respective order, and how the response changes with increasing magnetic excitation amplitudes. Furthermore time recordings give
insight into delay times until steady state is reached, the damping present in
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(a)

(b)

Figure 8.6: a) LDV schematic (Wikipedia). b) recording setup with a strip
of MagMite robots mounted at the center of small electromagnetic excitation
coils.
the system, and hammer impact phenomena at larger field amplitudes.
The response of the hammer-spring system to the excitation signal is
measured with a peak-hold method where the oscillator is driven from rest
to a steady state response where it remains for a period that is longer than
the time needed by LDV system to scan all frequencies. In peak-hold mode
out of all sweeps only the strongest response at each frequency is stored.
After each excitation period the magnetic field is turned off for an interval
that is long enough to ensure a complete halt of the oscillator and the process
repeated. This procedure requires sufficient synchronization of the excitation
and measurement systems.
Instead of a discrete frequency sweep, continuous sweeps with no significant halt interval in between frequencies have been experimentally recorded
and numerically modeled. It can be shown how the energy state of the previous frequency influences behavior of the next excitation leading to widening
of the resonant plateau depending on the coefficient of restitution. This, however, has few implications for the moving devices (they are typically operated
at a constant frequency) and is therefore not further discussed here except
for a brief summary on hysteretic driving that is attributed to restitution in
Section 9.6.3.
Due to the large number of device types as well as fabrication induced
variations among individual devices only a selection of representative data is
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Normalized frequency response
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Figure 8.7: Normalized frequency responses of two particular robot types,
07v6b-MH (dashed line) and 07g2-MH (continuous line), as measured with
the LDV. The curves represent the normalized velocity of the hammer back
in the direction of primary excitation. A clear separation of the devices in
frequency space is apparent. The robot types are schematically represented
in the insets (both robots have equal magnetic body and hammer mass).
shown in this work, without loss of generality. For instance, representative
measurements of 16 tethered devices of the same type 07v6b-MH excited
with a magnetic field of 0.71 mT gave an average resonance of 2470 Hz with
a standard deviation of 75 Hz (1 σ). The Q-factor is 152 ± 12, and peak
hammer velocity is 0.011 m/s ± 0.0061 m/s [Vollmers et al., 2008; Vollmers,
2008]. An overview of the individual frequency response of devices that were
successfully fabricated and characterized can be found in Appendix B.
8.4.1

Comparing Design with Outcome

Comparison of measured resonance with the FE prediction of modeled devices with sufficiently matching geometry has shown that resonant modes of
the devices behaved as expected with respect to order and spacing—although
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process-induced variations of up to 20% in springs and masses lead to shifts
in the data (Section 5.4.3).
8.4.2

Phase Shift Characteristics

Besides the unique motion patterns that the device exhibits when excited
at different resonant modes (e.g. Figure 5.23) the phase change of π of the resonator response when sweeping the excitation frequency through a resonant
mode is an important characteristic of the agent. The phase shift of the resonant mechanism relative to the external excitation signal begins in-phase as
long as the excitation signal remains significantly below the resonant mode.
It starts to change rapidly around the resonant mode. It will reach a phase
shift to the excitation signal of π/2 at resonance and eventually π when significantly above the resonant mode. This phase shift can lead to a change of
the travel direction of the device and offers a control modality where device
direction is influenced by slight changes of the excitation frequency around
the resonant mode. While the recording of phase information with the LDV
contained significant noise (e.g. Figure 5.30.a, b, and c) this effect becomes
much more apparent in the drift and direction changes of mobile devices in
response to a frequency sweep (discussed in Section 9.6).
8.4.3

Cross-device Frequency Response Comparison

The potential of the MagMite device family to scale to a multi-agent
system that allows for the simultaneous operation of multiple agents in a
shared environment is dependent on the agents’ specificity and individual
response to different excitation frequency inputs. Already in Figure 8.7 the
frequency responses of two particular robot types, 07v6b-MH (dashed line)
and 07g2-MH (continuous line) is shown, as measured with the LDV. The
curves represent the normalized velocity of the hammer back in the direction
of primary excitation. A clear separation of the devices in frequency space
of about 2 kHz between the primary peaks is apparent.
Figure 8.8 illustrates how different robot designs lead to distinct resonant “fingerprints” that can be exploited for individual addressability and
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Figure 8.8: Normalized frequency responses of several distinct robot types to
illustrate the wide distribution of responses that could potentially be leveraged for multi-agent control. The sparse and noisy raw data was smoothed
in order to make the peaks more distinguishable.
thus multi-agent control. The response of individual devices is listed in Appendix B. Figure 8.9 illustrates how for one robot class different distributions
of the constant total mass of the magnetic bodies among hammer and attractor lead to different resonant modes, i.e. “small hammer” (≈1/3 of total
magnetizable volume, suffix -SH), “medium hammer” (≈1/2 of total magnetizable volume, suffix -MH), and “large hammer” (≈2/3 of total magnetizable
volume, suffix -LH). However, the separation due a variation in mass ratio
within a single device class are significantly smaller than the separation between different device classes and unlikely to be sufficient for multi-agent
control.
As stated in Section 5.4.6 the MagMite “TwinJet” variants were designed
to exhibit a particularly broad response spectrum with up to 6 eigenmodes
below 10 kHz with 5 of them below 5 kHz. Unfortunately, no tethered devices
were fabricated which made the LDV characterization particularly challenging. Measurements of “tethered” 07tj devices were carried out with “Snakes”
(Section 16.1.1) that could only be partially fixed to the substrate resulting
in a very noisy signal. In Figure 8.10 it can be seen how rich the response of
this device type indeed is. The implications for multi-agent applications of
mobile devices will be discussed in Section 9.6.4.
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(a) 07v6b hammer/attractor mass distribution variants

(b) 07g2 hammer/attractor mass distribution variants

(c) 07tj hammer/attractor mass distribution variants

Figure 8.9: Normalized frequency responses of different hammer distributions
within certain robot classes, i.e. 07v6b, 07g2, and 07tj.
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(a) 07tj-MH tethered response

(b) 07tj-LH tethered response

Figure 8.10: Frequency responses of 07tj-MH and 07g2-LH in semi-tethered
mode, i.e. with somewhat lower substrate adhesion. Hence, the velocity amplitudes are of purely qualitative nature and Q-factors may be distorted as
well. The curves were created by taking the maximum at each frequency out
of three different back scan measurements, i.e. measuring the center spring
connection point as well as the back of both left and right hammer. The large
number of response peaks with comparable magnitude may be an indication
why the 07tj devices exhibit a broader and therefore more practical driving
response spectrum in comparison with other designs.
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8.5

Amplitude Response Characteristics

A frequency sweep can be combined with a sweep over different magnetic
excitation field strengths. As for the original 06v6 and 07v6b designs, fast
Fourier transform (FFT) analysis of the main peak over increasing excitation shows the amplitude of the oscillations growing with the excitation field
until a maximum is reached and the peak plateaus while continuing to widen
(Figure 8.11.a). In a similar measurement on 07v6b variants [Vollmers et al.,
2008], the excitation field strength increases from 0.71 to 3.55 mT, the maximum velocity of the swinging hammer increases from 0.011 m/s to 100 m/s.
Above 2.13 mT the peak begins to plateau. Further increase of the excitation
current only serves to increase peak width and decrease the Q-factor. The Qfactor of the resonator based on full width at half max measurements in this
example drops from 148 to 43 with the biggest drop between 2.13 mT and
2.84 mT. This behavior is attributed to mechanical limiting of the amplitude
of the oscillations due to impact between the magnetic bodies.
Unfortunately, the available LDV system could not keep up with hammer speeds at higher field amplitudes and signal clipping prevented the exploration of the full amplitude range on most of the more advanced devices
featuring larger actuator gaps, e.g. Figure 8.13.a. Scans of the primary resonant peak of interest for a 07g2 device did not exhibit any detectable impact
phenomena (Figure 8.11.a) but a decrease of the response amplitude with
increasing excitation field amplitude (Figure 8.11.b).

8.6

Actuator Impact Characteristics

Actuation with higher field strengths produced impact occurrences clearly
identifiable in the raw LDV data for certain devices, where a change in velocity of nearly 100 mm/s in 2.15 µs can be observed as plateaus in FFT
analysis of the resonant peak similar to (Figure 8.11.a) as well as an abrupt
change in the velocity curve in time scans (Figure 8.12). The average impact force of tethered 07v6b devices calculated from changes in momentum
with a 5 mT excitation field is 160 µN—16 times larger than the maximum
calculated magnetic forces [Vollmers, 2008].
110

8 CHARACTERIZATION OF IMMOBILE DEVICES
0.25

0.16
0.1 mT
0.5 mT
1.0 mT
2.0 mT

0.14

1.0 mT
2.0 mT
3.0 mT
4.0 mT
5.0 mT
6.0 mT
7.0 mT
8.0 mT
9.0 mT
10.0 mT

0.2

Hammer velocity [m/s]

Hammer Velocity [m/s]

0.12

0.1

0.08

0.06

0.15

0.1

0.04
0.05
0.02

0
2200

2220

2240

2260

2280

2300

2320

2340

2360

2380

2400

Frequency [Hz]

(a) 07v6b-MH hammer velocity response

0
4600

4620

4640

4660

4680

4700

4720

4740

4760

4780

Frequency [Hz]
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Figure 8.11: The two figures show the hammer velocity on a tethered device
as characterized in a LDV in response to increasing amplitude of magnetic excitation. The peaks represent the primary Eigenfrequency of interest, i.e. the
one leading to impact of the swinging mass into the fixed attractor. This
is also the mode that is excited the most by magnetic attraction. In Figure
a) the response of the first asymmetric prototype 07v6b-MH is illustrated.
It can be seen how hammer speed increases with excitation amplitude and
how the peak flattens when driven to impact. Figure b) shows the response
of the symmetric prototype 07g2-MH. It is noteworthy how the hammer
speed reaches its maximum at about 5 mT without detectable impact, and
decreases despite the rising magnetic excitation field, which is quite different
from the response seen for the other robot.

Impact can only be observed for certain device types and in measurements
on tethered devices (Figure 8.11). It is assumed that the available field
amplitudes are not sufficient to drive newer devices with larger device gaps
and stiffer springs to impact. Another factor could be mechanical limiting
within the spring that was not intended by design but may nonetheless occur
due to fabrication induced variations of spring element widths. In mobile
devices that are not fixed to a carrier by a rigid tether it is unclear to what
extent impact plays a role during untethered operation. This aspect will be
further discussed in Section 10.
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Figure 8.12: Impact visible in time scans of the hammer velocity of tethered
06v6 devices.

8.7

Damping Characteristics

The response of a 07g2-LH oscillator to various field strengths at resonance was recorded. Figure 8.13 shows a time recording of the reaction of the
hammer to a sequence of excitation periods with increasing magnetic field
strengths. To explore the effect of fluid damping in different environments
the measurements were carried out in different media (air, vacuum, water).
The sequence of amplitudes was 0.2, 0.5, 1.0, 1.0, 1.0, 2.0, 3.0, 4.0, 5.0,
6.0, 7.0, 8.0, 9.0, 10.0, 1.0, 1.0, 1.0 mT. The two blocks of 3 × 1.0 mT were
included for better visual distinction between repetitions of this excitation
sequence.
It can be seen that for increasing field strengths, the relative gain in
velocity saturates. The same effect can be seen in vacuum, but not so much
in water. The vacuum scans look much like the measurements in air, but the
amplitudes are smaller. In water, the curve seems more parabolic and the
velocity amplitudes are attenuated by a factor of 10 in comparison with air.
Damping was determined by applying a step input on the excitation coils
and measuring the on/off response of the device with the scanning LDV. In
an underdamped system, the damping ratio and spring stiffness are coupled
to the settling time. The settling time is reached if the signal remains inside
a certain error band ε of the steady state value. Figure 8.14 shows one of
the damping measurements with 2% error band.
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Ts = −

ln(ε)
ζωn

(8.1)

Once the damping ratio is known, the damping constant can be calculated
by
√
c = 2ζ k · m.
(8.2)
We chose a step of 10 mT and measured the on/off behavior of the system. Table 8.2 shows the resulting damping constants, with a mean of
0.99 · 10−6 kg/s. The results are slightly anisotropic, but show a good agree-

(a) Amplitude response in air

(b) Amplitude response in vacuum

(c) Amplitude response in water

Figure 8.13: Time recording in different media of the hammer motion in
response to a particular excitation sequence consisting of individual blocks
of different magnetic field strengths.
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measurement 1
2
3
4
5
switch on
off
on
off
on
off
on
off
on
off
−6
damping [10 kg/s] 0.96 0.95 0.93 1.03 0.99 1.07 0.93 1.04 0.96 1.06
Table 8.2: Damping constants of device 06 (07g2-LH) in air.
measurement 1
2
3
4
5
switch on
off
on
off
on
off
on
off
on
off
−6
damping [10 kg/s] 0.79 0.82 0.82 0.87 0.91 0.91 0.93 0.93 0.99 0.94
Table 8.3: Damping constants of device 06, in vacuum.
ment with the damping constant derived with Equation 10.17).
Vacuum measurements were performed at ≈10−2 Pa. The respective constants can be found in Table 8.3. The mean damping constant of 0.89 · 10−6 kg/s
is only insignificantly lower than that of air, but no anisotropy can be seen.
To investigate the damping in water, the device strip was mounted in
a container filled with de-ionized water. Again, step inputs were applied.
The processed results are summarized in in Table 8.4. The mean damping
constant of 18.5 · 10−6 kg/s is a factor of 10 higher than the damping constant
of air. The damping constants show a strong anisotropy between the on and
off steps, and are approximately 10 times higher than the drag calculated
in Section 10.1.7. The anisotropy can possibly be attributed to the different

Figure 8.14: Time measurement where the on/off responses of the oscillator
to a DC magnetic step signal are shown.
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measurement 1
2
3
switch on
off
on
off
on
off
−6
damping [10 kg/s] 13.3 24.4 11.9 25.1 12.0 24.4
Table 8.4: Damping constants, in water.
spring compression states in on and off modes.

8.8

Influence of Pre-magnetization

The magnetic properties of electrodeposited soft-magnetic material such
as nickel may vary with deposition parameters, the body shape, and the
fabrication and postprocessing history. Therefore the actual magnetization
behavior of an individual device when exposed to varying external magnetic fields and magnetic pick-up remains largely unknown. Experimental
results of both tethered and mobile devices indicate a residual magnetization (remanence) of the electrodeposited nickel that is significant enough to
be detected in LDV scans. Furthermore, speed variations after sticking incidents and self-alignment phenomenon during mobile characterization runs
also indicate significant remanence (Section 9.11.3). The result of tethered
experiments is illustrated in Figure 8.15 where the devices were again exposed to repeating sequence of discrete excitation blocks with monotonously
rising magnetic field amplitude. In both plots, the two rising blocks on the
right match the patterns discussed previously in Section 8.5 while the first
block differs significantly from the two following it. A possible explanation
is given in the following.
Figure 8.15.a shows a sweep after the direction of the current through
the excitation coils has been inverted, thereby also inverting the direction
of the magnetic field relative to the fixed device orientation. The measured
amplitudes decrease by 25–30% in the first sweep carried out immediately
after switching the field direction. During the excitation blocks with a field
amplitude from 4 to 6 mT the measured velocity magnitudes are significantly
attenuated. The minimum is reached at ≈6 mT and then the response amplitude increases again. The response amplitude only recovers during the
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(a) Change of field direction

(b) Permanent magnet approach

Figure 8.15: Inversion pattern indicating significant material remanence as
well as remagnetization of the device after exposure to fields created by electromagnet and hard magnet.
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last two periods of 9 and 10 mT. It is noteworthy that after this first field
amplitude sweep the course of the following sweeps has recovered and exhibits the pattern familiar from regular amplitude sweeps. Therefore, the
inversion pattern of the first sweep occurs only once after switching the field
direction and is likely to indicate a remagnetization effect happening when
switching the field direction—an assumption that seems plausible given an
experimentally determined coercivity of the electrodeposited nickel in the
range of 70 Oe (5570 A/m or with B = µ0 · H = 7 mT) (Figure 3.3).
To further support his hypothesis, deliberate remagnetization was carried out by approaching robots and carrier from opposite directions along
the excitation axis with a permanent magnet. Permanent magnets in close
proximity to the device can expose it to field strengths that by orders of
magnitude higher than the fields used to drive them. Figure 8.15.a shows
a sweep after the device strip and robots were approached with a permanent magnet from the opposite direction since the last run. In analogy to
the runs carried out with magnetic field direction change, an initial inversion pattern can be observed for the first run as well as its recovery with
the following runs. Thirteen such magnetization measurements all lead to
the same effect. To some extent the presence of the soft-magnetic carrier
to which the devices are tethered (Figure 6.3) may influence the forces due
to its significantly larger volume. This hypothesis will be further addressed
in Section 10.7.1. However, magnetization effects can also be observed on
the untethered device during a stiction incident while driving on a planar
substrate, as discussed in Section 9.11.3.

8.9

Summary and Discussion

Experimental studies on tethered devices were primarily carried out to on
the one hand validate the FE design process and on the other hand to identify system parameters to be used in analytical and numerical models that
describe the mobile behavior of the device. LDV characterization is relatively
simple, quick, and very repeatable. In the microrobot application, the fast
Fourier transform (FFT) data has been most useful in identifying resonant
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peaks at which the robot drives with the lowest excitation frequency. The results are a good initial indication of the resonant modes of individual devices
as well as the separability of different robot variants in frequency space—an
important characteristic for multi-agent control (Section 8.4.3). Other than
that the characterization of tethered devices is only of limited value as the behavior of mobile devices differs significantly from measurements on tethered
devices—this is further discussed in Sections 9 and 10.
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9

Characterization of Mobile Devices

The single most important measure of success of microagent mobility is
how well a robot species can be controlled when being driven over various
substrates and in different environments such as vacuum, gases, and fluids.
Since the devices are too small and their internal dynamics too fast to be
observed with the available instrumentation while the agents are in motion,
device performance evaluation becomes effectively limited to visually tracking the agent’s pose and trajectory. While visual tracking can not sufficiently
describe the internal dynamics of the device, it is entirely sufficient to judge
its overall fitness for future micro-object handling applications in different
environments based on its speed, smoothness of motion, steadiness of orientation, and overall reliability.
Different sets of driving experiments are reported in the following and
observations matched with analytical and numerical models in Section 10.
Driving experiments were carried out by reducing unknowns as much as possible and changing a single parameter at a time. The setup and control
strategy used will be explained in greater detail in Section 11 and 13, respectively.

9.1

Agent Excitation

In order to understand the parameter sweeps presented in the following,
the definition of the magnetic and electrostatic excitation has to be introduced. A schematic depiction is shown in Figure 9.1. The definition may
deviate from the actual implementation in hardware in some details without
loss of generality. Both signals are depicted as rectangular in shape, which is
approximately true for most excitations used so far, and of identical period
length. However, signal distortions may occur and artifacts may be introduced in the control system for higher magnetic field amplitudes, as discussed
in Section 12.3. The proportions are not typical but exaggerated for better
understanding of waveform parameter influence.
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Figure 9.1: Schematic illustration of the excitation signal used for robot control with the magnetic signal waveform in black and the electrostatic clamping in grey (both with dashed center lines in respective color). Ground is
depicted as red line. P: oscillation period of a single waveform; MAp−p : magnetic field peak-to-peak amplitude; MCO: magnetic field center offset; MBO:
magnetic field base offset; Mdc: magnetic field duty cycle; CAp−p : electrostatic clamping peak-to-peak amplitude; CCO: electrostatic clamping center
offset; CBO: electrostatic clamping base offset; Cdc: electrostatic clamping
duty cycle; φ: phase between magnetic and electrostatic waveform. Note
that this depiction may differ from the various implementations in hardware
over time.

9.2

Agent Performance

When operated on a two-dimensional plane, MagMite performance can
be divided into four main aspects:
• Speed: how fast the robot is moving
• Orientation: where the robot’s front is pointing
• Direction: in what direction the robot is moving
• Drift: the angle between orientation and direction
Each aspect is affected by multiple parameters and can be controlled with
different strategies.

120

9 CHARACTERIZATION OF MOBILE DEVICES

The forward orientation of the robot is defined as the face normal of the
robot’s front designed for pushing micro objects. If the orientation of the
robot is parallel to the direction of travel, the robot is considered to move
forward without drift. If the orientation is antiparallel to the direction of
travel the robot is considered to move backward without drift. If there is any
noticeable angle between the robot’s main axis and its direction of travel this
is defined as the drift angle. Therefore, a drift angle of ±180 ◦ is identical
with the backward direction of travel while a drift angle of +90 ◦ would result
in perfect lateral motion to the right (Figure 9.37) and −90 ◦ to the left.

9.3

Initial Proof-of-Principle Experiment

The first proof of principle experiments with 06v6 devices were recorded
February 12, 2007. The devices were powered and controlled with a single
pair of electromagnetic coils in approximate Helmholtz configuration. Orientation control was achieved by rotating the coils relative to the robot arena.
For this, the coil pair was mounted on a DC motor, as shown in Figure 9.2.a
and b, and could be rotated by ±180 ◦ . The experiments were very limited in
nature since the control electronics had been barely adapted and no specific
control software had been written at the time. Nevertheless the device could
be driven and controlled, as shown in Figure 9.2.c.

9.4
9.4.1

Automation of Characterization Experiments
Parameter Set Sweep

The setup used for most experiments described in this chapter is briefly
introduced in the following. Robots are tracked by a vision system and automatically steered by two orthogonally arranged coil pairs to a center point
on the substrate of choice. Once the robot center is in sufficient proximity of
the starting location the system comes to a complete halt to ensure that any
oscillation history is ruled out for the next experiment. After a short pause
of about 200 ms a new parameter set is loaded and executed by activating
only one Helmholtz coil pair in open-loop control (see Section 13.4 for more).
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(a)

(b)

(c)

Figure 9.2: Motorized rotating coil-pair used for the first proof-of-principle
experiments with 06v6 robots in early 2007. a) large view with microscope
lens (top), LED light ring, and coil pair mounted on a DC motor. b) detail
view of arena mounted at the center of the rotating coils. c) overlay of
selected video image sequence showing the robot trajectory as controller by
rotating the coil pair (orange line added to highlight the path traveled).

The activation of only one coil pair during a run exploring a particular
parameter set is necessary in order to minimize distorting effects. Such artifacts due to digitization and superposition are unavoidable when operating
the device with an in-plane rotating magnetic field vector (Figure 5.19) produced by linear superposition of orthogonal magnetic fields generated with
two coil pairs (see Section 12.3).
An experimental run with a parameter set of interest is terminated when
one of two criteria is met. On the one hand the experiment is stopped by
the servoing system whenever the robot crosses a circular outline defining
the maximum allowed travel distance—this is the case for any sufficiently
fast motion of the robot and prevents the robot from leaving the observable
workspace. On the other hand the experiment needs to be aborted when a
certain timeout is reached—this is the case whenever the robot exhibits no
significant response or sticking occurs en route. It strongly depends on the
agent’s response to the active parameter set which criterion is met first. Once
either of these conditions is met, the control system switches back to normal
servoing and steers the robot back to its initial position for the next run
(Section 13.6). During each run the robot’s pose and trajectory is tracked
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Figure 9.3: A video frame from a mobile robot characterization run. The
automated testing setup first visually servoes the robot to the center of the
image. After a short pause, a new set of waveform parameters is selected and
the magnetic field is controlled on a single coil pair. The virtual compass
needle on the top left illustrates the applied field orientation, i.e. in this case
a perfectly horizontal orientation generated by only one coil pair. After the
robot either leaves the circle or a time limit is reached, the data is logged
and the next experimental run with a new parameter set is started. The
black and white camera image is overlayed with control and status information of the automation system. In the center is the robot with its tracked
outlines marked by an orange box and its orientation indicated by an orange
arrow. The blue dotted circle marks the boundary where the experiment will
be stopped if the robot crosses it before time-out. The text in the center
represents the currently active parameter set. The robot in this sample image is traveling diagonally backward with respect to its forward orientation
intended by design.
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for control purposes and logged for further off-line evaluation.
For the successful servoing of the robot from random end positions back
to the starting position in between parameter identification runs an initial
default control parameter set must be identified by the human operator. An
experienced experimenter can typically find such a sufficiently reliable set
within minutes for most robot types.
9.4.2

Sweep Data collection

Significant amounts of data are recorded and logged with every experiment. This poses its own challenges. For instance, the range of a wide
frequency sweep is typically between 500 Hz to 10 kHz and the frequency
step size between parameter sets 50 or 100 Hz resulting in about 100 individual runs per sweep. Tracking data is collected at a rate 100 Hz and, among
other types of data, and typically includes control outputs, tracking outputs
encoding the pose information of the robot in motion, and image frames at
a rate between 15 and 100 frames per second (fps) to document the experiment for later evaluation and identification of potential anomalies. This can
lead to the collection of significant amounts of data that need to be buffered
in the systems memory since constant disk access would be too slow. As a
result the total duration of an experiment is limited and thus the resolution
of wide range sweeps has a system dependent limit. Such large continuous
data sets can only be recorded with the latest control software (Section 13)
emphasizing on multi-threading and fast compression running on a currently
available regular QuadCore Intel PC with 4 GB of RAM.
9.4.3

Data Post-processing

Post-processing of the recorded pose data is done off-line using custom
scripts written in MATLAB and tailored to the particular behaviors of MagMite
agents and to the outputs of the control and logging software implemented
at the time of the recording. The current scripts allow for the targeted elimination of invalid runs that would create non-representative outliers in the
experimental data. Such outliers include pick-up and positioning events as
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Figure 9.4: Example overview of the post-processing of an experimental parameter sweep with MATLAB—in this case a frequency sweep of an 07g2-LH
robot. (a) the full trajectory traveled by the agent throughout the experiment in order to identify anomalies (as tracked and recorded in video by the
overhead camera). The path included both actual parameter runs as well as
the servoing of the robot back to the start position. (b) extracted trajectories that were classified as significant in length and smoothness, (c) extracted
trajectories that were classified as jittery or curved, indicating that there was
a significant change of direction during the run or that the robot was shaking
while traveling, (d) runs that were classified as insignificant either because
the robot never moved or got stuck shortly before or after start.
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well as random sticking events. The most common outliers in older data sets,
however, are tracking issues. Excessive noise may sometimes be added to a
tracked trajectory because the tracker has been distracted for a split second
by a dust particle that has been moved by the robot. An other common problem in older data sets are tracking problems after the robot’s response was
so strong that the tracking orientation has been flipped between two frames
(see Section 13.5). Such problematic events can be identified and eliminated
with great certainty as a video of each experiment is kept for future reference.
Figure 9.4 shows the overview of such a parameter sweep including the
full trajectory and the classification of individual runs. Two individual runs
as extracted and processed from the parameter sweep set are shown in Figure 9.5. During an experimental run some speed variations may occur right
after the start of the experiment and right before the servo system takes
over again after a run. This has to do with the sudden switching of the control signal (Section 12.3). Thus, the analysis focuses on the mid-section of
the recorded trajectory and eliminates small portions at the very beginning
and end of each run. This makes the data much more consistent and representative of agent motion. Since the robot’s response to particular control
parameter sets may lead to a curved or jittery trajectory, only the accumulated distance traveled and resulting speed must be used (as opposed to only
line of sight distance between start and end points). Curved or jittery trajectories are detected and highlighted automatically by computing the error
between the true trajectory and an idealized linear least-square fit (blue lines
in Figure 9.5).
Which orientation of the robot is tracked as “forward” depends on the
driving orientation of the default parameter set to servo the robot in between
runs and is irrelevant for parameter sweeps as long as it stays consistent
throughout an experiment and its later analysis. The representation of orientation and drift (defined in Section 13.3) is based on text flags stored with
the experimental data that identify the tracking orientation with respect to
the default parameter set. Again, video recordings of each experiment ensure that such conventions can be verified during post-processing and human
error eliminated.
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Figure 9.5: Example overview of the post-processing of experimental parameter runs extracted with MATLAB (compare with Figure 9.4)—in this case
a frequency sweep of an 07g2-LH robot. Left column: the real image with
overlay information as tracked and recorded in video by the overhead camera
with a white line connecting the tracked robot with the start position and
a white circle outlining where the run will be stopped. Right column: the
path traveled by the robot for this particular parameter set on a titanium
substrate. The red circles indicated minimal travel distance that has to be
covered before the run is considered. The black line is a least square approximation of the trajectory that is used to determine the direction of travel and
the smoothness of the robot’s path. The blue circle indicates the robot and
the internal lines orientation tracking information to determine forward and
backward motion and drift. Top row: a relatively good parameter response
leading to a smooth trajectory and little drift (5650 Hz at 3 mT). Bottom
row: a particularly jittery trajectory (5750 Hz at 3 mT).
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9.5

System Stability

In a first step the repeatability of single parameter runs was investigated
by executing a large number of runs with the same parameter set while
tracking and logging the device’s speed and orientation.
Figure 9.6 shows the speed changes of a 07g2-LH agent in response to
systematic upward and downward sweeps. The experiment was carried out in
this form in order to detect potential instabilities or anomalies in the current
control and drive system. High overall repeatability could be demonstrated.
The average device speed appears to depend linearly on the applied external
magnetic field of a maximum amplitude of 8.8 mT but the measured speeds
show increasing variance toward higher field strengths and thus device speeds.
It remains unclear whether this variance has to do with actual physical speeds
or rather tracking and post-processing artifacts that are amplified when fewer
data points are available per run. It may certainly mask minor nonlinear
dependencies for a given frequency (compare with modeling, Figure 10.28).

9.6

Excitation Frequency Response

The devices were designed by first studying their behavior as single-mass
oscillators with FE analysis and then validating design assumptions on the
tethered devices with the help of a laser Doppler vibrometer (LDV) (Section 5.4.3). The frequency response of the device when mobile is closer to
a double-mass oscillator and is characterized by a sequence of single experimental runs with step-wise monotonously increasing frequency. Typically,
the primary eigenmodes of mobile devices leading to efficient propulsion
along the robot’s principle axis have to be identified in a first approach,
then the individual regions of interest are investigated with finer resolution.
The same procedure can be used to explore other control parameter sets
that can lead to more exotic modes of operation, i.e. other than the intended
primary modes. Observed MagMite frequency-dependent behaviors besides
the intended modes are very rich and range from controllable lateral motion
over hopping-like behavior to uncontrollable flight as well as driving when
upside-down (Section 9.9).
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(a) 8.8mT to 1.0mT to 8.8mT

(b) 1.0mT to 8.8mT to 1.0mT

(c) 8.8mT to 1mT to 8.8mT

(d) 1.0mT to 8.8mT to 1.0mT

Figure 9.6: Measured 07g2-LH device velocities in response to magnetic field
strength sweeps. The recordings were done in groups of 10 identical runs in
2 blocks of 5 runs downward and 5 runs upward and vice versa to ensure
overall repeatability. a) and b) show the speed as a function of excitation
field amplitude while c) and d) show the speed dependent on recording time.
While measured speed exhibits an increasing variance with rising magnetic
field amplitude the system returns to the very same point without detectable
hysteresis.
9.6.1

Wide Frequency Sweeps

Wide range low resolution frequency sweeps are carried out in order to
map the main resonant modes of the device. This is typically done at very
moderate magnetic excitation field strengths in the range of 2–4 mT in order
to prevent the device from leaving the workspace at near resonance. The
response of a 07g2-LH device is shown in Figure 9.7. Close to the resonant
frequency, the response of 07g2-MH or 07tj-MH robots under dry conditions is
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Figure 9.7: Example of two wide frequency low-resolution sweeps of the same
07g2-LH device on a titanium-coated substrate with a magnetic excitation
amplitude of only 4 mT and a center offset of 2.0 mT and with 4 mT and
a center offset of 2.5 mT (two sweeps of higher resolution were stitched).
Points that were classified as too short to be considered were explicitly set
to zero. Three regions of interest are distinguished. Region I is to be found
around 2000 Hz (backward motion) and appears to be fairly weak. Region II
exhibits the strongest response with a positive peak at f = f˜fn = 1.16fn =
5350 Hz (sideways motion) and a negative peak around f = f˜fn = 1.25fn =
5800 Hz (backward motion). Note that region II corresponds to the single
resonant peak at fn = 4616 Hz for the tethered device measured in direction
of excitation. Region III is in the range of 8000 Hz with an again weaker
response (forward motion). Also note how the direction response of the two
sweep parameter sets appears to depend on the excitation amplitude and
offset.
so strong that they are effectively catapulted off the arena at field strengths as
low as 2 mT. Operation at secondary peaks, however, typically requires much
higher field amplitudes due to significantly lower Q-factors of the velocity
response, i.e. lower amplitudes and wider frequency ranges. Thus, different
peak regions can not all be covered in a single setting wide-range sweep and
need to be investigated as distinct regions. The mapping of secondary peaks
is addressed in subsequent experiments focused around the secondary modes
with appropriate field amplitudes.
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9.6.2

Focused Frequency Sweeps

Focused frequency sweeps are carried out on the one hand in order to
get a higher-resolution profile of a peak of interest with a tailored magnetic
excitation field amplitude setting that leads to a significant but not too strong
response. On the other hand smaller ranges are also necessary for higher
frequency resolution experiments to avoid running out of system memory
when collecting large data sets (as discussed in Section 9.4.2).
The robot orientation and drift is symbolically illustrated: the blue circle
with a small tip indicates the field orientation, the red line the intended
forward orientation of the robot (which may be antiparallel to the tracked
forward orientation, as discussed in Section 9.4.3), and the black line its
direction of motion in response to the given excitation frequency. It can be
seen how orientation and drift changes are significant whenever the excitation
frequency is stepping through a resonant mode of the oscillator.
The three primary regions of interest identified in the wide-range frequency sweep in Figure 9.7 have been investigated with higher resolution.
They are shown in Figure 9.8, Figure 9.9, and Figure 9.10, respectively.
Because the mass-spring system can be excited in many ways, in most
cases a driving mode in the direction opposite to the intrinsic direction or a
mode for driving sideways can be found by shifting the excitation frequency
around the primary mode or by exploiting the response at a secondary resonant mode. For example, a 07g2-LH can be driven forward at an excitation
frequency of 8000 Hz (region III) and backward at a frequency of 6500 Hz
(region II, f = f˜fn = 1.4fn ) with similar speed and without any need for
rectification with a vertical clamping signal. Figure 9.11 demonstrates the
frequency-dependent forward and backward motion consistent with responses
identified in region II and region III plots (video sequence shown in [Frutiger
et al., 2010a]). This illustrates how the excitation of completely different
resonant modes on the same device is a viable design strategy.
Complete direction changes within a resonant region when sweeping through
frequencies is also observable, however in comparison with linear numerical
models for the untethered device the motion change does not always result in
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Figure 9.8: Example of a narrow higher resolution frequency sweep (region I,
1500–2200 Hz) of a 07g2-LH device on a titanium-coated substrate with different magnetic excitation amplitudes of 3, 6, and 8 mT, a center offset of
1.5, 3, and 4 mT, respectively, and a pulse-width modulation of 100% excitation. The agent’s response in this range is a complete inversion of directions,
i.e. first going in reverse, then going sideways, and finally going forward at
the upper bound of the scan.

Figure 9.9: Example of a narrow higher resolution frequency sweep (region II,
4500–6200 Hz) of a 07g2-LH device on a titanium-coated substrate with a
magnetic excitation amplitude of 4 mT, a center offset of 2 mT, and a pulsewidth modulation of 70% excitation. The orientation is forward both before
and after the region, but significant frequency-dependent drift changes occur
in between.
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Figure 9.10: Example of a narrow higher resolution frequency sweep (region III, 7400–8600 Hz) of a 07g2-LH device on a titanium-coated substrate
with a magnetic excitation amplitude of 8 mT, a center offset of 4 mT, and
a pulse-width modulation of 100% excitation. The agent’s response in this
range is one direction only, i.e. forward, and there is almost no drift.

(a) Forward at 8000 Hz

(b) Backward at 6530 Hz

Figure 9.11: Example recording of a 07g2-LH agent driving forward at
8000 Hz and backward at 6530 Hz when operated on a unstructured coppercoated substrate in air (video footage can be found in [Frutiger et al., 2010a]).
clean forward or backward motion but more often sideways drift. In the frequency response of the 07g2-LH agent shown here and for the magnetic field
amplitudes used such a complete direction change is only observed within
region I but not for regions II and III.
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9.6.3

Hysteretic Driving

A peculiar effect can be observed when parameters are continuously changed
while the robot is already in motion—this is particularly true for changes of
the excitation frequency. Representative data shown in Figure 9.12 demonstrates hysteretic aspect in the system that is attributed to transitions between static and dynamic friction states. The recording was done when
driving in manual mode only [Vollmers et al., 2008].
The graph is read as follows: when starting to excite a robot at rest and
with an initial excitation frequency far below resonance (1), the device’s response is inefficient and the spring-hammer system more or less oscillates in
place. As the frequency is increased and approaching resonance the robot
gathers enough energy to break the fully developed static friction (2) by inertial forces of the spring-hammer system (and possibly under some conditions
also due to impact of the hammer into the attractor mass). Once the robot

Figure 9.12: Hysteretic effect in the driving behavior on the playing field:
static friction (1) can only be overcome at the resonance frequency (2) around
2500 Hz. Once the device is moving, however, the driving frequency can be
significantly shifted (± 500 Hz) (3,4) while the device keeps driving (dynamic
friction). Once the device stops (5) the driving frequency has to be set to
resonance in order to overcome the static friction again.
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is moving, the driving frequency can be adjusted to far above (3) and below
(4) the resonance (± 500 Hz) while maintaining motion. At some point far
from resonance (5) the driving efficiency of the mobile robot is not sufficient
anymore to overcome friction and the device will come to a sudden halt. In
such cases, the driving frequency for a given field strength must be brought
back close to resonance before the robot will overcome static friction and
break free again. At higher driving field strengths the frequency range in
which the robot can still be driven is widened and the maximum velocity
of the device increased. However, it also increases the likelihood of chaotic
responses close to the natural modes.
9.6.4

Agent Response Comparison

The symmetrical and asymmetrical robot classes exhibit a very different driving behavior. The primary difference is that the desired eigenmode
for the 07v6b-MH moving body is rotational while that of the 07g2-MH is
compression. In practice this has a large influence on the direction of motion while driving. Both types drive on an unstructured surface without
clamping. Surprisingly, they can even be driven upside-down and hence with
double ground contact with similar success (Section 9.9).
As mentioned in Section 5.5, the potential of the MagMite device family
to scale to a multi-agent system that allows for the simultaneous operation
of multiple agents in a shared environment is dependent on the agents’ specificity and individual response to different excitation frequency inputs. The
measured response to a wide frequency sweep of a tethered 07v6b-MH device
and a 07g2-MH device were already shown in Figure 8.7.
Here we focus on the systematic exploration of their respective frequency
response when being driven on unstructured surfaces without clamping—
i.e. in the simplest driving mode best comparable with the LDV data of
tethered devices. In Figure 9.13, the mobile responses were added to the
tethered ones for better comparison. The maximum velocity response is on
the same order of magnitude for both agents, but have been normalized for
better visibility of relative frequency sensitivity. It can be seen how the pri-
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Normalized frequency response
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Figure 9.13: Normalized frequency responses of two particular robot types,
07v6b-MH (dashed line) and 07g2-MH (continuous line), schematically represented in the insets. Here the two modes of operation are overlayed for
better comparison: the frequency response of the hammer-spring system of
the tethered devices as measured with the LDV (lines without circles – identical to Figure 8.7) along with the frequency response of the whole agent
while driving freely and unclamped on a planar substrate (lines with circles).
While the relative spacing between resonant peaks is preserved the mobile
response is shifted up to higher frequencies by about 1 kHz for both types.
mary response (largest peaks) of the two agents is separated by over 2 kHz
in both cases, i.e. stationary LDV analysis (continuous lines) and driving response (lines with circles). Interestingly, when comparing the vibrometer
results with data gathered in driving experiments, a systematic shift in the
order of 1 kHz towards higher frequencies was found. Among other factors,
this is attributed to relatively low friction conditions and thus a shift towards
√
the behavior of a two-mass oscillator system with a natural mode of 2fn
compared to the one of a tethered single-mass oscillator.
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9.7

Magnetic Field Response

Driving modalities significantly depend on the external magnetic field in
conjunction with the internal magnetization of the soft-magnetic material.
Typical device responses to magnetic control during normal operation are
discussed in the following while the more erratic behaviors and failure modes
related to magnetic phenomena are described later on in Section 9.11.
9.7.1

Magnetic Orientation

Whenever an untethered robot is misaligned it will rotate and align it in
its stationary position with the external magnetic field direction (Section 5.3).
The maximum torque due to shape anisotropy and misalignment with the
external field is induced when the principle axis of the nickel bodies forms
a ≈ 45◦ angle with the external field. This, however, is only the case either
when the magnetic field is switched on at this angle with respect to the device
or when the agent is sticking to the substrate and can no longer follow the
external field. In strong cases of sticking, the spring-mass system is as if
tethered and acts as a single-mass oscillator that can be deliberately driven
to impact. The forces are typically sufficient to break the device free and
the robot will instantly snap to a position of minimal energy by aligning its
long axis with the magnetic field again. Static magnetic fields of less than
2 mT are typically sufficient for alignment. The torque acting on the device
can be increased by applying a constant magnetic field offset, as discussed in
Section 9.7.3.
In the case of perfect soft-magnetic material with no residual magnetization, the device will follow any further step-wise change in field orientation
as long as the angle per step is kept below 90◦ . As the control cycles are
triggered by the incoming camera image with up to 100 fps, such a limit in
field rotation step size is negligible and will appear as instantaneous and
smooth rotation. In theory, when assuming perfect soft-magnetic material
with no residual magnetization, both angles of 0◦ and 180◦ will be energetically equivalent due to instant magnetic repolarization and the system will
settle into the closest configuration. In practice, however, using electroplated
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nickel with an experimentally determined coercivity of 70 Oe (5570 A/m or
with B = µ0 · H = 7 mT, see Figure 3.3) a robot that has been exposed
to the high magnetic field of a permanent magnet retains a preferential orientation, i.e. parallel or anti-parallel with respect to the external field. A
magnetic field offset can also help to ensure constant magnetization of the
device and therefore a preferential direction of alignment which in turn can
simplify control.
9.7.2

Magnetic Field Amplitude

Systematic amplitude sweeps were carried out to investigate the device
behavior in response to changes in amplitude of the external magnetic field
when no magnetic field offset is present. Figure 9.14 shows a sweep over
a range of 1.0–8.0 mT with a base offset of 0.5 mT for a fixed frequency of
5950 Hz. On the bottom of the figure the average drift of the robot for each
amplitude is symbolically shown. It can be seen how the drift has a weak
but detectable systematic dependency on the external field amplitude.

Figure 9.14: Response of a 07g2-LH device on a titanium substrate to a
magnetic field amplitude sweep with 15 runs for each parameter set. It can
be seen how the device speed appears to increase linearly with magnetic field
amplitude of 1.0–8.0 mT with a base offset of 0.5 mT for a fixed excitation
frequency of 5950 Hz (f˜ ≈ 1.3). The circles on the bottom row symbolize the
field orientation while the black line represents the direction of motion while
the agents forward orientation is represented by a red line.
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The symmetrical and asymmetrical robots can be driven with very low
fields. While stable driving can be observed for fields as low as 2 mT, the
robots become increasingly susceptible to surface asperities and dust particles below this value. While 07v6b-MH is more prone to locking up (Section 9.11.4) when exposed to magnetic field strengths above 3 mT due to
remanence in the nickel bodies, 07g2-MH and 07tj-MH can be driven with at
least up to 9 mT, thus exhibiting more power and robustness. This behavior
can be expected based on the LDV results of Figure 8.11 where no impact
plateaus can be seen. Most of this difference can probably be attributed to
a different device geometry, such as larger gaps and stiffer springs.
9.7.3

Magnetic Field Offset

The MagMite control hardware was designed to allow for a constant magnetic field offset. A field offset can be used to maintain a constant magnetic
field, adjust the magnetization level and in the soft-magnetic material, and
therefore increase the torque for better alignment of the device. Furthermore,
it allows to invert the direction of travel instantly by shifting the amplitude
from entirely positive to entirely negative peak-to-peak amplitude due to the
inherent preferential direction of the device caused by residual magnetization
of the soft-magnetic bodies. Figure 9.15 illustrates the constant peak-to-peak
amplitude of 4 mT shifted by a center offset in the range of -6 to +6 mT with
smaller step sizes around 0 mT for higher resolution.
The field offset has a significant impact on the driving behavior. It can
be seen how the device reaches similar speeds for extreme amplitude offsets
while the region with a center offset close to zero is fairly instable (wide speed
variance indicated by the error bars at the bottom plot). At both extrema,
i.e. at ±6 mT, the device is driving backward (red and black line are antiparallel) but in opposite directions. The direction change happens gradually
and is correlated with significant device drift sideways and diagonally. Furthermore, there is a very abrupt jump in device drift of about 90 ◦ between
center offsets of 0.05 and 0.10 mT (light blue region) indicating a very high
sensitivity of the device with respect to the external field.
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Figure 9.15: Magnetic field offset sweep with center offsets from -6 to +6 mT
with constant amplitude of 4 mT. The device of type 07g2-LH was operated
on a titanium-coated substrate. Top: symbolic representation of the amplitude and offset (excitation signal was rectangular). Center: device drift.
The circles on the bottom row symbolize the field orientation while the black
line represents the direction of motion while the agents forward orientation is
represented by a red line. Bottom: device speed as a function of the magnetic
field offset. More explanations can be found in the text.
Therefore, the field offset can be used to enforce a complete change the
robot’s direction of travel due to the residual magnetization in the softmagnetic bodies of the device.
9.7.4

Magnetic Field Pulse-width Modulation

At least six different strategies to control device speed were designed or
discovered over time—some varying the energy input into the oscillator system, some by controlling the dissipation of energy (an overview can be found
in Section 13.3.1). One of the later modifications of the control hardware
allows for the modulation of the magnetic excitation signal (Section 12). For
a control signal train of 100 oscillations at excitation frequency a it can be
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defined what proportion of the total oscillations are active while the field is
inactive for the remaining oscillations (Figure 9.16). For instance, a proportion of 70 % of the control signal train would result in a signal that actively
drives the resonant system for 70 oscillations out of 100 but is off for the
other 30 oscillations.

Figure 9.16: Pulse train modulation of the magnetic signal.
Figure 9.17 shows a representative sweep with groups of increasing active proportion of the total signal train (3%–100%) and 15 identical runs
each. The magnetic excitation was at 5950 Hz, a field amplitude of 6.0 mT,
and a magnetic field center offset of 3.5 mT. At 3 % active signal proportion the average speed is 0.0460 mm/s. At 10 % active signal proportion
the average speed is 0.3278 mm/s while the maximum speed at 100 % active signal proportion is 4.855 mm/s, i.e. approximately 15× faster than at

Figure 9.17: Sweep with pulse-width modulated magnetic excitation at
5950 Hz, a field amplitude of 6.0 mT, and a magnetic field center offset of
3.5 mT and 15 runs for each setting. The active proportion of the control
cycle are from left to right: 3%, 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%,
80%, 90%, 100%. It is visible how the average speed can be linearly attenuated by decreasing the active proportion.
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10%. In a similar run (not shown) with the magnetic excitation at 5950 Hz,
a weaker field amplitude of 3.5 mT, and a magnetic field a center offset of
1.75 mT. The average speed is 0.1037 mm/s at 10 % active signal proportion
while the maximum speed is 2.0934 mm/s at 100 % active signal proportion,
i.e. approximately 20× faster. The drift change due to pulse-width modulation is negligible in comparison with the already weak dependence of the
magnetic field amplitude (Figure 9.15).
The advantage of this method is that it controls the power input by
adjusting the on-time rather than lowering the maximum field amplitude.
This is beneficial since lower field amplitudes sometimes increase the risk
of sticking (Section 9.7.2). Hence, pulse-width modulation typically allows
for smoother and more reliable operation at very low speeds. This effect is
shown in Figure 9.18. Furthermore, the excitation is less likely to become out
of sync as the oscillator is driven at the constant driving frequency and not
switching on and off. This decreases the likelihood of introducing undesired
high-frequency signal artifacts such as switching noise (Section 12.3).

Figure 9.18: Comparison of pulse-width modulated strong excitation with
an amplitude sweep. It can be seen how similar speeds can be achieved
with both methods. However, pulse-width modulation typically allows for
smoother and more reliable operation at very low speeds.
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9.7.5

Magnetic Duty Cycle

The on/off duty cycle per oscillation period of the magnetic field can be
adjusted in the software. This was built into the system in order to allow
for optimization of on/off cycles for best excitation effectiveness (Section 12).
However, the influence of this parameter has not yet been further investigated
experimentally or in models.
9.7.6

Excitation Signal Shape

Some of the earlier setups allowed for the complete customization of the
digitally generated signal waveform driving the electromagnetic coils. An oscillation cycle was digitized into an arbitrary number of single digits, e.g. 20
or 50 points and the value for each digit could be independently set under
consideration of hardware performance trade-offs (Section 12.1). This was
built into the system in order to allow for different signal shapes such as rectangular shape, sine, square sine, sawtooth, and completely arbitrary shapes
for best excitation effectiveness. Initial experiments in the LDV setup did not
show any detectable advantage of alternative signal shapes over the simplest
rectangular waveform and this parameter was not further investigated.

9.8

Electrostatic Clamping Response

Any completely smooth and symmetric vibration of an oscillator will lead
to zero net-motion unless it is rectified in some way or other. While the design
of MagMites capitalized on asymmetry in mass distribution and friction force
this behavior of vibrating in place with no significant net-motion is indeed
observed under specific parameter conditions. However, due to time-variant
nonlinear magnetic excitation and asymmetrical friction force acting only on
the device frame but not the spring-mass system the device is intrinsically
non-symmetrical with respect to the forces acting on the system over the
course of an oscillation period. Thus the device exhibits a net-motion in
most modes of operation.
External rectification can be used to control the release of the kinetic
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Figure 9.19: A typical driving signal a) the current output to a single coil
pair creating the magnetic field b) the phase-shifted electrostatic clamping
output. The illustrated phase-shift of +π/2 releases the base frame for a short
period centered around hammer push allowing the device to slide forward.
The device is clamped down during the backward swing of the hammer when
the magnetic field is turned off. A phase-shift of −π/2 on the other hand
will invert this behavior and allow the device to slide backwards.
energy stored in the device, thus increasing its efficiency and/or completely
switching the direction of its net motion. As in intended by design, signal rectification can be achieved by applying an oscillating out-of-plane electrostatic
clamping signal through insulated interdigitated electrodes in a structured
(Figure 5.20).
9.8.1

Clamping Frequency

The oscillation frequency of the clamping signal always matches the one
of the magnetic field (Section 12), only clamping voltage offset, amplitude,
and phase with respect to the magnetic excitation signal is controlled, as
shown in Figure 9.1.
9.8.2

Clamping Phase

By aligning the release phase with either the forward or backward stroke
of the oscillation, the robot can be driven either forward or backward at a
given frequency. Under typical operation conditions, the clamping signal is
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phase-shifted by ≈ π/2 relative to the magnetic excitation. An additional
change of ±π will then switch the direction of motion from backward to forward and vice versa. A representative combination of the magnetic signal
and phase-shifted clamping signal for forward motion is shown in Figure 9.19.
In Figure 9.20 a sweep over the clamping phase while holding all other parameters fixed is shown.
While the device changes its direction several times during a sweep, no
change in drift was observed, i.e. the device orientation stays parallel or antiparallel with the direction of motion. Holding the amplitude fixed and
changing the phase-shift to intermediate values will lead to lower driving efficiencies. Certain phase-shifts will lead to a complete halt, provided that the
applied clamp-down voltage is sufficient to overcome the vibrations induced
by the spring-mass system.

Figure 9.20: Influence of the clamping signal phase on a 07g2-MH driving on
a structured substrate with a magnetic field amplitude of 6 mT and a center
offset of 4.5 mT and at an excitation frequency of 6570 Hz. The applied
clamping voltage is ≈ 35 V. Three identical measurements are shown. It
can be seen how the robot’s direction and speed is influenced by the phase
of the clamping signal with respect to the magnetic excitation signal. A
maximum forward speed for the given parameter set is reached at around
0.6 rad and the maximum backward speed at 3.5 rad. Intermediate values
lead to a decrease in efficiency and a complete halt around 1.6 and 5.3 rad

9.8.3

Clamping Amplitude

Figure 9.22 illustrates how the clamping voltage amplitude has an influence on the device’s direction and speed. Raising the amplitude of an
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“optimally” phase-shifted clamping signal appears to continuously increase
the driving efficiency, up to a point where the electrostatic force or builtup parasitic charges dominate and the device is clamped down permanently.
In the case of monotonously increasing clamping voltage amplitude, the device changes its direction of motion gradually: while the initial backward
direction is antiparallel and the final forward motion parallel to the device
orientation the device is drifting sideways in between around an effective
clamping voltage of about 22 V (orientation data not shown).

Figure 9.21: Influence of an increasing clamping signal amplitude with clamping offset on a structured substrate. The device of type 07g2-MH is operated
with a magnetic field amplitude 5 mT with and a center offset of 3.5 mT at
an excitation frequency of 6570 Hz. With no clamping it starts by driving
backward. With increasing clamping amplitude it slows down. At a certain
clamping amplitude the driving direction changes and the device begins to
drive forward at increasing speeds. Note the symmetry of speeds and apparent saturation at higher amplitudes. The amplitudes shown are the control
voltage output amplitudes that were then amplified by a factor 10×. Thus,
a direction change occurs around 22 V and permanent sticking around 35 V.

9.8.4

Clamping Offset

Figure 9.22 illustrates how the clamping voltage dc offset amplitude has
an influence on the device’s speed, similar to Section 9.7.4. The device slows
down in what appears to be linear relation to the applied dc clamping voltage.
At higher voltages sticking events start to appear and become more and more
dominant until the device comes to a permanent halt. No detectable change
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of orientation or drift occurs during the monotonous increase of the clamping
offset voltage (orientation data not shown).

Figure 9.22: Influence of a constant clamping signal offset on a structured
substrate. The device of type 07g2-MH is operated with a magnetic field amplitude 5 mT with and a center offset of 3.5 mT at an excitation frequency
of 5700 Hz. With no clamping it starts by driving backward at fairly high
speed. With increasing clamping amplitude it slows down more and more
until sticking events become more frequent and the device finally comes to
a complete halt. The amplitudes shown are the control voltage output amplitudes that were amplified by a factor 10×. Thus, sticking events start to
play a role at a dc clamping offset of around 10 V.

9.8.5

Clamping Pulse-width Modulation

A signal train of particular length, e.g. 100 cycles of the clamping waveform period, can be multiplied with a binary pulse width-modulated (PWM)
signal of varying duty cycle for controlling the device’s speed. In this modality, the resonant actuator always continues its motion, but the entire device
is prohibited from moving across the substrate during a certain percentage
of time (Section 12).
While velocity control by pulse-width modulation of the clamping signal
does indeed help to slow down the device when operated at high magnetic
field amplitudes and/or close to its primary resonant mode the suitability
of this method remains questionable. Driving on structured SiO2 substrates
is challenging as such—most likely due to triboelectrical charging or related
phenomena (Section 9.10.1). Qualitative experimental observations suggest
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Figure 9.23: Pulse train modulation of the clamping signal where a proportion of the total signal train is kept oscillating, thereby allowing the device to
move, while the other proportion is kept at a constant high clamping offset,
thereby slowing the device down or stopping it completely.
that these performance variations may be further amplified when using electrostatic clamping, but have not been further investigated and is not discussed here since the later implementation of velocity control by pulse-width
modulation of the magnetic excitation has proven to be much more practical
(Section 9.7.4).
9.8.6

Clamping Duty Cycle

The on/off duty cycle per oscillation of the clamping signal can be adjusted in the software. This was built into the system in order to allow for
optimization of on/off cycles for best excitation effectiveness (Section 12).
However, the influence of this parameter has not yet been further investigated experimentally but could be easily addressed in current models.
9.8.7

Clamping Rectification Effects

Electrostatic clamping can be used to control the direction of travel (Section 9.8.2) at a given excitation frequency as well the device’s efficiency and
speed (Section 9.22 and 9.8.5) in several ways.
Figure 9.24 qualitatively illustrates how clamping with a constant voltage
amplitude and phase offset can effect the direction and drift of a robot over a
range of excitation frequencies. While direction and drift change completely
for each run under unclamped operation when sweeping through the frequencies around the main resonant peak (Figure 9.24.a), the motion is somewhat
rectified under clamped conditions and the robot keeps driving forward for
nearly all frequencies (Figure 9.24.b). Note how for some frequencies the
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robot starts its course backward but apparently reaches a new steady state
while in motion and spontaneously changes direction (Figure 9.24.b, lower
left quadrant). These effects illustrate how rectification can be used to significantly influence the device’s behavior.

(a) Unclamped trajectories.

(b) Clamped trajectories.

Figure 9.24: Qualitative comparison of 07g2-MH device responses a) without
and b) with a clamping signal applied on the same SiO2 substrate during a
frequency sweep of the magnetic excitation signal. a) the excitation amplitude was 2.0 mT, a center offset of 1 mT and no clamping was present while
sweeping through a frequency range of 5100–5700 Hz in steps of 10 Hz. b)
the excitation amplitude was 2.5 mT with a center offset of 1.25 mT (no base
offset). The clamping signal was kept constant at 2 V control output (≈ 20 V
actual output) with a phase of 5.7 rad while sweeping through a frequency
range of 4500–6000 Hz in steps of 50 Hz. Note how the responses are heavily
affected by the clamping with respect to direction and drift over a wide range
of frequencies around the main resonant mode.
For pushing objects under dry conditions, the use of electrostatic clamping allows for higher field amplitudes (and thus inertial forces and object
pushing forces) meanwhile the robot is pulled down onto the surface and
moving at more controllable speeds. A phase shift of the electrostatic signal
can be used to induce a change of direction (Section 9.8.2). This is useful
to push objects into a target area and to “release” them by simply driving
backwards at the same frequency. However, a direction change can also be
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achieved by adjusting other parameters, the most prominent one being the
excitation frequency (Section 9.6).
SiO2 substrates appear to be suboptimal for device operation compared
to other substrates (Section 9.10). However, particularly for asymmetrical
devices the efficiency, smoothness, undesired drift, and controllability of the
driving behavior can be greatly affected, both positively and negatively, by
electrostatic clamping. It is conceivable that electrostatic clamping could be
replaced with a moderate magnetic clamping signal by adding a third coil
pair along the out-of-plane axis. This, however, remains to be tested as the
primary mode of operation must not be negatively affected (Section 5.4.4).

9.9

Driving Upside-down

Already with initial experiments it became clear that the devices can also
be operated upside-down, i.e. with the frame in the air while the two softmagnetic masses are touching the substrate (Figure 9.25). This behavior was
characterized in multiple sweeps presented in the following.

Figure 9.25: Image comparison of agent types 07g2-LH (left pair) and 07tjSH (right pair) as tracked by the overhead camera and their footprint when
driving right side up (left of pair) and upside down (right of pair).

9.9.1

Excitation Frequency Response

In Figure 9.26 the response of a 07g2-LH device to a wide frequency sweep
is shown when driving upside-down. As opposed to the regular response in
normal operation only one peak is visible instead of many. Also, the Q-factor
of the one peak is low, i.e. the response spans over a wide frequency range.
Nevertheless, the speeds are even higher and the device is always driving
forward with respect to the orientation intended by design. Furthermore,
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there is no significant change of drift of the device over the whole frequency
spectrum (data not shown).

Figure 9.26: Example of a wide frequency low-resolution sweep of a 07g2-LH
device operated upside-down on a titanium-coated substrate with a magnetic
excitation amplitude of only 4 mT and a center offset of 2.5 mT. Surprisingly,
the response is much stronger, much more stable, and wider than when driving right side up. Also, there is no direction change, i.e. the device is always
driving forward (data not shown). The sweep was stitched together out of 2
individual sweeps, hence the discontiuity.
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9.9.2

Magnetic Field Amplitude Response

Magnetic field amplitude sweeps when operating the device upside-down
on a titanium-coated substrate shows a similarly linear increase of velocity
with excitation amplitude. Figure 9.27 also shows how higher speeds can be
achieved when driving upside-down at the cost of introducing higher speed
variation between identical runs. This, however, could also be an artifact of
tracking or post-processing.

Figure 9.27: Magnetic field amplitude sweep of a 07g2-LH device on a
titanium-coated substrate while operating the device upside-down. The excitation amplitudes were 0.5–8.0 mT in steps of 0.5 mT and with a constant
field base offset of 0.5 mT. Each group consists of 15 identical runs. It can
be seen how the device speed appears to increase linearly with magnetic field
amplitude. The agent appears to be significantly faster and exhibits less
variation than for regular operation. No significant drift change of the device
is observable (data not shown).
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9.9.3

Magnetic Field Offset Response

In analogy to normal operation experiments a sweep of the magnetic field
offset was carried out with a constant peak-to-peak excitation field amplitude
of 4 mT. The results are shown in Figure 9.28. Interestingly, a sudden drop
in speed correlates with a complete reorientation of the robot, i.e. a direction
change of 180 ◦ .

Figure 9.28: Magnetic field offset sweep with constant amplitude. The device
was operated upside-down on a titanium-coated substrate. The sudden speed
change from 3.85 mm/s down to 1.79 mm/s correlates with a total change in
direction between 0.05 and 0.10 mT. This implies a very high sensitivity of
the systems internal magnetization and external field direction.
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9.9.4

Driving in Fluid

Figure 9.29 shows the device’s response to an amplitude sweep when
driving upside-down under water on a titanium substrate. The excitation
field amplitude was swept from 3.5 to 8.5 mT in steps of 0.5 mT and with a
constant field base offset of 0.5 mT. Each group consists of 15 identical runs.
As expected, the speeds are significantly attenuated due to fluid damping
and drag. Interestingly, the response appears to be not linear like in air but
more parabolic and approaching saturation. The high variations, however,
are partially due to tracking issues during the experiment and for the same
reason no orientations are shown here (the video recording of the run clearly
shows insignificant or no drift change during the entire sweep).

Figure 9.29: Magnetic field amplitude sweep while operating the device
upside-down in de-ionized water on a titanium-coated substrate. It can be
seen how the device speed appears to increase with magnetic field amplitude
but is significantly damped compared with similar sweeps in air. Furthermore, the rise seems to be less linear but saturates.
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9.10

Environments, Surfaces, and Tribology

9.10.1

Tribological Effects

Friction is one of the most complicated force laws that occur in application problems such as micromanipulation and microrobotics. In air, surface adhesion forces are composed of electrostatic forces arising from charge
generation (triboelectrification) and surface tension of thin fluid films on hydrophilic surfaces due to the moisture contained in the air. These effects
become considerable compared to the gravitational force for objects with
characteristic lengths of less than a millimeter [Fearing, 1995].
Hence, it was apparent early on that high variations in surface roughness
and stiction were to be expected under realistic driving conditions. Surface interactions of microscale objects are very challenging to predict, and
unintuitive responses in addition to the intended ones were expected.
As described in Section 5, the robots feature 5–7 dimple feet at the base
of the frame in order to lift the main body off the ground by 1–2 µm. This
was done in order to provide a range of settings where friction could be
adapted to particular driving conditions (driving surface material, roughness,
relative humidity, etc.) by minimizing the area for electrostatic interaction
and surface tension during unclamped driving while potentially using an
optional constant clamping offset to selectively increase friction later on if
desired (Section 9.8.4).
Besides the intended structured substrate with its SiO2 top-layer, the
MagMites have been successfully operated on a host of different driving substrates under both dry and wet conditions. Substrates tested so far include
blank silicon, glass, copper, aluminum, and gold. The results illustrate the
independence and flexibility of the actuation principle.
9.10.2

Driving on Metal Surfaces

Figure 9.30 shows two sweeps consisting of groups of 150 identical runs
each on a titanium coated field (under unclamped conditions). Between these
two sweeps the robot was picked up several times with a hard magnet. It
can be seen how there is a difference between the two sweeps due to pick-up
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Figure 9.30: Result of two time sweeps on a titanium-coated substrate with
150 identical runs each. It can be seen how there is a difference between
the two sweeps due to magnetic pick-up that is significantly larger than the
speed variance within runs of each sweep of identical settings.

that is significantly larger than the variance within runs of each group. For
the first sweep the mean speed is 4.00 mm/s and a standard deviation of
0.15 mm/s (3.75 %) while for the second sweep the mean speed is 4.65 mm/s
(an increase of about 16 % compared to the first group) and a standard
deviation of 0.26 mm/s (6.9 %).
The variance between runs within each sweep is very low when driving
on an unstructured titanium-coated substrate. Higher field amplitudes lead
to higher driving speeds but also to higher variance. Certainly some of this
variation is due to tracking and post-processing inaccuracies and the true
speed variation between runs and processing artifacts can not fully be decoupled. The effect of remagnetization due to repeated magnetic pick-up
with a hard magnet on the other hand is significant and further investigated
in Section 9.11.1.
9.10.3

Driving on SiO2 Substrates

In the context of RoboCup Nanogram 2007 the focus was on driving on
structured surfaces that allow for electrostatic rectification (Section 9.8). The
insulating top layer of the arena is made of SiO2 . The official competition
arena had to be used during the competition even if no clamping was desired.
The microrobots have been driven in dry conditions with relative humidity ranging from 20 − 60% under clamped and unclamped conditions on a
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Figure 9.31: Result of three time sweeps of on a structured SiO2 surface with
clamping off.

SiO2 surface, with best performance achieved below 35%. However, significant variations occur during operation. While electrostatic rectification has
in some cases increased the reliability of the devices and widened the possibilities of control overall the speed variation for identical settings has always
been significant. Even when no sticking occurs during continuous operation
on structured surfaces a tiring phenomenon can be observed where the robot
would visibly lose speed over time and regain full speed again shortly after
(data not shown).
Figure 9.31 illustrates the time variance under unclamped conditions on
one of the custom made Nanogram playing fields. It can be seen how the
initial speed drops significantly with each run until the robot eventually sticks
and needs to be either shaken loose by mechanical vibration or picked up
with a permanent magnet. For the first two groups the control settings
were a magnetic field amplitude of 6.0 mT with a center offset of 3.5 mT
at 5950 Hz. The mean speed is 3.86 mm/s with a standard deviation of
0.72 mm/s (18.7 %) for the first group and a mean of speed of 1.66 mm/s
with a standard deviation of 0.41 mm/s (24.7 %) for the second group. The
robot was unstuck using mechanical shock between the two runs and no
magnetic pick-up was performed. For the third group the control settings
were a magnetic field amplitude of 8.0 mT with a center offset of 4.5 mT at
5950 Hz and the resulting mean speed is 4.10 mm/s with a standard deviation
of 0.68 mm/s (16.6 %).
While this very high variation and sticking probability is extreme in this
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Figure 9.32: Magnetic field amplitude sweep on a structured SiO2 substrate
but unclamped. Speed variation is extremely high compared to unstructured
metal-coated surfaces.
set of recordings the phenomenon was observed whenever driving on substrates structured for electrostatic clamping with an insulating top layer of
SiO2 and it is evident how this high variation makes systematic exploration
and decoupling of system parameters consisting of control signals, signal artifacts and distortions, and environmental factors very challenging.
To further support this observation Figure 9.32 shows an amplitude sweep
on a structured surface but under unclamped conditions. The speed variation
and increase of sticking incidents is apparent.
While the accumulation of dirt over time or local surface variations may
play a role in the difference of driving on structured versus unstructured surfaces, the most likely reason is triboelectrification where significant charges
may build up on the non-conducting SiO2 surface while they will not form to
the same extent on conducting metal surfaces and under unclamped conditions. The fact that under clamped conditions the variation is less significant
could also be an indication that the high electric potential in the electrical
feeds below the surface somewhat compensate for this effect leading to better driving performance when clamping is used. The true cause, however,
remains unclear.
9.10.4

Driving in Different Media

Experimental results show good driving performance of the robots when
fully submerged in various fluids: Isopropanol, deionized water, and biolog158
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ical buffer solutions were tested. Figure 9.33 shows an overlay of driving in
water and air.
Measurements on tethered devices submerged in a 9:1 mixture of deionized water and Isopropanol indicate a down-shift of the resonant response in
the order of 10% compared to operation in air and a decrease of the hammer
motion amplitude of up to 90% for a given amplitude of the magnetic excitation signal (Section 8.7). While the decrease in efficiency due to damping can
be easily compensated for by increasing the magnitude of the magnetic excitation signal, undesired chaotic behaviors and uncontrolled flight near the
resonant mode observable in air vanish completely in fluids and the overall
device response becomes significantly smoothed under wet conditions thanks
to fluid damping. Furthermore, friction due to surface tension and electrostatic charges is largely eliminated and tribological effects become more
controllable.

Figure 9.33: Comparison of driving on different substrates and in different
media. An 07g2-MH is was driven on a polished silicon wafer under water
with different excitation magnetic field amplitudes of 1.5, 3.0, 5.0, and 7.0 mT
which leads to a monotonous increase in device speed. The device is driving
backward at all times. For comparison the result of a wide frequency sweep
under dry conditions with an excitation magnetic field amplitudes of 3.0 mT
is given. Significantly higher speeds can be achieved in air and the device
drives in both directions.
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9.11

Repeatability and Failure Modes

While devices have been shown to be sufficiently reliable to complete fully
automated tasks and successfully compete in several international competitions (Section 14) there are practical challenges when working with MagMites.
9.11.1

Magnetic Pick-up

As discussed in Section 7.4, devices are picked-up and placed by using
a permanent magnet. A glass slide between magnet and device prevents
direct contact. Pick-up strength and release can be controlled by adjusting
the distance between glass slide and permanent magnet. The effect of remagnetization of the soft-magnetic bodies during pick-up and its influence
on the driving performance of the device was systematically investigated.
Figure 9.34 shows the result. It can be seen how the variance due to magnetic
pick-up between groups (0.38) is significantly higher than between individual
runs within groups (0.13). This is consistent with the observation shown in
Section 9.10.2. Furthermore, while the device tends to properly align its long
axis with the magnetic field, the effective angle between magnet and device
can not be controlled during pick-ups and remains partially random. This is
reflected in slight changes of drift between pick-ups.
Hence, magnetic pick-up is avoided whenever possible during parameter
sweeps and ideally between parameter sweeps. Unfortunately, this is not
always possible and sometimes intermediate re-positioning of the device by
pick-up requires the repetition of an experiment. This makes the collection
of experimental run data a challenging and time consuming task. Using a
different material with lower coercivity such as CoNi alloys as well as using weaker magnets for handling the MagMites could help to reduce this
variation.
9.11.2

Magnetic Un-sticking

Particularly in air, surface asperities, general cleanliness, and relative
humidity leading to surface tension are important factors that are hard to
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control but do have a significant influence on the overall system behavior.
Sticking of devices in random locations of the substrate is a typical failure
mode during experiments. This is particularly true for SiO2 substrates (Section 9.10.3) and if the parameter set used at the time does not operate the
device close to the intended modes of operation.
During experimental runs magnetic pick-up or mechanical shock to the
substrate are the quickest and safest solution to remedy the problem. During
automated operation, however, manual interference is undesired. In these
cases, the automation system can change to a more aggressive parameter
set, i.e. higher magnetic field amplitudes close to resonance. Often times
the device can be unstuck by sufficient amplitude and torque in this way.
This strategy, however, can also lead to a decrease of device performance, as
discussed in Section 9.11.3.

Figure 9.34: Colored groups consisting of 10 individual runs driving a 07g2LH at an amplitude of 4 mT with a center offset of 2.5 mT. Robot pick-up
with a permanent magnet is performed between groups. Speed variations
within a group of runs and between runs can be compared. It can be seen
how different magnetization between pick-ups has a much more significant
impact than the average variation between identical runs. Between the first
and second group is the largest gap that can possibly explained by the fact
that the robot was not picked-up for 12 hours before but only after the first
group. It can be seen how orientation and drift also varies between groups
much more significantly than between identical runs.
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9.11.3

Re-magnetization during Stiction

Re-magnetization in random directions differing from the principle axis
of travel of the device can happen when the device is sticking to the substrate
and can no longer follow the turning field angle. Since the servoing software
will not instantly detect stiction, the field angle will typically keep turning.
This is expected to partially re-magnetize the soft-magnetic bodies in random
directions, thereby deteriorating the magnetic device response. A significant
velocity drop can indeed be detected in a sequence of identical runs after
a sticking incident. However, sticking events are random and can not be
systematically reproduced.
9.11.4

Magnetic Device Lock-up

In extreme cases of magnetization, the two soft-magnetic nickel bodies
will be magnetically saturated along their mutual long axis and in combination with small attractor-hammer gaps the device may lock up. Hence,
although the device will still align due to the torque induced by the applied
external field, it can no longer resonate and will thus become inoperable.
So far this phenomenon has only been observed for the asymmetrical device
types, i.e. 06v6 and 07v6b as shown in Figure 9.35, which is likely due to their
weaker spring configuration allowing for complete contact—a hypothesis further supported by the fact that only for these device types impact could be
detected during amplitude sweeps in tethered mode (Section 8.6). Sometimes, locked-up bodies can be shaken loose by inflicting mechanical shock
through substrate vibration. A similar effect can be achieved by repeatedly
picking the robot up with a permanent magnet at the cost of changing its
driving characteristics.
9.11.5

Mechanical Failure and Wear

Mechanical failure modes include the fatal disconnection of the softmagnetic bodies from the device frame in case of poor development of interlock features (for example visible in Figure 16.1), potentially the formation
of micro-cracks in the spring material during operation thereby changing its
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resonant properties and frequency response, the accumulation of dirt over
time (see Section 7.1), and the mechanical wear of the dimple feet when
driving over a solid substrate with the result of increased sticking probability. Out of these failure modes, only the ones that can be visually inspected
were investigated at this point.
To assess the effect of wear long term experiments were carried out where
the device was driven continuously on a solid substrate in air. The device
bottom surface was cleaned with a micro laser (Section 7.1) and the height
of its dimples measured with the help of a white light interferometer (WLI)
before the experiment. Figure 9.36 illustrates such a measurement. After
approximately 4 hours and 40 minutes of continuous driving on a SiO2 substrate an insignificant wear of only about 25 nm could be measured. Given
the average height of dimples of about 1.5 µm a theoretical lifetime of a device of approximately 300 hours can be estimated—much longer than the
average lifetime of a device under current experimental conditions with repeated pick-ups and substrate changes that increase the risk of mechanical
damage and physical loss of the tiny mechanism.

Figure 9.35: Low resolution microscope image of magnetic lock-up of a 06v6
device after exposure to a strong magnetic field exceeding 5 mT. The deflection of the spring and the touching of soft-magnetic bodies is clearly visible.

Figure 9.36: Illustration of dimple height characterization before driving the
device continuously for several hours in order to estimate wear.
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9.12

Summary and Discussion

9.12.1

Parameter Space and Driving Behaviors

When mobile, the MagMites have been found to exhibit a broad spectrum
of behaviors. Observed locomotion patterns besides the intended modes of
controlled forward and backward propulsion are very rich and range from
smooth lateral motion over hopping-like behavior to often uncontrollable
flight at resonance. Moreover, often times a certain driving modality can
be achieved with multiple different parameter sets. This on the one hand
makes quantitative characterization and modeling of mobile devices much
more difficult than for tethered devices, but on the other hand also allows
for flexible driving solutions. The same flexibility allows the robots to work
on a variety of substrates, in fluids, and even upside down.
9.12.2

Holonomic versus Non-holonomic Operation

Initially the MagMites have been designed to be operated non-holonomically
in the plane with two degrees of freedom—reminiscent of the motion capabilities of a car. This is because the primary purpose of the devices is microobject handling in a plane, much like a bulldozer. Results presented in this
chapter, however, suggest that for most robots control parameter sets can be
found that allow the device to go in any direction and with any orientation.
In practice, we would not go as far as claiming true holonomic operation
capabilities but devices can indeed be operated just as well when going sideways or diagonally—Figure 9.37 where a device is servoed in a square while
being operated sideways proves this claim.
9.12.3

Speed versus Controllability and Precision

Due to their resonant properties MagMites can be driven at very high
speeds and there are only practical limits of the experimental setup putting
an upper bound to achievable speeds. Higher speeds often times come with a
decrease in controllability as the computer control and tracking system can
no longer keep up even at rates of 100 frames per second. Furthermore, be-
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Figure 9.37: Illustration a 07g2-LH being servoed in a square while being
controlled on a smooth silicon substrate with a parameter set leading to
sideways motion of approximately 90 ◦ between device/field orientation and
its direction of motion.
sides the control challenge, high speeds come at the cost of lowered driving
stability as device motion becomes more jittery and less useful for practical
applications such as micro-object handling tasks. Because of these considerations no attempt was made to determine the maximum speed of different
device types. During controlled experiments speeds in excess of 12.5 mm/s
or 42 times the robot’s body length per second were recorded.
9.12.4

Hardware and Experimental Constraints

The evolution of control hardware and software over time has greatly
improved both controllability and reliability as well as experimental observability of agent responses. However, system imperfections and the poorly observable let alone controllable interactions between body frame and substrate
surface pose a non-negligible complication. In addition, there are practical
limits to the precision of overhead tracking of tiny agents at high speeds
and the later post-processing of this data. Therefore, while many responses
could be characterized with sufficient confidence based on the averaging of a
number of single experiments, other aspects remain partially or completely
unobservable and therefore unknown. While it remains largely qualitative,
numerical and analytical modeling has given further insight into the inner
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dynamics and the role of friction and occurrence of sticking phases in device
operation (Section 10).
9.12.5

Magnetization

Magnetization is the basis of the WRMMA operation principle. The systematic characterization of device behaviors is complicated by two aspects:
First, the magnetic properties of the electrodeposited nickel used as softmagnetic material may vary from batch to batch and is not yet sufficiently
controlled or characterized. Second, magnetic pick-up makes device handling
very convenient and is therefore currently widely used for practical experiments and applications. However, it introduces a stochastic element with
respect to the magnitude and orientation of the residual magnetization of
the soft-magnetic bodies of the device. The speed variation due to remagnetization was found to be significant and must be considered when comparing
experimental data sets quantitatively.
9.12.6

Driving Substrates and Tribology

Randomness attributed to surface interactions made experiments on some
surfaces very challenging. This underlines the need for a good understanding
and controlling of surface interactions in order to optimize the device efficiency. While structured substrates with an insulation top layer of SiO2 allow
for electrostatic clamping and therefore offer an additional control modality, surface interactions appear to constitute a significant stochastic element.
Qualitative results suggest that driving on metal surfaces is much more reliable than on insulating surfaces and device speeds are more consistent and
comparable. This is attributed to charges building up on insulating surface
due to triboelectrical effects but was not further quantified experimentally.
9.12.7

Driving with Electrostatic Rectification

Due to their intrinsically non-symmetrical oscillation dynamics robots can
be successfully operated in the absence of external rectification. However, the
application of a rectifying clamping signal allows to more effectively control
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the alignment and direction of travel at all frequencies where a response can
be measured. With the help of electrostatic rectification the robots can be
driven forward and backward with similar speeds at the very same frequency
by controlling or rather forcing the point of directional release of kinetic
energy. Furthermore, the direction of travel can be enforced over a wide
range of frequencies. While electrostatic clamping offers several additional
control modalities the benefits are currently somewhat compensated by the
introduction of significant variation that is most likely caused by unfavorable
surface interactions with the insulating substrate. Better control of surface
interactions by metal or other coatings could eliminate these effects and make
rectification by clamping a significant part of device control.
9.12.8

Driving in Fluids

All MagMites have been shown to successfully operate in fluids and still
have enough force to push micro-objects. The response is significantly dampened and the resonant frequency is shifted down by about 10%. While the
overall device speed is lower some of the tribological aspects vanish and stiction of the device becomes less likely. As a result, the driving behavior
becomes somewhat smoother and more controllable. The damping can be
easily compensated for by increasing the magnitude of the driving field. In
order to demonstrate the robustness of the WRMMA micromechanism under real-world conditions and the feasibility of a potential “co-existence” of
MagMites with living biological entities the robots were successfully driven
in samples of plant water (Figure 17.2).
9.12.9

Driving Upside-down

All robots have been shown to operate just as successfully and in some
respect better when upside-down, i.e. with the base frame in the air while the
two nickel bodies are touching the ground. It is important to note that both
nickel bodies are expected to touch the substrate—as opposed to normal
operation where only the frame remains in contact with the substrate and
asymmetrical friction acting on the device frame alone and inertial forces are
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dominant. It is likely that in this mode of operation the device acts more
like an inchworm with one mass acting as a anchor while the other one is
sliding. Furthermore, it is noteworthy in this context that the shape and
surface of the soft-magnetic masses on which the robot rests are neither flat
nor smooth. This may play a beneficial role for reducing surface contact and
therefore stiction problems. However, with the current designs it is much
more difficult to push micro-objects when in this mode—with the possible
exception of the “TwinJet Dozer” designs. The robust driving behavior when
upside-down is attractive for practical applications, but has so far not been
further investigated in design or modeling.
9.12.10

The Role of Impact Actuation

Just like other actuators based on impulsive forces (see [Zhao et al., 2004]
and references therein), the WRMMA relies on non-smooth oscillatory motion involving time-varying signals leading to mechanical collisions and/or
inertial forces of moving components for device propulsion. Earlier implementations of the WRMMA like the ratchet drive mechanism shown in Section 4.2 were designed with impact actuation as a primary means of operation in mind. This is because the energy released on impact and the resulting
forces can be orders of magnitude higher than the mere attractive force between the soft-magnetic bodies and are believed to be crucial to overcome
static friction [Vollmers et al., 2008]. Besides using dimples for decreasing
the lower bound of device friction for a given surface and controlling the upper bound with electrostatic clamping on structured surfaces, impact of the
hammer into the main body was expected to provide an additional means to
break static friction under high-friction conditions for the mobile MagMites.
While impact can clearly be observed during tethered operation (Section 8.6),
its role during untethered operation appears to be secondary. Experimental results indicate that impact is beneficial if not required when operating
under occasional high friction conditions—be it due to strong surface interactions and sticking, excessive normal force due to enforced rectification by
electrostatic clamping through the substrate, or when pushing larger objects
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that increase the overall mass of the robot relative to the hammer mass.
Under conditions with lower friction, however, robots can clearly be driven
backward with respect to their intended direction of travel—and therefore
opposite to the direction of hammer impact. These observations suggest that
the primary mode of operation is dominated by inertial forces of the hammer mass during back-swing. In this mode, the swinging hammer mass is
expected to be pulling the device with inertia rather than pushing it with impact. Similar observations have been reported on a tethered electrostatically
powered device [Mita et al., 2003] but were neither further addressed by the
system’s designers nor included in its later modeling by others [Zhao et al.,
2004]. The backward motion of MagMites is often times much faster than
the forward motion and devices can be operated in both directions under water where squeeze film damping between hammer and attractor make impact
highly unlikely. Recent results based on numerical models of the MagMite
mechanism further support this hypothesis (Section 10).
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10

Modeling

The development of an analytical or numerical model that captures some
or all aspects of the device in motion is desirable for multiple reasons. First,
predictions may help in he faster identification of suitable parameters for
operating and experimentally explore real devices. Second, many aspects—
such as the internal dynamics of the hammer oscillation, friction (in the kHz
range), phase shifts, and inertial forces—can not be sufficiently captured
and described by experimental means due to the small dimensions and high
speeds of a MagMite in motion. Third, several unanticipated behaviors have
been identified beside the intended ones. A model can be of great importance
in helping to systematically explore and to understand these phenomena by
comparing model predictions with the often sparse data gathered in tedious
experiments. Fourth, a model can help in the optimization of future designs
by finding good trade-offs of the conflicting design aspects introduced in
Section 5.3. MagMite fabrication is time-consuming and resource-intensive,
which makes it desirable to simulate the influence of the system parameters on the MagMite dynamics rather than to produce batches with specific
geometric variances or material properties.
In this chapter, a mathematical model of the dynamics of the WRMMA is
presented that was developed within the group1 . So far, the model presented
in the following remains limited to a one-dimensional abstraction of the system, i.e. it can neither capture the internal dynamics of hammer trajectories
nor the overall device motion on a two dimensional surface. A event-driven
scheme was implemented and the influence of various parameters systematically explored. The relevant parameters of the system, i.e. geometry and
mass, spring stiffness, damping, magnetic and clamping forces, are experimentally derived if possible, or mathematically modeled otherwise. The
nonlinear and non-smooth equations of motion are then numerically integrated using two different methods yielding the same results. The model
qualitatively reproduces experimental observations. Finally, the influence of
1

To complete the description of the MagMites this chapter includes numerical modeling
carried out by Daniela Schuler based on a previous implementation by Zoltàn Nagy [Nagy
et al., 2010]
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the excitation frequency, magnetic field strength, friction force and clamping
phase angle on the driving behavior of the MagMites is analyzed.

10.1

System Overview

10.1.1

Analytical Description

The starting point for the investigation is a mathematical/numerical description of the MagMite WRMMA dynamics. A formalism formulated
by [Glocker and Studer, 2005] was used to model the set-valued interaction laws for the description of unilateral contact, friction and impact. The
problem is thus numerically solved with Moreau’s time-stepping method in
combination with a linear complementary problem (LCP), see also [Nagy et
al., 2010]. This method discretizes the equality of measures, combining the
description of impulsive and non-impulsive motion.
First the general method is described, starting from the type II Lagrangian equations of motion for the generalized coordinates q, and velocities
u, with q̇ = u for almost all times.
q = (x1 , y1 , x2 ),

u = (vx1 , vy1 , vx2 )

(10.1)

M (q, t)q̈ − h(q, q̇, t) = fN P (q, q̇, t),

(10.2)

where M is the mass matrix, and h is the vector of noncontact forces such as
spring, damper, magnetic and gravitational forces. Figure 10.1 shows how
the generalized coordinates q are chosen in the MagMite system.
The contact forces are contained in fN P (q, q̇, t). As the contact forces of
the motion are not a priori known, they are introduced as Lagrange multipliers:
X
fc =
wN i (q, t)λN i + wT i (q, t)λT i ,
(10.3)
i

where λN are normal and λT tangential contact forces, and wN , wT describe
the generalized force directions.
A hard contact model was used that does not allow interpenetration. This
requires a set-valued friction law and an impact law. The friction is described
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Figure 10.1: MagMite free body diagram. Note that the definition of coordinates x1 and x2 are antiparallel to the forward direction of the device defined
by design.
through a Coulomb model
−λT ∈ µλN sgn(γT ),

(10.4)

where µ is the friction coefficient and γT is the relative contact velocity in
tangential direction. Note that at γT = 0, λT is not a priori known, as it
may lie on each point within [−µλN , µλN ]. To describe impact at t = τ , the
right velocity u+ (t) = lim+ u(τ ) and the left velocity u− (t) = lim− u(τ ) are
t→τ
t→τ
defined. Then, the impact equation is
M (q, t)(u+ (t) − u− (t)) =

X

w N i ΛN i + w T i ΛT i ,

(10.5)

i

where ΛN describes the normal and ΛT the tangential impact forces. Friction
and impact laws are fused into the percussion measure
dPi = λi dt + Λi dη

(10.6)

where dη is the atomic differential measure, where generally λi denotes a
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nonimpulsive contact force and Λi an impulsive contact force, the subscripts
N and T representing normal and tangential directions and i the contact
number. Together with the other system dynamics, the equality of measures
equation can finally be formulated:
M du − h(q, u, t) dt −

X

wN i dPN i −

X

wT i dPT i = 0,

(10.7)

where dt is the Lebesgue measure on R. After this general description, the
practical application to the MagMite system is discussed.
The system has a frictional contact between the body and the ground
with a gap distance given by g1 (q) = y1 − H/2. It is assumed that this
contact always remains closed, i.e. g1 = 0, and therefore consider it to be
a frictional bilateral contact with sliding velocity γT 1 (u) = vx1 and friction
coefficient µ. Furthermore, there is a frictionless unilateral contact between
the body and the hammer with gap g2 = x2 − x1 − L ≥ 0 and restitution
coefficient ε. The matrices wN and wT , which describe the generalized force
directions, are
wN =

!
0 1 0
−1 0 1

wT =

!
1 0 0
.
0 1 0

(10.8)

The mass matrix M = diag(m, m, m) is constant and the vector h of the
non-contact forces is composed of a vertical force FV , the clamping force
FC on the body, the spring force FS , damping FD , and magnetic force FM
between the body and the hammer:
h = FV + FS + FD + FM + FC

(10.9)
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with
=

(0

FS (g2 )

=

(−k∆g2

FD (vx1 , vx2 ) =

0)T

(10.10)

0 k∆g2 )T

(10.11)

− c∆vx )T

(10.12)

− βmg

FV

(c∆vx

0

FM (g2 , t)

=

(fM (g2 , t) 0

FC (t)

=

(0

− fM (g2 , t))T

− fC (t) 0)T ,

(10.13)
(10.14)

where the vertical force is given in units β of the gravitational force mg
to examine the effect of friction, ∆g2 = g2 − g2,0 is the elongation of the
spring with respect to the equilibrium gap g2,0 , ∆vx = vx2 − vx1 is the relative
velocity of the bodies, c is the linear damping constant, k denotes the spring
stiffness. The magnetic and the clamping force are based on time-variant
signals, which are chosen to be square signals to match the signals used in
the experiments. Therefore,
fM (g2 , t) =
fC (t)

=

FM (g2 )
FM (g2 )
sgn(sin(2πf t)) +
,
2
2
FC
FC
sgn(sin(2πf t + ϕ)) +
,
2
2

(10.15)
(10.16)

where sgn( · ) is the signum function. A detailed description of the force
components can be found in Section 10.1.5.
10.1.2

Coordinate Frame of Reference

It is important to note that the coordinate frame of reference used for
modeling as defined in Figure 10.1 is antiparallel to the coordinate frame
used during design. This means that in all of the plots in this chapter a
speed value of < 0 is equivalent to forward motion of the body and therefore
the agent with respect to its front and a speed value of > 0 is equivalent to
backward motion. With respect to the hammer velocity a speed value of < 0
is equivalent to forward motion of the hammer, i.e. pushing of the agent by
the hammer with respect to the agent’s front and a speed value of > 0 is
equivalent to backward motion, i.e. pulling of the agent by the hammer.
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10.1.3

Numerical Algorithms

The solution to the system equations could so far not be derived in an
analytical way, even in the absence of friction and impact, due to the gap
dependency of the magnetic force (see section 10.1.9 for details). Therefore,
numerical algorithms to simulate the system dynamics are be used.
10.1.3.1

Algorithms

There are two possible numerical schemes: (i) time-stepping integration
and (ii) event-driven integration. They are briefly discussed in the following.
(i) Time-stepping integration: In the first half of the integration time step,
contact detection is conducted. During the second half, the unknowns
in Equation 10.7, du, dPN , dPT are solved. This can be done in two
ways: either iteratively or by using a linear complementary problem
(LCP) scheme [Glocker and Studer, 2005].
(ii) Event-driven integration: The system is modeled using ODE, and contact decisions have to be implemented each in an explicit logical formulation. MATLAB SimulinkTM provides several tools to implement a
system with non-smooth dynamics. The system can be modeled with
a double integrator block, and impact is taken into account with zero
crossing detection. Once impact is detected, the external initial state
reset feature is used to set the states properly, i.e. in such a way that
the gap conditions are not violated.
With the MATLAB Simulink tool it is convenient to model the tethered
and the untethered model separately. Figure 10.2 shows the model of the
tethered system. It is especially important to notice the difference in the
impact modeling / gap detection. In tethered mode, the coordinate system
can be set in such a way that impact occurs when the gap becomes smaller
than zero. In untethered mode, however, the relative motion of the hammer
and the body have to be taken into account. Therefore the impact calculation
on the one hand needs input from both the hammer and the body dynamics
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Figure 10.2: Tethered oscillator model in Simulink.
subsystems while on the other hand it has to feed back to both systems
too. One challenge in Simulink is the friction model. This is mainly because
all the decision lines have to be taken into account separately and several
subsystems need inputs from the friction calculation.
10.1.4

Comparison of Algorithms

The advantages of the two time-stepping algorithms are that they are
extendable to multi-contact problems, there is no distinction between friction
and impact, and friction containing impulses can be handled. This, however,
comes at the cost of reformulating the dynamic equation into a non-intuitive
form. Furthermore, the solution process for the unknowns du, dPN , dPT can
be computationally costly and time consuming.
The advantages of event-driven algorithms is the readability of the ODEs,
but the implementation of state transition detection must be done very carefully. Therefore, the approach is less suited for multi-contact problems. Also,
it is not solved for the contact forces when they are in the set-valued range.
The strategy used by the iterative routine and the LCP to solve the
176

10 MODELING

system dynamics in the time-stepping approach is almost identical, the only
difference being the way the optimization step is solved. Simulink solves
the problem in a different way, i.e. by using its differential equation routine
(ode45 in this case) and explicit case separation for impact and friction.
A performance comparison of all three methods is shown in Figure 10.3.
Figure 10.3.a shows the simulation results in tethered mode with a variation of the applied magnetic field from 1 to 25 mT at resonance frequency.
Figure 10.3.b shows the results of a frequency sweep at a magnetic field of
3 mT.
The results for both tethered and untethered simulations are close, but the
time-stepping methods seem to be slightly misaligned. As both the iterative
method and the LCP yield the same results, the source of error lies within
the numerical integration step. The influence of the integration step size is
shown in Figure 10.4. A low number of integration steps per period yields a
strongly varying behavior, which improves at a higher number of steps per
period (e.g. N = 5000 or N = 6000), but still no smooth trajectory is obtained
at N = 6000. It is interesting to note that for the tethered mode simulation,
a step size of 1000 was sufficient for smooth results. Additionally, runtime
increases if more steps are simulated per period.
The overall simulation results of the two principles are quite similar, which
validates the implementation and allows the conclusion that all methods
can be used to simulate the system’s behavior, but the results have to be
handled carefully: As expected, the time-stepping method is sensitive to
the integration step size, while the event-driven algorithm has difficulties
handling state transitions.
10.1.5

Modeling and Characterization of the System’s Parameters

In Equations 10.10–10.16, the forces acting on the MagMite system are
shown. They contain parameters such as spring stiffness, damping constant,
resonant frequencies, and also forces such as the magnetic interaction force
or clamping that need discussion before they can be applied to the model.
In the following, the unknown system parameters are identified in order to
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(a) Tethered mode comparison

(b) Untethered mode comparison

Figure 10.3: Comparison of the three simulation approaches, parameters of
(a): fn = 2.4 kHz, c = 3 · 10−6 kg/s, ε = 0.5.
get reasonable nominal values for numerical simulation.
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Figure 10.4: Influence of the integration step size. Low step sizes yield
strongly varying behavior, which improves at higher step sizes (e.g. N = 5000,
or N = 6000), but still no smooth trajectory is obtained at N = 6000.
Simulation parameters: fn = 5.4 kHz, c = 10−6 kg/s, µ = 0.5, and β = 20.
10.1.6

Device Geometry and Mass

For modeling the device geometries and masses determined by SEM imaging in Section 10.1.6 were used.
10.1.7

Fluid Damping

It is assumed that the main factor for device internal damping between
the hammer and the body and within the spring elements is due to so-called
squeeze-film damping that is caused by the compression and flow of air at
small gaps. Several formulae for this kind of damping can be found in literature, which all concede that the damping constant is inversely proportional
to the cube of the gap. In order to get an idea of the order of magnitude,
the two proposed formulae are evaluated. Firstly, [Cheng and Fang, 2005]
proposed to calculate the damping constant as follows:
c=

m2 + (n/β)2
64σPa L W X
,
2 · ((m2 + (n/β)2 )2 + σ 2 /π 4 )
π 6 ωh
(mn)
m,n

(10.17)
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where m and n are odd integers: m, n = 2k + 1, k ∈ N. The other parameters
are the squeeze number
12µW 2 ω
σ=
(10.18)
Pa h2
with Pa : ambient pressure, L: device width, W : device height, ω: oscillation
frequency, h: displacement at rest, and β: aspect ratio W/L. Setting the
parameters to L = 150 µm, W = 50 µm, Pa = 105 Pa, µ = 1.98 · 10−5 kg/ms,
h = 22 µm the damping constant is 0.79 · 10−6 kg/s for all the resonant frequencies of the device. Another formula, proposed by [Weinberg et al., 2009],
approximates the damping constant by
µL4
,
c= 2
h (h + 6λ)

(10.19)

where µ is the gas viscosity, L is the characteristic plate dimension, and λ =
0.06 the mean free path of air. This yields a damping rate of 3 · 10−6 kg/s.
Because of squeeze-film damping within the numerous spring elements the
actual damping is expected to be a bit higher than the calculated one.
The experimentally determined damping constants (Section 8.7) show a
strong anisotropy between the on and off steps, and are approximately 10
times higher than the calculated drag.
10.1.8

Fluid Drag

As the device is designed to operate in various fluids at hammer velocities
that are rather high compared to the hammer dimensions significant drag
forces are to be expected. As a first step, the Reynolds number
Re =

vL
ν

(10.20)

of a device in air and water are calculated. The characteristic length L is
the hammer length, which is between 190 and 140 · 10−6 m. The kinematic
viscosities are νair = 15.68 · 10−6 m2 /s at 25 ◦ C, and νwater = 1.00 · 10−6 m2 /s
at 20 ◦ C. The maximum measured hammer velocity of the tethered device in
air is ≈ 0.6 m/s (compare Figure 8.13), which yields a Reynolds number of
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7.3. In water, the hammer can reach a velocity of ≈ 0.2 m/s, which results in
a Reynolds number of 38. This is no longer in the domain of low Reynolds
numbers. Yet, for a first approximation, the drag is calculated using low
Reynolds number equations: for a sphere of diameter D, the Stokes drag can
be calculated as
b = 3πµD,
(10.21)
where µ is the dynamic viscosity of the fluid. For cuboidic bodies, this
formula can be adapted using a so-called shape resistance factor K:
b=

3πµDS
,
K

(10.22)

where DS is the diameter of a sphere of equivalent volume as the cuboid.
The shape resistance factor can be approximated according to [Johnson et
al., 1987; Sheaffer, 1987]. From a set of parameters that depend on the
rectangle geometry, the shape resistance factor is approximately
K = 0.197 + 0.627Ψ + 0.240

Dmax
DS
− 0.029
,
DN
DN

(10.23)

πD2

where, with the use of the surface area of the prism Ap , Ψ = ApS is the surface
sphericity, DN is the diameter of the circle equivalent to the projected area of
the rectangle in the direction of motion, and Dmax is the maximum dimension
of the rectangle.
For the nominal device geometry, the shape resistance factor becomes
0.91 and the drag coefficient is thus 1.43 · 10−6 kg/s.
10.1.9

Magnetic Force Modeling

The magnetic force, FM in Figure 10.1, is used to excite the oscillatory
parts of the device, and is therefore driving the propulsion. For modeling a
homogeneous field generated by the Helmholtz coils (Section 11.1) is assumed
and the signal applied to the MagMite system has a square form of magnitude
B during the first half (assuming a duty cycle of 50%) period and 0 during
the second half.
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The modeling of the magnetic force is key in the simulation of the MagMites. Due to the scale of the device a sufficiently accurate direct force
measurement is not achievable by reasonable means. Furthermore, because
the field distribution in arbitrary geometries is rather complex no general
formula is available either. The force between the two soft-magnetic bodies
induced by the applied magnetic field is expected to depend on the material’s magnetization properties, the body geometry (length, width, height,
and curvature), the distance between the two bodies, and the amplitude of
the applied field itself. Also, at this scale, the shape is expected to have a
much higher influence on the field distribution and forces than the magnetic
properties [Abbott et al., 2007a]. To simplify the task of finding an appropriate force expression, only the body and the hammer were considered in
the magnetic model, influence of the frame and the spring were neglected.
This is reasonable as they are made of gold. A rough estimate for the force
acting on two nearby magnetized surfaces is
FM

2
Bgap
·A
=
2µ0

(10.24)

where A is the area of the opposing surfaces (W × H in this case), Bgap is
the magnetic field between the opposing surfaces, and µ0 = 4 π10−7 N/A2 .
The difficulty in Equation 10.24 is to find Bgap , which actually also depends
on the gap size itself. Therefore four different analytical methods that aim
to calculate the magnetic force briefly reviewed and compared to FEM simulations.
The material hysteresis has been measured by [Nagy et al., 2008]. The
result and the corresponding curve fit can be found in Figure 10.5. It is important to note here that the hysteresis curves differ from batch to batch and
even between the single devices due to variances in the internal microstructure and geometry variations induced by fabrication.

182

10 MODELING

Figure 10.5: Magnetization curve of Ni and fitted curve.
FE Force Modeling
Ansys Maxwell was used to perform a FE magnetic simulation. A good
force fit was found with the following dependency:
FM

2
p0 · Bext
= 2
,
g + p1 · g + p2

(10.25)

where p0 , p1 and p2 depend on the device geometry (and most likely the
magnetization curve). For the nominal values of the device geometry, height
50 µm, width 150 µm, body and hammer length 150 µm, p0 = 6.85 · 1010
nNµm2 /T2 , p1 = 59.6 µm and p2 = 270.4 µm2 . The simulation result and
corresponding curve fit for these nominal parameters can be seen in Figure 10.6. Because the numerical solution does not include assumptions with
respect to the geometry, it is compared to the analytical solutions in the next
section.
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Figure 10.6: Interbody magnetic force over various gaps.
Analytical Force Modeling
Different analytical methods to model the magnetic forces have been
considered and are summarized in Appendix I. The methods include the
Bougienage Force [Takayasu et al., 2008], the Magnetic Field Concentrator [Brugger and Paul, 2010], Magnetic Nodes [Bancel, 1999], and Magnetic
Circuit Analysis.
Only the Magnetic Field Concentrator (Equation I.8) and Magnetic Circuit Analysis (Equation I.14) show the same inverse quadratic behavior with
respect to the gap as are found by FEM. Therefore only these two methods
were fitted and compared to the FEM data. Figure 10.7 illustrates how good
results can be achieved when fitting the parameters to the FEM forces. The
fitted parameters for Equation I.8 of the Magnetic Field Concentrator are,
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under the assumptions of L =150 µm as true device length, A = 150×50 µm2
as true opposing surface, and µ0 = 4 π10−7 N/A2 : µeff =8.37, cg =0.0583, and
the proportionality factor c2µ· A0 = 3.58 · 106 nN/T2 . The fitting parameters for
for Equation I.14 (Magnetic Circuit Analysis) are: µ = 10.98 N/A2 and the
3
1A
B field amplification factor p2µ
= 1.222 · 10−9 nN/T2 .
0

Figure 10.7: Comparison of the analytically calculated magnetic forces with
optimized parameters with respect to FEM, M1 corresponding to Equation I.8 and M2 to Equation I.14.

Influence of Device Geometry and Proportions
Because significant feature variations may occur due to fabrication limitations, the dependency of the force with respect to device geometries other
than the nominal length L = 150 µm, width W = 150 µm, and height 50 µm
is investigated, as well as the influence of the volume ratio between body
and hammer. The results of the variation in L, W and H can be seen in
Figure 10.8 (a)–(c). The magnetic force can be fitted to the parameters when

185

10 MODELING

the gap is constant. The magnetic force has the following dependencies
2
FM = p0 Bext
· (L + p1 )

(10.26)

2
FM = p0 Bext
· (H 1/3 + p1 )

(10.27)

2
FM = p0 Bext
· (W 1/3 + p1 )

(10.28)

(a) Force versus length

(b) Force versus height

(c) Force versus width

(d) Force versus length ratio

Figure 10.8: Dependency of interbody magnetic force on device geometry
and relative proportions.
and the parameters pi vary with the gap. The parameter evolution over
various gaps was subject to further investigation. The evolution of the parameters in Equation 10.25, i.e. p0 , p1 , p2 has been observed under variations
of L, W and H, but as Figure 10.9 exemplary shows for the height, the parameter dependence: there are two salient points, which are strongest in p1 ,
and although the trajectories look similar, this similarity is only superficial.
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The inability to fusion the geometric values into one formula may be because the approximation of the demagnetization factors is not good enough
to derive a single formula, as they are approximated by the demagnetization
factors of equivalent ellipses [Beleggia et al., 2006]. A more thorough analysis
over a wider and denser parameter range is required to derive these relationships. For the purposes of this work, a force law of the form (Equation 10.25)
with the appropriate parameters for the nominal design is sufficient.

Figure 10.9: Evolution of fitting parameters of Equation 10.25 over various
device heights.
The ratio between hammer and body length is demonstrated in Figure 10.8 (d). It can be seen that from the point of the magnetic force, it
seems beneficial to have an asymmetric volume distribution, i.e. devices with
large (LH) or small hammers (SH) relative to the front attractor mass. However, the differences are not very significant.
The volume ratio V R dependency of the force is fitted into the following
equation:
2
p0 Bext
.
(10.29)
FM =
V R 3 + p1 V R 2 + p3
Influence of Device Shape
A known fabrication-related issue is the variation of the device’s nickel
body shapes in terms of roundness. In the model, hammer and body are
taken to have cuboid shapes. But due to the fabrication process the edges
will often times round off by an amount that varies from batch to batch.
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The effect of rounded edges has been simulated and the results are shown
in Figure 10.10. It can be seen that rounded edges cause the field between
the two magnetic bodies to be significantly stronger than with cuboid shape.
Although the surface area of the opposing soft magnets decreases at the
rounded edges and the device volume is less than the rectangular shapes,
the resulting forces for narrow gaps are higher than those of the cuboid soft
magnets, but varies only slightly between the different rounded shapes (1)
and (2). Even though the slope at narrow gaps is much steeper for the
rounded edges, the force law (Equation 10.25) can be applied to these shapes
as well. The parameters are p0 = −2.16 · 1010 nNµm2 /T2 , p1 = −51 µm,
p2 = −34 µm2 for the rounded shape (1), and p0 = −4.4 · 1010 nNµm2 /T2 ,
p1 = −98 µm, p2 = −85 µm2 for the rounded shape (2).

(a) Cuboid

(c) Rounded variant (1)

(b) Legend

(d) Rounded variant (2)

Figure 10.10: Dependency of the magnetic field on the device shape at B =
5 mT and gap 5 µm. The legend valid for all three cases is shown in (b).
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Figure 10.11: Dependency of the magnetic force on the device shape.
Rounded shapes yield higher forces for narrow gaps, and lower forces for
wide gaps.
Magnetic Influence of Device Carriers
For all tethered experiments, the devices are attached to a device carrier
for simplified handling and characterization after fabrication (Figure 6.3.b).
The carrier is made of gold and nickel and has a much larger volume than
a single device (≈ 80× the device volume). Hence, significant magnetic
interaction with the robots is expected. Because of the carrier the force
becomes asymmetric: the force on the hammer is stronger than the force
on the body. Additionally, the forces become stronger by a factor that can
be approximated as a constant—1.337 for the hammer and 1.257 for the
body in the presence of the carrier, which is important when tethered mode
experiments described in Section 8.4 are simulated.
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10.1.10

Electrostatic Clamping Force

A periodic electrostatic clamping force (FC in Figure 10.1) is used in
some modes of operation to rectify and improve the efficiency of the device
motion by amplifying the frictional effects. In order to make use of the
clamping force, the driving substrate has to be designed accordingly, i.e. by
augmenting it with an array of electric conductors. The design and principle
is shown in Figure 5.20. A potential is applied to the conductors such that
there is a voltage difference V between two adjacent conductors. Located
between the conductors and the robot, the substrate of thickness d serves
as a dielectric. If a potential is applied to the conductors, they will induce
charge separation in the robot, which in turn produces an electrostatic force
that pulls the robot towards the substrate. The force can be calculated by
F =

εA · V 2
,
2d2

(10.30)

where A is the area of the robot that is opposed to the substrate and ε is the
dielectric constant of the substrate.
The clamping signal is applied at a phase ϕ with respect to the magnetic
field. Figure 9.1 illustrates the definition of the clamping phase angle. The
clamping phase angle can lie within [−π, π].
In the simulation the clamping signal amplitude FC , (see Equation 10.16),
is always set to a magnitude that brings the body motion to stop whenever
clamping is applied. Furthermore, clamping can be constantly applied during
the whole period, an effect which then is modeled as an additional vertical
force amplification parameter β:
FV = −β · mg.

(10.31)
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10.2

Simulating Tethered Mode

In this section, the influence of the system parameters in tethered mode
is modeled and discussed. Tethered mode describes the state of the system when operated as a single mass-spring oscillator, i.e. when the body is
fixed and only the hammer can move. In experiments, this state is achieved
when the devices are still attached to the device carrier after fabrication
(Figure 6.3.b). Tethered mode simulations only have limited value for the
characterization of the system behavior, but combined with tethered mode
measurements, they can help to verify the system’s parameters and validate
the model.
In tethered mode, the system
behaves as a single mass oscillator with
q
k
1
and no friction acts on the system as there
resonant frequency fn = 2π
m
is no substrate. The governing equations (with g = g2 in Figure 10.1) are
mg̈ + cġ + k(g − g0 ) = FM (t, g)

(10.32)

v + = −εv −

(10.33)

in case of impact

Even with this simplification, the system is not analytically solvable and
numeric approaches are the only way to analyze its behavior. Figure 10.12
shows the typical course of a magnetic flux density-sweep, which can be
divided in three major parts: pre-impact phase, until Pt.(2), cancelation
phase, between Pt.(2) and Pt.(4), and dominant magnetic force phase, after
Pt.(4), whereof part three contains a numerically instable, possibly chaotic
phase, around Pt.(6). The force relations at some points of interest during
the magnetic field amplitude sweep are shown in Figure 10.13.
In the pre-impact phase, the system is dominated by the spring force.
The magnetic and damping forces are small and have almost no influence
on the total force. At point (2), the magnetic field is high enough to excite
the hammer oscillation to a point where it swings fast and strong enough
to allow impact. In the force plots of Figure 10.13, impact corresponds to
the salient points in the force trajectories. This mechanical limit gives a
natural bound to the maximum distance that can be traveled in one period
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and therefore limits the spring force. After this operating point, the magnetic
force grows with higher fields, while the spring force growth stagnates. As the
two forces are opposed over a wide range of the period, the total force of the
system is decreased between points (2) and (4). At point (4), the maximum
hammer velocity during a period reaches a local minimum, which indicates a
maximum force cancelation. After point (4), the total force is dominated by
the magnetic force, and grows to a point where not only one, but two impacts
per period occur. When the magnetic field amplitude is further increased,
an even higher number of impacts can be seen (e.g. at point (7)).

Figure 10.12: Tethered mode field amplitude sweep at f = 2.4 kHz, c =
3.05 · 10−6 kg/s and ε = 0.5, g0 = 15 µm. Details for Pts. (1)–(7) are found
in Figure 10.13.
System analysis is done on both magnetic field amplitude (time) sweeps
and frequency sweeps. As discussed in Section 8.4, there are generally two
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Figure 10.13: Tethered mode field sweep force details for Pts. (1)–(7) from
Figure 10.12 at f = 2.4 kHz, c = 3.05 · 10−6 kg/s and ε = 0.5.
possibilities to carry out frequency sweeps: one way is to reset the initial
conditions for every frequency increment, starting from some displacement
at rest and velocity zero; another way is to perform a continuous simulation
in which the end conditions of each preceding frequency are taken as the
initial conditions to the following frequency. It is known that hysteretic
behavior occurs in continuous scans (i.e. the curves for increasing frequencies
look different than those for decreasing frequencies) both in simulation and
experiment (Figure 9.12).
The parameters investigated are the damping constant, the resonant frequency, the spring stiffness, the restitution, the deflection at rest, and the
magnetic force strength. These parameters are not completely independent:
there is a connection between the resonant frequency, the spring stiffness
and the damping constant. But keeping the damping in a realistic and small
range, the correspondence of the resonant frequency and the spring stiffness
is dominating.
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10.3

Damping

Damping is analyzed around the nominal value of 10−6 kg/s. Values of
{1/4, 1/2, 1, 2, 4} times the nominal value are taken into consideration at Bfields varying from 1 to 5 mT. Figure 10.14 shows the maximum velocity and
minimal gap achieved at damping rates of 0.5 · 10−6 kg/s, 1 · 10−6 kg/s and
2 · 10−6 kg/s. Generally, it can be said that at low damping values, the system
is underdamped and has a long settling time, which must be considered in the
simulation settings. For damping values in the range of 10−5 kg/s, the system
becomes overdamped. If damping becomes high enough, there is a significant
shift in the resonant frequency to lower values, because the damping term
in the resonant frequency calculation formula cannot be neglected anymore.
Trivially, low damping allows higher hammer velocities and higher impact
ranges, as the resulting damping force is smaller.

Figure 10.14: Effects of the damping constant, fn = 2400 Hz, ε = 0.5, g0 =
15 µm.
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10.4

Gap at Rest

The gap at rest has the strongest influence on the occurrence of impact.
Obviously, systems with a narrow gap at rest achieve impact at much lower
velocities (and thus lower fields for the same parameter set). It is the only
parameter which can shift the impact plateau to velocities to other orders of
magnitude, which can clearly be seen in Figure 10.15. It can also be seen that
with larger gaps at rest, the hammer velocity can achieve higher values due
to larger distances traveled before mechanical limiting and impact. Where
no impact occurs, it can be seen that larger gaps at rest will yield lower
velocities, which is caused by the lower magnetic force due to the larger
distances between the two device parts.

Figure 10.15: Effects of the gap/displacement at rest at fn = 2400 Hz, ε =
0.5, c = 10−6 kg/s.

10.5

Resonant Frequency and Spring Stiffness

The resonant frequency
of the system is strongly coupled to the spring
q
1
k
stiffness through 2π
. As the coupling is nonlinear, the resonant frem
quency was used as the parameter to vary and adapted the spring stiffness
195

10 MODELING

accordingly. Starting from a nominal frequency of 2400 Hz, the values 600 Hz,
1200 Hz, 4800 Hz and 9600 Hz were investigated. Figure 10.16 shows how a
lower resonant frequency and the resulting lower spring stiffness will cause
wider impact regions and lower hammer velocities. This is due to the shorter
time intervals at higher frequencies: for impact, the gap distance must be
traveled four times during a period. If the period is shorter, the hammer
needs higher speed to travel the (constant) distance.

Figure 10.16: Effects of the spring stiffness, respectively resonance frequency
at ε = 0.5, c = 10−6 kg/s, g0 = 15 µm.

10.6

Magnetic Force Strength

The use of materials with different permeabilities can change the magnetic field strength. This effect is simulated by a force pre-factor of 0.25,
0.5, 1, 2 and 4. Figure 10.17 shows how the impact region grows wider for
higher magnetic forces. Although this may seem trivial, it must be taken
into consideration that the magnetic force is antagonistic to the spring force.
As both are depending on the gap additional effects may occur by altering
any of them.
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Figure 10.17: Effects of the magnetic force strength at fn = 2400 Hz, ε = 0.5,
c = 10−6 kg/s, g0 = 15 µm.

10.7

Coefficient of Restitution

Restitution is a parameter that belongs to the Newton impact law u+ =
−εu− . It determines what proportion of the system’s energy is lost on impact and must therefore lie within the interval ε ∈ [0, 1]. When the initial
conditions are reset between parameter changes the restitution has only little
influence—even when comparing the influence of its limits of 0 and 1.
10.7.1

Modeling of Experimental Observations in Tethered Mode

In this section the experimentally observed effects observed during laser
Doppler vibrometer measurements described in Section 8 are discussed from
a modeling point of view.
The magnitude of velocity plateaus decreases as the field strength is increased. This is because the spring force is limited mechanically by the occurrence of hammer impact at maximum deflection. The attractive magnetic
force between the soft-magnetic bodies, however, does not only depend on the
gap size but also the external magnetic field strength. Hence it can further
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Figure 10.18: Effects of the coefficient of restitution.
increase with the excitation amplitude—and independently of impact. The
resulting net force of the sum of the antagonistic spring force and magnetic
force decreases and as a result the hammer velocities are attenuated as well.
In the particular shape of the measured hammer velocities in time sweeps
consisting of blocks with rising excitation field amplitudes (Section 8.13) a
saturation-like behavior is apparent, particularly in media with low viscosities
(such as vacuum and air). It is unclear whether this is due to magnetic
saturation or parasitic effects—be it the influence of the larger magnetically
active carrier or anomalies elsewhere in the measurement system). Nonlinear
damping is not considered to be a likely cause as this would contradict the
observed high overshoots at the beginning of each excitation block.
When approaching the devices and carrier with a permanent magnet, a
peculiar inversion pattern could be observed during the immediately following amplitude sweeps (Section 8.15). A similar pattern could be observed
when inverting the current direction and therefore the magnetic field direction relative to the fixed orientation of the devices. It seems very likely that
magnetization is the cause for these anomalies. Based on these and other
experiments it can be assumed that the robots and the device carrier have
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a remanent magnetization which is suspected to induce a repelling magnetic
force when the applied field is antiparallel in direction to the remanent device
magnetization. Both saturation and inversion effects can be reproduced in
simulations. Figure 10.19 shows the reproduced curve shapes and the effective magnetic fields used to generate the curves, compared to the fields that
would be applied in the absence of parasitic effects. It can be seen that a
saturating field amplitude serves to generate the normal pattern, while the
inversion is achieved by a negative B 2 . This may seem not physically plausible at a first glance, as two adjacent bodies with the same magnetization
will always attract, no matter what the external field is, and hammer and
body volume should not differ so much that they should be magnetized differently. Yet, the device carrier may influence the whole setup in such a way
that it repels the hammer with a force that is stronger than the attractive
force coming from the body. Therefore, in superposition, the resulting force
is repelling.
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(a) normal pattern reproduction

(c) normal pattern field

(b) inversion pattern reproduction

(d) inversion pattern field

Figure 10.19: Reproduction of the measured patterns, using the measured
system parameters fn = 4600 Hz, c = 10−6 kg/s.
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10.8

Simulating Untethered Mode

Untethered mode refers to the operation of mobile devices on two-dimensional
surfaces and therefore the mode of operation of primary interest. As stated
before and documented experimentally (Section 9), there is a large number
of parameters influencing the device’s behavior. In untethered mode, the
system acts as a two mass oscillator. During regular operation with single
ground contact friction only acts on one part of the device, i.e. the frame,
and as a direct consequence hammer and body do not experience the same
net force. This asymmetry of forces within an oscillation cycle is believed to
be crucial for robot net motion.

10.9

General Behavior of the Untethered System

The behavior of untethered oscillation is briefly characterized in general
before the influence of the external parameters is explained in more detail.
The locomotion of the agents can be described as stick-slip motion. During part of a full oscillation period the robot is sticking to the ground due to
friction forces while for the other part of the period it is sliding. Figure 10.20
illustrates the stick-slip motion pattern and the resulting net movement.
The motion of the device can also be characterized as two distinct actuation modes occurring during each hammer swinging cycle: in one the hammer
pushes the body and frame forward, in the other the hammer pulls the body
and frame backward. As defined in Section 10.1.2, forward and backward motion of the agent are defined by design, i.e. with respect to the agent’s front
that is shaped to enable the pushing of micro-objects. Whichever mode is
dominant per cycle defines the device’s net motion. As the system is not
oscillating linearly there are no phase definitions. Therefore the following
discussions are generally centered around the discussion of the location of
maxima and minima with respect to motion states of interest.
During the discussion of parameter influences several different types of
graphs will be shown. These are briefly introduced in the following.
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Figure 10.20: Schematic illustration of the stick-slip principle of agent motion. Generally, two antiparallel slip phases occur in each steady-state oscillation cycle and are separated by two stick phases. A difference in distance
traveled in each slip phase results in a small position change of the agent and
therefore to a net movement per oscillation period.
10.9.1

Overview Plots

To investigate the influence of the excitation frequency, magnetic field
strength, friction force and clamping phase angle, the system is simulated
with an array of parameter values in the application range. Therefore, generally sweep overview plots will be shown where the horizontal axis corresponds to the respective sweep parameter and the vertical axis describes the
device’s steady state net movement per period and hence its overall speed
under the parameter set used in the simulations.
In another type of overview plot the different stages within a stick-slip
motion cycle is shown with respect to a parameter range. Additional information is given by the location of the maxima and minima in both hammer
and body velocity.
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10.9.2

States and Forces

There are two ways to show the role of forces: one is to depict the force
direction as it acts on the hammer, another how forces act on the body and
frame. Here only the perspective of the forces on the body are graphically
illustrated since the direction and magnitude of the forces acting on the
hammer are exactly opposite to those acting on the body. However, it is
important to note that there is no friction force acting on the hammer. In
order to make the course of forces and states comparable, they are normalized
with respect to their maximum absolute value during the course of a full
motion cycle period in steady-state.
10.9.3

Motion Phase Portraits: Sticking versus Slipping Periods

There are several possible ways to represent motion phases, i.e. stick and
slip phases, during each steady-state cycle. Here only the following types of
motion phase portraits are shown: body velocity over gap, body velocity over
body position, and body velocity over hammer velocity. The benefits and
points of interest of each of these motion phase portraits are briefly discussed
in the following.
Table 10.1 summarizes the particular points of interest during a full hammer motion cycle.
Point
1
2
3
4
5
6
7
8
9

Event
magnetic field is switched on, discontinuity in total force
body velocity reaches 0, begin of stick phase 1
end of stick phase 1
minimal gap is reached
magnetic field is switched off, discontinuity in total force
body velocity reaches 0, begin of stick phase 2
end of stick phase 2
maximum gap is reached
end of period

Table 10.1: Points of interest of a steady-state period of the untethered
system, e.g. indicated in Figures 10.21, 10.22, and 10.23
.
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Body Velocity over Gap

Figure 10.21: Motion phase portrait of the body velocity over the gap, illustrating the stick-slip motion. Note how the hammer is only oscillating with
about ±1µm with respect to the gap at rest (15 µm).
A motion phase portrait showing the body velocity with respect to changes
of gap size over the course of an oscillation period has the advantage that
stiction phases and the total amount of the traveled gap distance can be seen.
The latter is important to determine whether impact occurred or not. The
trajectory shown in Figure 10.21 is interpreted as follows (compare also Table 10.1): At the beginning of a period the magnetic field is switched on (1)
and the step input in the force increases the backward body velocity. After
some time the body velocity decreases to zero (2) and stiction may occur.
At (3) the stiction phase is over and the body moves again, but forward this
time. For some parameter settings, no stiction occurs and points (2) and (3)
overlap. At (4) the minimal gap is reached, i.e. the hammer is closest to the
device body. This also corresponds to the point where hammer and body
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velocities are equal. At (5) half of the period is over and the magnetic field is
switched off. This may yield another temporary increase in the body speed.
The second half trajectory of the period is analogous to the trajectory of the
first half in most cases.
Body Velocity over Body Position

Figure 10.22: Body velocity over body position motion phase portrait. The
difference in the starting point (1) and end point (9) body position corresponds to a net movement of the agent. Note how sticking phases are no
longer visible (2,3 and 6,7).
A motion phase portrait showing the body velocity with respect to the
body position has the advantage that the net movement of the agent per
period can be seen as the difference in the starting point (1) and the end
point (9) in Figure 10.22. On the down side stiction always overlaps in this
type of graph and cannot be detected.
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Body Velocity over Hammer Velocity

Figure 10.23: Body velocity over hammer velocity motion phase portrait,
with regions (I)–(VI) described by Table 10.2. Note that the axis proportions
are not equal.
A motion phase portrait showing the body velocity with respect to the
hammer velocity illustrates the switching between the two propulsion modes
of hammer-push and hammer-pull over the range of a single steady-state period. Regions (III-V) in Table 10.2 and Figure 10.23 belong to the hammerpull mode (backward motion of agent), while regions (I),(II) and (VI) belong
to the hammer-push mode (forward motion of agent), as defined in Section 10.1.2.

10.10

Influence of the Excitation Frequency

The first parameter to be investigated is the system’s response to various
excitation frequencies around the resonant frequencies. Figure 10.24 shows
the resulting device movement per period in steady-state. It can be seen how
at excitation frequencies that are far from the resonance modes identified
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Region
I
II
III
IV
V
VI

Dir. ~vb
→
←
←
←
→
→

Dir. ~vh
←
←
←
→
→
→

Relation
vb <> vh
vb < vh
vb > vh
vb <> vh
vb < vh
vb > vh

Gap change
gap shrinks
gap shrinks
gap grows
gap grows
gap grows
gap shrinks

Hammer
push
pull
pull
pull
pull
push

Agent
forward
forward
backward
backward
backward
forward

Table 10.2: Hammer-body interaction of a steady-state period of the untethered system. Regions (I)–(VI) are shown in Figure 10.23.
during measurements on the tethered device the agent does not move at all
(< 0.85 · fn and > 1.6 · fn ).
When the resonant frequency is approached from the left the device starts
to move in hammer-pull mode (positive x direction in the modeling frame
of reference, but backward motion of the physical agent, see Section 10.1.2).
The maximum movement per period is achieved at 0.96 · fn and the device
slows down again with higher frequencies. There is a frequency (close to
1.11 · fn ) where the device does not move at all. After this point the device
changes its direction to forward motion, i.e. the mode is now hammer-push
(negative x direction). The maximum velocity in this mode is reached at a
frequency of 1.14 · fn . The device slows down for even higher frequencies and
eventually comes to a complete halt.
Several points during the sweep are chosen as points of interest and investigated further. Figure 10.24: Pt. (1) is at a state in the beginning of the
resonant region where the velocity amplitudes start to increase. Pt. (2) is
at the maximum hammer-pull (agent backward) net movement, while at Pt.
(3) the system speed is decreasing. Almost no velocity is seen at Pt. (4), in
the region of which the device changes its direction of movement. Pt. (5)
shows the maximum net movement in hammer-push mode (agent forward).
After this point the speed decreases again and Pt. (6) is chosen to represent
this region. Once the excitation frequency differs too much from the resonant
frequency the device cannot move anymore.
The relation between hammer and body velocity during a steady-state
period at the Pts. (1)–(6) can be seen in Figure 10.25. The relative velocity
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Figure 10.24: Untethered mode frequency sweep with β = 20, c = 10−6 kg/s,
k = 10.8 N/m, B = 3 mT, using the MATLAB Simulink model with
N = 2000. The lines mark the frequencies of interest, which will be investigated further. Note that positive values correspond to the modeling
frame of reference and translate into backward motion of the agent while
negative values translate into agent forward motion (Section 10.1.2).
defined as vh − vb equals the hammer velocity during stiction whenever the
body can not move. The relative velocity directions at t = T /2 correspond
to the motion direction of the hammer seen in Figure 10.24. Most of the time
when the body is moving, the relative body motion amplifies the gap growth
between hammer and body, i.e. it is antiparallel to the hammer motion. One
noteworthy detail can be seen in the relative velocity: At the beginning of
the second half of the period, i.e. the part for which the magnetic field is
turned off and thus no magnetic force acts on the system, the direction of
the relative velocity in Pts. (1)–(3) is positive when the device has a positive
velocity (agent moving backward), while for Pts. (4)–(6) when the device
has a negative velocity it is negative (agent moving forward).
The proportions of frequencies, i.e. f = f˜fn , leading to behavior variations of the untethered device relative to the resonant frequency of the
tethered device, fn , can change with different parameter sets. Another study
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Figure 10.25: Device internal hammer velocity, body velocity, and relative
velocity vh − vb at steady state for different points of interest in untethered
mode. At frequencies corresponding to Figure 10.24 the parameters were
β = 20, c = 10−6 kg/s, k = 10.8 N/m, B = 3 mT, using the MATLAB
Simulink model with N = 2000. Just like in Figure 10.24, the physical agent
is driving forward (positive relative velocity) at different speeds for Pts. (1)–
(3) and backward (negative relative velocity) for Pts. (4)–(6)
on the dependency of agent behavior on parameters like field amplitude,
clamping force, and clamping phase is shown in Figure 10.26 [Nagy et al.,
2010]. Note how despite similar field amplitude and friction parameters the
direction of travel is inverted in comparison with Figure 10.24. This is most
likely due to the applied clamping with a phase of ϕ = π.
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Figure 10.26: The influence of the applied magnetic field and the friction
on the robot when actuated with a clamping force with a constant phase
shift ϕ = π. Note the difference in the range on the frequency axes. Each
plot includes an upward and downward frequency sweep hinting at minimal
hysteretic behavior. a) for low field amplitudes and low friction the device
is fairly slow (-0.5−2.2 mm/s) and the speed magnitude direction dependent. b) larger field amplitudes combined with low friction lead to larger
forward speeds for a wider frequency range (0−70 mm/s) but also introduces
what appears to be uncontrollable behavior. c) low field amplitudes and
strong friction leads to smooth and controllable motion in both directions
(-0.5−0.6 mm/s). d) large field amplitudes in combination with high friction
leads to a similarly clear behavior even though less symmetrical and with
faster speeds (-2.0−4.0 mm/s). Again, the frame of reference is inverted with
respect to design (Section 10.1.2).
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For further interpretation, the development of the stick-slip motion in
dependence of the excitation frequency is shown in Figure 10.27. Zero device
motion corresponds to stiction periods. The proportion of stiction in the
overall cycle is minimal at ≈ 1.1 · fn . The maximum velocities for their
respective direction are both located at ≈ 30% stiction per period. This
suggests that there is a trade-off between stiction and slipping with respect
to fast propulsion. It can also be observed that the stiction phases of these
maxima end at a multiple of T/4, with a shift of T/4 between the two
direction modes. Additionally, the location of the hammer velocity (green)
and body velocity extrema (red) are shown. It can be seen that the extrema
shift by T/2 over the excitation range, and that there is a discontinuity in
the location of the extrema of the body velocity that does not seem to affect
the frequency course significantly.
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Figure 10.27: Development of the stick-slip motion for varying excitation
frequencies and the location of the velocity extrema (points of interest labeled
on the right). Untethered mode frequency sweep with parameters β = 20,
c = 10−6 kg/s, k = 10.8 N/m, B = 3 mT, using the MATLAB Simulink
model with N = 2000.
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10.11

Influence of the Magnetic Field Amplitude

The behavior of the device with respect to the magnetic field strength at
the selected frequencies at Pts. (1)–(6) (as indicated in Figure 10.24) was
analyzed. Figure 10.28 illustrates how the field strength does not affect the
system in the same way for all frequencies: At some frequencies, i.e. Pts. (3)–
(6), low field can have another driving direction than higher fields. It can
also be seen that for the frequencies at Pt. (1) and Pts. (4)–(6) the device
does not move for small fields around 2 mT and lower. It is clear that the
amplitude dependency can result to differently shaped curves for different
frequencies which may or may not relate to the nicks visible in experimental
magnetic field amplitude and offset sweeps.

Figure 10.28: Influence of the magnetic field amplitude on the robot movement. Note how the agent does not move for Pts. (3)–(6) at fields around
2 mT.
This behavior is attributed to the transition of the sum of the non-contact
forces over the course of the period. Figure 10.29 demonstrates how for Pts.
(3)–(6) and low field amplitudes it changes its sign—which results in a change
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of direction in the robot movement.

Figure 10.29: Influence of the magnetic field strength on the sum of the noncontact forces over the half-periods. By comparison with Figure 10.28, the
sign transition of the net force corresponds to a change of device movement
direction.
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The magnetic field strength affects the stick-slip motion by shifting and
shortening the stiction phases, as is shown in Figure 10.30. Additionally,
lower frequencies tend to have longer stiction phases at the same field strength
than higher frequencies. This is a reason why the velocity difference at the
borders of the simulated field range (2 and 8 mT) is greater than for higher
frequencies: the range of the velocity raises from 0 µm/s at 2 mT to ≈60 µm/s
at 8 mT. In comparison the velocity raises only from 0 µm/s at 2 mT to
≈21 µm/s at 8 mT at Pt. (6).
While different non-smooth points can be measured in experimental amplitude sweeps, their matching with current data is plausible, but somewhat
speculative. No systematic amplitude sweeps have been carried out in experiment for different frequencies with the same device so far.
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Figure 10.30: Influence of the magnetic field strength on stick-slip behavior.
Where stiction at high fields is still possible, the device can achieve higher
velocities.
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As has been mentioned before, there are two types of reactions to an increasing magnetic field. Therefore, for further analysis of the influence of the
field strength only Pts.(2) and (5) from the frequency sweep representative
for their corresponding type are briefly analyzed.
Figure 10.31 shows how the increasing field affects the velocities. At
the frequency (2), the maximum body velocity is shortly before the field is
switched off. The effect of the vanishing magnetic force at t = T/2 is like a
step input, and as the body velocity is almost as its maximum value before
the step occurs, the duration of this high body velocity is prolonged.
At the frequency (5), the maximum body velocity occurs after the field
is switched off. Therefore the influence of the step input is not as beneficial
as for Pt. (2). It should be noted that similar to the frequency sweeps the
direction of the relative velocity at the beginning of the second half period
corresponds to the direction of device movement.
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(a) Pt. (2)

(b) Pt. (5)

Figure 10.31: Steady-state velocities during the field sweep at frequencies (2)
and (5) and for points a, b, c, and d from Figure 10.30.
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10.12

Influence of the Friction Force

There are two reasons why the investigation of the influence of the friction
force is of interest: Firstly, the exact friction force is unknown and varies with
the substrate which in itself is inhomogeneous. Secondly, the clamping force
strength is acting on the system via friction. The way friction affects the
oscillating system is shown in Figure 10.32.
For the frequencies (1) and (2) the robot velocity increases with an increasing friction prefactor at first until the prefactor reaches an optimal value.
At that point the robot’s speed is at a maximum. If the friction prefactor is
increased further, the speed decreases again. For friction values that are too
high, no more movement is observed. For the frequencies (3)–(6) the velocity
increases, reaches a maximum, and then too decreases again. Before permanent stiction occurs, the device changes its direction of movement, passes a
maximum of speed in the other direction, and finally settles at permanent
stiction for higher friction values. This direction change can range over a

Figure 10.32: Friction force influence on robot movement, at frequencies (1)–
(6) from Section 10.10. Again positive values correspond to negative agent
motion (backward in experimental runs) and vice versa.
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wide set of friction prefactors at Pt. (3). This friction prefactor band is
compressed with increasing excitation frequencies.
Figure 10.33 shows the development of the stiction phases for different
friction prefactors. For very low friction prefactors no stiction occurs and
the maxima respectively minima of hammer and body velocity are shifted by
T/2. Even without stiction the shift of the velocity extrema gets wider and
continues until the first stiction phases appear. For Pts. (1) and (2), at the
first appearance of stiction there is a shift in location of the body velocity
extrema. Additionally, for these two frequency values the stiction phases for
increasing friction prefactor values shift to earlier times while for Pts. (3)–(6)
the values tend to shift to later times.
Note also the similarity with Figure 10.30: it seems that a decrease in
friction has a similar effect as the increase in the magnetic field strength,
although the velocity amplification effects of the magnetic field strength are
stronger.
It can be seen that there are two types of frequency regions, in which the
effect of the friction amplification is different: The first type does not have a
negative effective device movement throughout the friction prefactor sweep
(Pts. (1) and (2)). The second type, to which Pts. (3)–(6) belong, has both
negative and positive effective movement, depending on the friction prefactor.
Pts. (2) and (3) are chosen to be representative for their corresponding type
and analyzed further. Figure 10.34 shows that again the relative velocity at
beginning of the second half of the period corresponds to the device direction
of movement.
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Figure 10.33: Friction force influence on stick-slip behavior, at frequencies
(1)–(6) from Section 10.10.
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(a) Pt. (2)

(b) Pt. (3)

Figure 10.34: Steady-state velocities during the friction prefactor sweep at
frequencies (2) and (3) and for points a, b, c, and d from Figure 10.33.
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10.13

Influence of the Clamping Phase

The clamping phase describes the shift between the magnetic field and
the electrostatic clamping signal used to produce the clamping force (Section 10.1.10). For the simulations described in the following, a clamping
force amplitude of 1 µN was chosen. For the frequency Pts. (1)–(6), located
as shown in Figure 10.24, the effect of a change in the clamping phase angle between −π and π can be seen in Figure 10.35. For most frequencies,
i.e. Pts. (1)–(3) and (6), the velocity dependency on the clamping phase angle describes two plateaus, one for hammer-push and one for hammer-pull
mode. In between the plateaus there is a transition phase on each side during
which the device velocity can even reach zero. Although this clamping phase
dependency can also be seen in Pts. (4) and (5) here the transition phases
are more complex and the plateaus are narrower.

Figure 10.35: Influence of the clamping phase on robot motion for different
excitation frequencies.
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The influence of clamping is different from the influence of other parameters discussed before. This is illustrated by Figure 10.36 and Figure 10.37.
For parameters like frequency, magnetic field strength, and friction prefactor
the direction of movement always corresponds to the direction of the relative
velocity at t = T/2. It also corresponds to the direction of the sum of the
total force on the second half period. The mentioned figures show that this is
clearly not the case for the clamping phase where the sum of the non-contact

Figure 10.36: Sum of the non-contact force over half periods and clamping phase. It can be seen that no zero crossing occurs (compare with Figure 10.29).
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forces never changes sign for any phase angle from −π to π nor do the relative
velocities at t = T/2 necessarily change. This is in agreement with design
intentions and experimental rectification observations.

Figure 10.37: Velocities at the representative points of frequency (5) (Figure 10.24). The relative velocity at t = T/2 always has the same sign.
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The phase plot in Figure 10.38 illustrates the effect of clamping. If the
body velocity is thought of as shown in Figure 10.20, the part of it that is
overlayed by the clamping signal is brought down to 0. This results in the
total extinction of the body movement in one direction for some positions of
the clamping signal. Therefore the clamping signal amplifies the motion in
the other direction. The clamping signal can also be set to a position where
it counteracts both directions at the same time. This results in slower or no
net movement. Note that a shift of π in the phase angle always results in a
change of the direction of motion.

Figure 10.38: Phase plot of the body velocity over the gap for Pt.(2) (Figure 10.24) with clamping. The body velocity is completely extinguished for
half a period in (a) and (c).
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Figure 10.39 shows the distribution of the stiction phases during clamping.
It can be observed that for some clamping phase angles slip motion is only
possible once per period, either in the first half period or in the second. For
other phase angles slip motion occurs in both half periods. If the stick-slip
motion of Pts. (1) and (6) is compared in detail the stiction phases are almost
identical. However, the locations of the hammer velocity extrema are shifted
by π which explains the two movement modes (hammer-push vs. hammerpull). It is noteworthy that all the clamping phase angles corresponding
to the plateau velocities have the same percentage of stiction during one
period, but the exact value changes with the frequency. This is in good
agreement with qualitative observations in experiment. Additionally, the
hammer velocity at the points of maximum speed has a zero crossing in the
environment of t = 0 resp. t = T/2, which can ideally support the clamping
effect on the body. In Pts. (4) and (5) the clamping is not strong enough to
extinguish the body velocity for the whole duration of the clamping signal.
This results in complex transition behavior.
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Figure 10.39: Stick-slip movement for phase angles within −π and π.

228

10 MODELING

10.14

Summary and Discussion

In agreement with observations during experimental characterization (Section 9) there are many parameters influencing the device’s response. Parameters investigated with numerical modeling are the magnetic field amplitude,
the shift in the clamping phase, the clamping force, friction, and the excitation frequency. In the modeled response, each of these parameters can
change the direction of movement of the MagMite—an observation that is
again in good agreement with experimental results.
It appears that the excitation frequency especially affects the zero crossing locations of the relative velocity between hammer and body. In the case
where the relative velocity in the beginning of the second half period is negative, the direction of motion will also be negative, and vice versa. Not
surprisingly, higher magnetic field strengths generally lead to an increase in
net movement per period. For some parameter sets at low field strengths,
however, the device drives in hammer-push mode, i.e. forward, while the direction changes to hammer-pull mode, i.e. backward, when the field is increased. The magnetic field strength is more effective if the motion also
contains stiction phases. All parameter sets have in common that there is
an ideal trade-off between the sticking and the slipping part of the motion,
but absolute values change between parameter sets. The influence of friction
can either be beneficial or detrimental for the movement speed. It can positively affect the driving directions for some parameter sets while too high
friction values trivially lead to a complete halt of the device. As intended by
design, the clamping signal changes the mechanism fundamentally as it can
eliminate the body movement in one direction, restrict the point of release of
kinetic energy, and therefore significantly amplify the motion in the opposite
direction.
In summary, despite their limitation to the linear case, the numerical
simulations give insight into the inner dynamics of the device and allow to
reproduce and understand the direction changes during frequency sweep that
have been experimentally observed. More importantly the role of surface
friction and the proportion of stiction and sliding phase offer insights that
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are currently beyond direct experimental observability. However, the results
so far are only of qualitative nature. For instance, the MagMites are capable
of faster propulsion than the simulations have shown. The rich response of
the device can be investigated numerically for certain parameter sets, but
overall the numerical description remains qualitative. The development of
an analytical model that is expected to give deeper insight into the parameter
dependencies is currently under way [Nagy et al., 2010].
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Setups

Both software and hardware (power electronics and coils) used in our
microrobotic platforms have largely been custom developed by our group.
Since the beginning of the project several portable experimental setups have
been built that enabled repeatable live demonstrations on multiple occasions.
Over the course of the project, they have constantly evolved allowing for
ever better signal quality, higher field amplitudes at higher frequencies, and
smoother overall control.
The control flow of to operate the device is illustrated in Figure 11.1 and
can be summarized as follows: feedback from the overhead camera is processed by custom software on the control computer where tasks are defined,
desired and actual position compared, and the new trajectories computed.
The resulting digital waveform outputs to the coils are then sent to the drive
computer that does the digital to analog conversion. The drive computer
also houses the power amplifiers which are in turn supplied by an external
power source. Two amplifiers independently but synchronously drive the two
orthogonal coil pairs that generate the field in any direction in the plane. In
addition, a high-voltage output is generated in parallel when electrostatic
clamping is used. Figure 11.2 shows an early setup as it was used for the

Figure 11.1: Control hardware flow diagram.
2007 RoboCup Nanogram competition. The individual components will be
discussed in the remainder of this chapter while the control software is described in Section 13.
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11.1

Helmholtz Coils

The robots are powered and controlled with magnetic fields generated
by electromagnetic coils. The initial proof-of-principle setup was based on
a single pair of Helmholtz coils. In this setup the magnetic field orientation
and, thus, the robot orientation was controlled by mechanically turning the
coil pair with a DC motor (Figure 11.3.a). The setups used at the international competitions consisted of two nested orthogonal coil pairs approaching
a Helmholtz configuration with diameters of 50 mm and 65 mm, respectively
(Figure 11.3.b and c). The coils were designed with matched performance
(field strength/input current) and minimized inductance while falling within
the limits of the driving electronics and power supply. The field angle can be
instantly set by linear superposition of the two orthogonal magnetic fields.
In the initial control setup a coil current of 1 A produced a magnetic field
of 0.7 mT at the center point of the coil pairs with field strength rising to
0.71 mT at 5 mm from the center point along the coil axis, demonstrating a
high degree of field uniformity. The latest coils consist of a tri-axial coil pair
configuration that can be operated in both Helmholtz or Maxwell configuration for field homogeneity or gradients, respectively (a Siemens NX6 CAD
drawing is shown Figure 11.4). Their field characteristics are shown in the

Figure 11.2: Photograph of an early mobile experimental setup as it was used
at the competition at Nanogram 2007.

232

11 SETUPS

(a) 2006

(b) 2007

(c) 2009

Figure 11.3: Different coils setups over time.
Appendix H. For the operation of MagMites on a planar surface only two
pairs are needed. Therefore, the third pair has not been included to allow for
better accessibility of the workspace (Figure 11.5). The orientation control of
the magnetic field is performed by simply rotating a field amplitude vector
around the intersection point of the coil axes to determine the output for

(a) 2010 generic tri-axial coil design

Figure 11.4: Generic tri-axial coil pair configuration (NX6 CAD drawing).
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each coil pair.

Figure 11.5: Current coil setup with the two-axial configuration for twodimensional MagMite control.
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11.2

Power Electronics

Custom power electronics and coils have been built with tremendous effort
within the group and are currently used in several different projects. Different setups had different effects on the driving performance of the MagMite
robots—sometimes making systematic experimentation difficult and in earlier versions even introducing artifacts. Even though the data presented in
Section 9 has been collected with different setups, only the most pertinent
version is described here.
11.2.1

Power supply

Power to drive the electromagnetic coils is currently delivered by two
TracoPower TSP 360-148 connected in series or in parallel, depending on the
application. They provide power of 7.5 A at 48 V each which leads to either
7.5 A at total 96 V in parallel configuration or 15 A at 48 V in series.
11.2.2

Digital to Analog Conversion

Digital software command output to drive the coils was originally converted to analog amplifier inputs with the help of commercial H-Bridge motor
drivers that allowed for drive waveforms up to 10 kHz.
H-bridge motor controllers and a pulse-width modulated (PWM) type of
control were chosen due to the inductive nature of the coils and the need
to drive a high frequency field. High voltages were needed to overcome the
inductively produced voltages and ensure fast field changes. High currents
were needed to produce large field strengths with low inductance coils using
a minimal number of turns. PWM control was chosen because of the need for
widely varying field frequencies; linear power amplifiers were thus unsuitable
due to their power dissipation at low frequencies. To increase the frequencies and simplify the control electronics and FPGA programming, the coil
currents were continually driven either up or down and were not allowed to
decay naturally at any time.
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11.2.3

Power Amplifiers

The closed-loop current control is performed by class D switched amplifiers which in earlier versions of the setup accounted for the current ripples
shown in Figure 9.19. Such ripples were suspected to potentially distort the
frequency response of the devices in earlier experiments.
To ensure the intended oscillating magnetic field, the voltage used for the
switched amplifier must be adjusted such that the rise time for both coil pairs
match due to the differing inductances of the coils (e.g. 148 µH and 34 µH for
the large and small pairs respectively). Ultimately, this rise time dictates the
limits at which the magnetic field can be made to oscillate, which is in turn
limited by the available supply voltage. Supplies on the order of 72 V and
5 A have provided sufficient power for generating fields up to 20 mT at the
required frequencies.
Multiple generations of custom power amplifiers have been built within
the group over the years. The latest prototypes used for controlling the
MagMite setups are class D switched amplifiers with a switching speed of
150–240 kHz and a maximum power output of 25 A at 100 V.

11.3

Overhead Camera

A FireWire Basler 600f IEEE 1394 video camera with VZM 300i microscope fixed-focus zoom lens provides overhead video feedback of the location
and motion of the robot during operation. A LED-ring mounted on the microscope lens ensures homogeneous illumination conditions. Later versions
allow for multiple cameras as shown in Figure 11.6.

11.4

Environmental Control

When operating under dry conditions, the experimental setup can be
enclosed in an environmental box to reduce contamination and allow for
better humidity control with a dry air or nitrogen flow.
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(a) Top view and inset

(b) Side view in color

Figure 11.6: Current versions of Daedalus allow for multiple camera views.
a) regular top-view of the overhead camera with microscope lens and with
an inset (top right) of a side view recorded by a slower USB color camera, b)
side view of the robot and its trajectory as overlay information (stills taken
from different recordings).

11.5

Robot Arena

For oscillation rectification by electrostatic clamping a specially prepared
substrate with embedded interdigitated electrodes was used. The design
was adapted based on the substrates described by Donald et al. [Donald et
al., 2006]. The electrostatically active area of the arena with interdigitated
electrodes was increased to slightly less than 1 cm2 and fabricated as follows:
an oxidized silicon wafer is covered with aluminum which is patterned and
etched to form the electrodes. The electrodes are designed with a pitch of
15 µm and a gap of 3 µm. The wafer is then covered with a 1 µm thick layer of
silicon dioxide deposited by Plasma Enhanced Chemical Vapor Deposition
(PECVD) and patterned to open bonding pads. Maze walls, Nanogram
competition regulation fields, and obstacles can then be fabricated on top of
the field with SU-8 negative photoresist.
The fields were mounted and wire bonded in open face packages that
fit into testing sockets for use in specially designed Printed Circuit Boards
(PCB). The PCB included appropriate connectors for the electrostatic clamping signal, as shown in Figure 11.7.a. The robot and drive surface are
mounted inside the coil pair as shown in Figure 11.7.b. The coils were de237
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Figure 11.7: PCB board with a playing arena used for Nanogram 2007 and
the PCB board as mounted in the Helmholtz coils.
signed to allow the PCB with the playing arena to slide in and out. During
operation, the package was covered with a piece of glass to protect the field
and robot from contamination.
The custom current control electronics then automatically synchronize
the oscillating waveforms for the coil currents and electrostatic clamping
signals.
When operating in electrostatic clamping modes, voltages on the order of
30–80 V are sufficient for proper clamping behavior, which are significantly
below those published for electrostatic actuation [Donald et al., 2008]. A
first-order estimation of the out-of-plane electrostatic clamping force applied
during typical operation indicates forces in the range of 170 µN, based on a
interdigitated plate-capacitor approximation assuming an applied potential
of 40 V over a 1 µm air gap. As the feed connection efficiency is largely unknown connectors were included on the side opposite to the power connectors
to monitor the voltages. However, as the gap interface between robot and
substrate is influenced by surface asperities, humidity, and parasitic charging,
significant deviations are to be expected but are very challenging to experimentally characterize. The clamping signal is used for adjusting the friction
offset and the rectification of the vibrating spring-mass system.
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11.6

Signal Generation

The waveforms are digitally generated by a field programmable gate array
(FPGA) by Xilinx at runtime, and can be shaped in a variety of different
ways. Aside from square waveforms, sinusoidal, triangular, and other custom
waveforms have been observed to successfully drive the actuators. However,
no significant improvement in driving performance over a rectangular signal could be detected. Hence, newer systems only implement rectangular
waveforms for greater simplicity without any loss of operation quality.
A microprocessor communicates with the FPGA and a current sensing
unit. The sensing board produces or receives a trigger signal to synchronize
multiple channels if present, depending on its configuration. The sensing
boards also produce a synchronized 0 to 5 V clamping signal that is sent to
a high-voltage amplifier with a 0 to 150 V range and a gain of 30. Another
function of the sensing board is to control the coil current.
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12

Control Signal Properties

The generation and synchronization of the control signals that are driving
the electromagnetic coils and clamping voltages are important aspects of the
overall system. As opposed to the idealized assumptions made for modeling
purposes, there are many performance trade-offs between crucial parameters
such as magnetic amplitude, frequency, and signal rise times on a real system.
These and other hardware constraints affect signal quality and are therefore
expected to also influence a highly sensitive system such as the resonator
that the MagMites constitute. These constraints are subject to change with
every system upgrade and therefore the expected effects on the robots have
not been further investigated experimentally. In the following an overview is
given for better understanding of the practical challenges and setup design.

Figure 12.1: Sketch of a single wavelength of the idealized magnetic field.

12.1

Signal Digitization

The amplitude, frequency, and duty cycle of the signal can only be adjusted in distinct increments, depending on the bit resolution of the system.
A single wavelength of the magnetic excitation signal is shown in Figure 12.1.
A wavelength is defined with a length of Twave , which is broken into n pieces,
each ∆t long in time. The duty cycle of the square wave is only adjustable by
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a multiple of integer units of n (shown as x in Figure 12.1). Adjustment of
the frequency of the excitation signal is performed by adjusting the value of
∆t, which has a minimum resolution of approximately a single nanosecond.
The digitization has multiple interdependencies with other signal properties.
Some of them will be discussed in the following.

12.2

Signal Synchronization and Phase Offsets

The two coils pairs are synchronized by a trigger output of the master
electronics that is controlling the slave electronics, as shown in Figure 12.2
(top). The trigger also synchronizes the electrostatic clamping signal with the
magnetic control signal. The phase between the two signals can be adjusted
by p × ∆t, where p is an integer. Thus, with higher n the signal digitization
is increased which also means that a finer phase resolution can achieved.
This is also true for the value of the electrostatic duty cycle. Just as for
the magnetic signal, the duty cycle of the electrostatic wave is adjusted by
multiples of ∆t with the variable y in the figure. The period is the same
for both signals. Similar to the magnetic signal, the high and low values
can be adjusted independently with typical high values of 2 to 4 V , which
corresponds to 20 to 40 V from the high-voltage amplifier but can be adjusted
to higher gains up to output voltages of 120 V .
Figure 12.2 shows the synchronizing, electrostatic and clamping signals

Figure 12.2: MagMite signals with no phase offset; (a) synchronizing signal,
(b) electrostatic clamping signal and (c) magnetic signal.
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Figure 12.3: Synchronization and phase of magnetic and electrostatic signals.
together as captured from the system.

12.3

Signal Distortion and Artifacts

12.3.1

Frequency Resolution

The digitization of the control waveform into n units means that a small
change in ∆t will make an n× larger change in Twave . If n is set at its
maximum value of 100, there are significant jumps in Twave and affecting the
resolution of the excitation frequency. If n is set to a small value, e.g, two, the
minimum step in frequency in the 2 to 3 kHz range is approximately 1.7 Hz.
The minimum frequency step size and therefore the frequency resolution
is not constant and increases with the excitation frequency. The choice of
n depends on the needs of the user and other system parameters. Later
systems feature a higher and constant frequency resolution over a range of
up to 10 kHz.
12.3.2

Shape Distortions

The waveform shown in Figure 12.1 is an idealized sketch of the actual
waveform. Figure 12.4 shows traces of the actual current passing through
the coils. Measurements with high-bandwidth Hall sensors confirmed that
the magnetic field matches the current traces in shape and phase, and thus
the currents levels are often used rather than magnetic field strength in the
following discussion. Figure 12.4 (a) shows the waveform at a moderate fre242
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Figure 12.4: Plot of the coil current at two different frequencies with current
pulses of the same amplitude. (a) At low frequencies, a trapezoidal wave is
formed, (b) while at higher frequencies the flat areas disappear and the wave
becomes triangular. The sawtooth pattern in the constant value areas of the
waveforms are artifacts of the PWM-style current control. Their frequency
depends on the speed of the comparator electronics and their amplitude
depends on the driving voltage and inductance.
quency where ramp times are becoming a significant fraction of the total
waveform. Closer inspection of the waveform shows the high-frequency noise
from the sample frequency of the analog comparator system. Figure 12.4
(b) shows the effects of a higher excitation frequency. Here, the flat areas of
the waveform have nearly disappeared and signal bounces between the high
and low values. The rate of current change (slope) in the system is directly
proportional to the voltage of the current supply, and inversely proportional
to the inductance of the coils. At higher frequencies or higher current pulses,
the flat-topped trapezoidal waveform becomes triangular and begins to attenuate, as the current does not have enough time to reach the set value. In
an effort to make the waveforms from both coil pairs match, the inner coils
were driven with either a separate current supply at a lower voltage or with
only one side of a dual output supply arranged in series. The effects of these
waveform distortions on robot performance were not investigated.
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12.3.3

Signal Discontinuity

The creation of the waveforms detailed in Figure 12.2 is done by the
control software, which is described in the next section. The direction of the
robot is controlled adjusting the ratio of the currents sent to the two coil pairs.
The resulting superposition of the two individual fields causes the robot to
rotate and align its long axis with the field. During constant operation of the
robot with no changes in parameters, the outgoing waveform runs through
100 cycles before beginning again. When parameters must be changed, the
outgoing waveform is stopped regardless of phase and the new waveform
starts with an initial phase of zero. This is an important point to consider
when attempting to simulate the system. The phase of the driving signal
is broken every time the signal is updated but should ideally be preserved
without artifacts.
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13

Control and Automation

Reliable hardware and software allowing for both manual as well as fully
automated control has been crucial throughout the development of MagMites. While the Nanogram 2007 competition was still operated without
any graphical user interface (GUI) and by recompiling the program after
each parameter change, current versions rely on a sophisticated set of functionalities accessible through a rich user interface.
The setups allow users to steer the robots manually by computer keyboard, joystick, and space mouse. Furthermore, we have developed software
and algorithms running on a standard PC that allow for fully automated visual servoing of microrobots, both for sequentially pushing multiple objects
into a target area and for navigating them through maze-like structures—as
discussed in greater detail in Section 14.

13.1

Daedalus Software Framework

In course of this project the software framework Daedalus was developed.
It is based on a early version of a custom-made tool for to control a scanning electron microscope but has been rewritten from scratch multiple times
within the group for the purpose of MagMite control as well as other projects.
Current versions capitalize on a slim main executable to which functionality can be added with numerous plugins, i.e. subunits with a dedicated
functionality and GUI. Daedalus is written in C++ using the Qt library for
graphical elements and other important aspects. A screenshot of the current
version in a MagMite configuration is shown in Figure 13.1.

13.2

Logging

While recording and logging was not implemented in the first version,
multiple forms of data can be readily logged out with later versions of
Daedalus. Logging can be set to buffer to the systems memory or directly
write to the hard disk. The most memory intensive data is the image stream
of the overhead camera. To decrease memory requirements and increase the
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Figure 13.1: Screenshot of the Daedalus software framework used for
MagMite control in 2010.
system performance the frame rate of the logged out images can be set to
be significantly slower than the actual frame rate used for visual tracking
and control cycles (i.e. typically 100 fps are used for servo control while only
25-30 fps are actually logged). Most importantly both the system control outputs as well as the tracked agent poses are written out for offline-analysis.

13.3

Agent Control

As discussed in Section 9.2 MagMite performance and control can be
divided into four main aspects: speed and orientation of the agent, direction
of motion, and drift angle. Furthermore, operating the robot upside-down
could be considered a separate successful control mode, but is not included
here.
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13.3.1

Speed Control

As presented in Section 9 there are six methods to influence the driving
velocity of a MagMite: two methods under general conditions and four methods under clamping conditions have been identified so far. They can be used
either independently or some of them in combination.
• For a given frequency (and resulting device response efficiency), the
net-motion can naturally be controlled by adjusting the amplitude of
the magnetic field.
• For a given amplitude (and resulting device response efficiency), a slight
shift towards or away from that frequency has a direct effect on the
efficiency of the oscillator and thus the net-motion of the device.
• For a given amplitude and frequency, modulation of the magnetic signal
can be used such that excitation is only active during a certain period
within a given control interval.
• The amplitude of the electrostatic clamping signal can be used to influence the robot’s speed.
• For a given amplitude, the phase of the electrostatic clamping signal
with respect to the magnetic excitation signal can be used to lower the
net-motion efficiency of the device.
• For a given amplitude and frequency, modulation of the clamping signal
can be used such that clamping is permanently active during a certain
period within a given control interval.
• A constant clamping offset can be used to control the average normal force on the substrate and thus the friction of the device, thereby
influencing its speed.
The first three of the above methods do not rely on electrostatic clamping
and thus work on both structured and unstructured surfaces. All parameters
can be set independently in the control software, but may influence other
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aspects of the device behavior. In particular the magnitude and angle of
drift is influenced by multiple parameters.
13.3.2

Orientation Control

As discussed before, the device orientation can be controlled by the linear
superposition of the homogeneous magnetic fields generated by two orthogonally arranged electromagnetic coil pairs in approximate Helmholtz configuration. The software translates the field angle desired by the human operator
or by the servoing system into appropriate currents to drive each coil pair.
The conversion factor between desired field strength and required current
is determined once beforehand during a manual calibration of the coils and
then stored in a configuration file.
If free to move, the agent instantly aligns with the external field vector,
i.e. the delay is negligible by any practical standards. Depending on the
overall shape of the soft-magnetic bodies the magnetization angle may not
perfectly coincide with the forward orientation of the robot. As this offset
stays constant between device pick-ups it can be simply compensated for by
the servoing system and does therefore not matter for reliable robot control
by any practical standards.
13.3.3

Direction Control

The drift angle of a device defined as the angle between the intended
forward orientation of the device and its actual direction of motion. It is
influenced by a multitude of factors. The most influential and controllable
parameter is the magnetic excitation frequency as the device can completely
change its direction of motion relative to the orientation angle and even go
sideways at an angle of 90 ◦ . To a lesser extent the magnetization angle, the
amplitudes of magnetic and electrostatic fields, as well as the phase between
magnetic and electrostatic signal may have an influence on the device drift.
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13.3.4

Operation Mode Presets

Key-parameters—such as magnetic and/or electrostatic field amplitudes,
frequency and phase, duty-cycles and pulse-width modulations—are initially
identified and bundled into known driving mode presets. Both human operator and automated servoing system can then select a suitable preset in order
to achieve different driving modalities during a task, i.e. for going forward,
backward, sideways, turning in place, and so forth. This means that control
of the robot can be abstracted simply to first deciding on a motion primitive
and then selecting the corresponding saved preset during operation. Presetbased control is an important feature of current Daedalus implementations
and allows for more convenient experimentation and better abstraction when
designing high-level servoing tasks.

13.4

Open-Loop Control

Open loop control means that no feedback from the overhead camera is
used by the system itself to actively correct for position and pose errors.
Open loop control is the most commonly used form of control where robots
can be driven by a human operator by joystick, space mouse, or keyboard.
Open loop control is also used by the servoing system during experiments as
detailed in the following.
13.4.1

Parameter Sweeping

Dedicated plugins have been written for experimental parameters sweeps
in both tethered and untethered mode. MATLAB is used to create lists of
individual parameter presets that the system will load and then sequentially
go through. Such sweeps were used for excitation during frequency identification with the help of a laser Doppler vibrometer (LDV) where the on/off
intervals of each parameter set has to be precisely timed such that it can
be recorded with sufficient overlap by the measurement setup in peak-hold
operation.
An advanced form of parameter sweeping is used to characterize the re-
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sponse of mobile robots by combining open-loop operation with closed loop
control, as introduced in Section 9.4.

13.5

Computer Vision

Computer vision is used to analyze the image stream generated by the
overhead camera and to provide feedback on the agents current position and
orientation. Due to the significant velocities that the agents can achieve the
control triggered by the image stream is typically maintained at a speed of
100 frames per second (fps). This also means that all computations need to
be executed at real-time within a time window of only 10 ms. While most
computations are fast and path planning can be limited to a few re-planning
events image processing and data logging constitute the main load on the
real-time performance on a currently available desktop PC.
Hence, it is desirable to use the simplest tracking algorithm possible and
to minimize the number of image operations. Furthermore, only single channel black and white images are used. While this was mainly a historical
choice due to initial hardware considerations it was never changed since efficient strategies were found that do not require the additional color information. Color information comes only at significantly increased processing cost
(operations on three color channels instead of one) and lower camera speeds.
The most successful tracking algorithms implemented so far all fall back
on a few basic strategies. Most importantly, the algorithm leverages the
static structure of the environment and prior knowledge on the rectangular
footprint of the robot. The computer vision analysis largely relies on the
Open Computer Vision Library (OpenCV library) and can be separated into
two stages: initial agent (re-)detection and continuous agent tracking.
13.5.1

Motion-based Agent Detection

In the initial stage the system stores the first image for reference and
then uses it for background subtraction in subsequent operations. Background subtraction allows to pick out changes in the environment and therefore robot movement. As soon as the robot begins to move a positive and
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negative difference is created between incoming image and initial background.
The difference is converted into a binary representation by initial thresholding followed by a simple combination of erosion and dilation operations to
eliminate noise. These morphological operations are common and therefore
not further discussed here.
The system waits until two separate blobs form that are of similar size.
One of the blobs is the positive difference, i.e. at the actual position of the
robot, the other blob is the negative difference, i.e. at the initial position of
the robot. The blobs are only considered valid if they are of similar size and
above a certain minimal dimension after separation. This helps to reject any
false positives created by background noise. If the blobs do not fulfill these
criteria the blobs are rejected, the background is reset, and the detection
process restarted.
Once the two blobs have reached a sufficient separation (which is set
to a fraction of the detected blob size) the actual position of the robot is
stored and the initial position is patched by either copying the region of
the robots current position from the background to a copy of the incoming
image or by copying the region of the initial position from the incoming
image to the background. In either case a new background image is created
that does no longer include the robot. This makes the moving agent the
only changing object in the subtracted image and therefore stick out in any
further background subtraction operation.
This method has two advantages that make the system robust and convenient to use. First, motion-based detection can instantly adapt to situations
where the robot is temporarily lost. The system simply resets and waits again
for motion, thereby greatly simplifying the experimental process (as opposed
to say manual highlighting each time). Second, it does not require any prior
knowledge on robot size and therefore enables the system to self-calibrate to
the current focus of the microscope lens and automatically adapt to changes
in pixel resolution between experiments.

251

13 CONTROL AND AUTOMATION

13.5.2

Agent Position Tracking

Once the agent has been acquired and a clean background image generated by patching the respective regions, the region of interest is locked onto
the robot’s current position and significantly reduced in size thereby making
image operations much faster.
The robot’s motion history can be used to make predictions for the placement and size of the region of interest for the next image which can significantly increase the robustness of the tracker even at very high agent speeds.
Thanks to the common rectangular footprint of the MagMites simple box fitting around the detected blob can be used to match the robot’s outline. Prior
information on the robot size can now be used to automatically calibrate the
pixel size used for position and speed calculations.
13.5.3

Agent Orientation Tracking

Orientation detection is greatly simplified since the search space can be
broken down to four possible orientations matching the four sides of the fitted
square for the original designs. Later designs, such as the 08tjd variants, have
a rectangular footprint which further reduces the search space to only two
possible solutions.
Several methods were used over time to determine the robot’s orientation out of the four possible solutions. First, the previous history of the
robot’s motion can be used matching the previous orientation vector with
the closest face normal of the matching square. Second, prior information
on the orientation of the magnetic field angle can be leveraged to reduce
the orientation to two possible solutions. Third, image templating can be
used to determine the most likely orientation and position out of four search
directions. Naturally, these different methods can be combined for higher
prediction fidelity.
While method one and two are viable for simpler situations, the third
method is vastly superior for reasons explained in the following. The robots
translational and rotational speeds can be very fast and an agent may flip
its orientation by 180 ◦ between two image frames if the turning step size of
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the external field is not explicitly restricted in the control. A history-based
method can not detect this change and will invariable fail. The servoing
system can then no longer control the robot as it will suddenly drive in
the direction opposite to the control direction. A method based on prior
information of the external field angle can apply this change easily, but only
if the robot’s residual magnetization is significant, is along the robot’s long
axis, and remains unchanged thus guaranteeing a preferential orientation
of the agent. This is not always sufficiently true, in particular not for softmagnetic materials with very low coercivity where the agent may be instantly
re-magnetized.
Templating can be used to determine the agent’s orientation as long as
sufficiently asymmetrical features within the robot’s outline are present—
which is true for most MagMite variants. For templating an image of the
robot is stored right after initial detection. This image is then convoluted
with the regions of interest during continuous tracking. Because box fitting
is applied in a first step, only four orientations of the template need to be
considered and four convolution operations are executed for each incoming
image frame. Then the orientation that leads to the highest cross-correlation
is selected. This method can reliably detect complete orientation changes of
the agent between two image frames as long as the angle difference between
the box fits are below 45 ◦ —which is typically the case. Again, reducing the
operation to a minimal region of interest around the detected blob has a
significant impact on processing speed. An example image with debugging
information is shown in Figure 13.2.
Note that the slight mismatch between tracking box and robot outline
in some figures and video recordings is due to a insignificant glitch in the
exact synchronization of the poses extracted by the computer vision system
at speed of 100 fps and the plotting on the much slower screen output running
in a separate thread. As this mismatch is purely in the visual representation
of the GUI but does not affect the system’s performance no steps were taken
to correct for it.
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(a) Top view and inset

Figure 13.2: Overhead camera image overlayed with different processing information. The region of interest (ROI) around the robot is fairly large in
this case and shows the black and white image after background subtraction,
thresholding, and morphological operations. The robot outlines stick out as
a white blob. On the top right the templating information is shown with the
currently tracked robot image on the left and the reference template that was
initially recorded on the right. On the bottom right correlation for all four
templating directions is shown and the second solution clearly dominates.
13.5.4

Robust Tracking

The true benefit of templating manifests itself during micromanipulation
tasks such as the Nanogram ball handling drill. As soon as an object other
than the robot is touched and displaced a positive and negative image forms
after background subtraction. Both shapes distort the outline of the robot
typically leading to an elongation of the rectangular box in one direction. As
the two other methods would rely on the box center to determine the agents
exact position, distortions proportional to the size of the pushed object are
unavoidable and servo control becomes less stable. Correlation information
extracted by templating can be used to precisely determine the agent’s center
of mass while ignoring the distortions induced by the pushed object entirely
254

13 CONTROL AND AUTOMATION

thereby significantly increasing tracking robustness. The same information
can then be used in subsequent operations to isolate, patch, and track the
pushed object.
Thanks to the simplicity of this implementation MagMite servo control
has been very fast and reliable over the course of multiple international competitions with no essential changes in functionality since 2007.

13.6

Closed-Loop Control

A visual control system has been developed in order to enable the robots
to perform automated tasks as well as to provide the ability to investigate
their performance capabilities in systematic parameter sweeps. In short, the
robot servoing system for closed-loop control can be separated into the visual tracking of the robot’s movements with the overhead camera, software
processing and control, and driving electronics powering the coils and substrate. The control cycles are triggered by the incoming camera image with
currently up to 100 fps. In each frame the current status of the robot is
evaluated by the tracker, new strategies and paths computed, and resulting
low-level command signals sent out to the driving electronics.
13.6.1

Servo Control

The current servoing strategy uses a proportional-integral-derivative (PID)
controller to move the robots directly to specified waypoints (Figure 13.3). It
is noteworthy, however, that due to the low inertial forces and high friction at
the microscale a bang-bang controller is sufficient for point-to-point driving.
In other words, the system identifies the vector from the current position of
the robot to the new target position, aligns the robot on the spot by turning
the static magnetic field, and then drives it to the target point by exciting
the resonant actuator in a suitable mode. At the target point the robot is
stopped as soon as the position error becomes sufficiently small.
The system is reliable enough to repeatedly guide the robot on trajectories
similar to those shown in Figure 13.3 at high speeds (1.9 mm/s or 6.3 × the
robot’s body length per second), and enable the systematic exploration of the
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Figure 13.3: Representative camera frame of a servoing test in progress:
an arbitrary path (orange trajectory) that the servo system should follow
in an experimental run with the help of PID control is predefined by the
user. Mid-section: the tracked contours of the robot (07tj-MH prototype)
are highlighted (orange square). A small orange arrow marks the agent’s
front. The current robot position is further highlighted with a blue circle,
and the next target point on the path with an orange circle. The designated
path ahead is displayed as a dotted orange line with waypoints marked as
crosses. The completed path behind the robot is grayed out and a short trail
of blue dots behind the robot provides a trace of the actual trajectory of the
robot center (and its deviation from the designated path). Different insets
give the operator live feedback on the servoing system, such as a history of
translational speed (middle left), rotational speed (bottom left), euclidian
error (middle right), and angle error (bottom right). Angle and strength of
the real magnetic field are also visualized (top left).
microrobots’ driving parameter space (Section 9.4) under varying conditions.
The ability to simply perform these tasks repeatedly is a testament to the
magnetic resonant actuator’s robustness when compared with current state256
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Figure 13.4: This figure shows the recorded poses of the visually tracked
robot on the user-defined trajectory shown in Figure 13.3 featuring several
sharp turns. Multiple laps were completed by the robot in a single run and
the overlayed trajectories illustrate the performance of the PID controller
around sharp turns. In this run the robot was moving with an average speed
of 1.9 mm/s.
of-the-art locomotion mechanisms.
13.6.2

Path Planning

For high level tasks such as automated obstacle avoidance and object
manipulation a custom task planner is used. The underlying path planner is
based on the A* algorithm and responsible for selecting waypoints that the
servo system will target one by one and, if necessary, avoiding obstacles en
route (shown in Figure 13.6). Obstacles are represented by regions of 1 in
a binary matrix matching the resolution of the incoming camera image (or
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lower if higher processing speeds are required). The A* algorithm is widely
known and publicly available and will therefore not be further discussed here.

13.7

Automated Task Completion

Different strategies for the automated completion of more complex tasks,
such as the ball handling drill of the RoboCup Nanogram competitions described in Section 14.1.2, have been implemented by members of the institute
and various student teams over the years. Typical strategies for successful
fully automated object manipulation around static obstacles do not significantly differ from strategies implemented for macro-scale robots and a tradeoff needs to be found between minimizing the complexity of algorithms and
maximizing the adaptivity of the high-level task execution to account for
common failure modes inherent to any real-world system.
13.7.1

Obstacle Avoidance

Obstacles to be avoided by the robot can be be automatically identified by simply leveraging prior knowledge about shape and size, particular
geometrical features as well as color information differentiating it from the
environment. Alternatively, they can be manually marked with shape primitives such as lines, circles, and rectangular shapes prior to the experiment.
For field boundaries and fixed obstacles a viable strategy is also to load a
matching matrix in the form of a binary pixel map and then scaling and
aligning it with the camera image.
No matter which method is used for identification, obstacles and field
boundaries are represented as a value of 1 in a matrix or pixel map that is
then used by the path planner to plan trajectories through the open areas
represented by a value of 0. To ensure sufficient clearance of the robot when
circling around obstacles a growth operator is used to add a keep-out buffer
zone that is larger than half the robots diameter to all obstacles outlines.
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13.7.2

Object Handling

Randomly placed micro-objects must be identified automatically since
even if their initial positions are known they will be subject to constant
change during a handling task. The simplest approach would be to manually
identify the objects before the experiment starts and then have the system
plan trajectories once for each object to be pushed. This would be possible if
current microrobotic systems had a 100 % success rate—which they clearly do
not, as demonstrated in Section 14.1.2. Silicon discs provided by NIST serve
as balls for the ball handling competition (Figure 13.5). The discs are very
thin and the agents sometimes simply drive over them. Thus, repeated ball
detection is required in order to make the system adaptive and to identify
whether the task was successfully completed. This is done by detecting
whether the balls are located in the target area, and if not to re-detect them
in their new location on the field and have the path planner sort out a new
approach until the task has been completed. Such a case is illustrated in
Figure 13.6 where three approaches are necessary to complete the task of
collecting two randomly placed silicon disk in the target area. Note how the
system uses different control presets for different situations, such as turning
in place, executing approaches in backward mode (3516 Hz) while pushing
the balls in forward mode (4051 Hz). Furthermore, the switching between
orange and green outlines of the robot symbolize that the robot tracker is
aware of the object the robot is pushing and also when it is lost—however,
this information was not used in this run since the blind sequential execution
was simpler and therefore more robust than instantaneous corrections.

(a) plain

(b) patterned

Figure 13.5: NIST 2009 “soccer balls”: silicon discs with dimple feet attached
to a larger carrier substrate. The approximate dimensions are a diameter of
100 µm and height of 6-12 µm.
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Figure 13.6: Image sequence taken from a video recording of the ball handling
drill executed by a 07tj-MH under fully automated control. Two flat silicon
discs (black) are physically present on the otherwise unobstructed field. A
blue map is used to emulate physical field boundaries and one obstacle to be
avoided by the path planner. Growth operators are used to generate a keepout region (light blue) that ensures a safe distance of the agent when passing
obstacles. The discs are manually located before the run to train the ball
detection algorithm by telling it the approximate location, outlines, and color
relative to the background (small blue outlines around the initial positions
of the discs). This eliminates the need for adjusting parameters manually
each time the camera focus or lighting conditions are changed. Top row:
the path planner successfully plots a collision course for robot to collect the
first disk (left), the robot manages to push it initially (middle) but ends up
driving over it (right). Middle row: the last failure is ignored for now and
the trajectory to position the robot behind the next disk is planned first
(left) while treating that disk as an obstacle (blue outlines), once in position
the collision course to the target area is planned (middle, no blue outlines
around the ball) and successfully completed (right), the robot sets back and
the ball re-detection is executed. Bottom row: the approach is planned by
again treating the disk as an obstacle (left), then a collision course is planned
(middle), and this time successfully executed (right).
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13.8

Multi-agent Control

Multi-agent control can be achieved by finding parameter presets for individual robots that lead to sufficiently distinct responses (Section 9.6.4).
Ideally, but not necessarily, parameter sets can be found that will only make
one robot move at a time while the others remain stationary. The robots
would be addressed individually by either signal time multiplexing or signal
superposition. By exploiting the rich behavioral space of the MagMites, driving sideways while the robots stay aligned with the field could offer additional
solutions for multi-agent operation.
The simultaneous control of multiple agents is complicated by the fact
that even though the robots can be sufficiently separated in frequency space
they will always be coupled in orientation, since they experience the same
“broadcast” control signal, i.e. the same external magnetic and electrostatic
field. Strategies dealing with this problem have been proposed in the literature but remain largely untested experimentally [Bretl, 2007]. Among the
strategies to be considered are LQR-based approaches which in theory allow
for the control of at least two robots from any initial configuration to any
final configuration with the help of a few basic control presets, as long as
they differ in traveling speed.
Examples of successful multi-agent operation including two agents independent in speed but coupled in orientation are shown in Section 14.3.
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14
14.1

Direct MagMite Applications
Planar Object Handling in Dry Environments

The direct application of MagMite technology has been predominantly in
the form of automated object manipulation in the framework of the international RoboCup Nanogram Competitions initiated by the National Institute
of Standards and Technology (NIST), USA. These competitions have helped
to established an excellent benchmarking context with clear constraints and
application goals. Therefore their role in the exceptionally determined and
fast development of this particular WRMMA application for mobile microrobots within our group is not to be underestimated and will be reported in
greater detail in the following.
14.1.1

RoboCup Robot Soccer Competitions

Since its inception in 1997, the RoboCup soccer competitions have become
a premiere vehicle for driving and showcasing advances in mobile robotics research and agent cooperation. The tournament provides an international
venue for students and academics to focus research efforts. By choosing a
popular topic such as soccer in a competition format, RoboCup helps motivate students and the public alike. Each year over 4,000 researchers representing nearly 40 countries participate in this event. The competition creates
a constrained task environment to develop and test complete robots covering a full range of challenges in the field of robotics and artificial intelligence.
Soccer was chosen as a suitable competition activity because it includes many
of the key aspects of robotics and artificial intelligence and has social appeal
around the globe.
The robots are to be entirely driven by computers using visual servoing
and other control strategies. They are considered autonomous agents and
can not be connected by wires or tethers to the outside world, which means
that power for motion must be carried on-board or harvested from the environment. To successfully compete, a robot must be fast, agile, and capable
of manipulating objects in the real world.
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Figure 14.1: Artistic impression of a 07tj-MH design featuring two parallel pairs of magnetic bodies and depicted as pushing a silicon disk over a
Nanogram robot soccer competition field. Image courtesy of Bergit Hillner,
http://www.soll-bruch.com.
14.1.2

RoboCup Nanogram Demonstration Competitions

The Nanogram Demonstration league was introduced at RoboCup 2007.
The goal of the Nanogram League is to develop autonomous robots that can
fit within a cube of 300 µm × 300 µm × 300 µm and perform a series of soccer
related tasks (Figure 14.2) in a fully automated fashion.
Five teams participated in the first event 2007 held in Atlanta, Georgia,
USA: United States Naval Academy (USNA), USA, Simon Fraser University
(SFU), Canada, two teams from Carnegie Mellon University (CMU), USA
and the Swiss Federal Institute of Technology Zurich (ETH Zürich), Switzerland. Their robots are shown in Figure 14.3. Three teams built variants
of the electrostatic scratch-drive actuation principle (Figure 2.1) originally
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a

b

c
d
Figure 14.2: Schematic illustration of the compulsory competition tasks at
the Nanogram League Demonstration Competition at RoboCup 2007, Atlanta, GA, USA. All tasks had to be completed using fully automated control.
a) The “2 mm Dash”: the robots must travel as fast as possible from one
goal to the other. b) The “Slalom Drill”: the path between goals is blocked
by stationary “defenders” that the microrobot must avoid as it races between
the goals. c) The “Ball-handling Drill”: the robots must push as many balls
as possible around the defenders and into the goal within a 3-minute time
period, d) official soccer arena proportions, with the schematic of a robot
and a disk (all units in micrometer).
suggested by the organizers, and two teams, including ETH Zürich, relied on
different forms of pulsed magnetic field control.
The team of USNA competed with a scratch-drive actuator made of silicon and chromium featuring one clamp-down pivot arm to turn in one direction only. The team of SFU designed a scratch-drive actuator based on
metal and polymers relying on three different voltages to allow the robot to
move forward, left, and right. Team 1 from CMU (CMU1) competed with
a device made of dioxide and aluminum with two separate arms (for clampdown and pivoting) allowing it to move straight and turn left or right when
excited with one out of three different electrical wave patterns fed across the
substrate. Team 2 from CMU (CMU2) competed with a solid end-effector
cut from a neodymium iron boride (NdFeB) hard-magnet with the help of
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(a) USNA

(b) SFU

(d) CMU2

(c) CMU1

(e) ETHZ

Figure 14.3: RoboCup Nanogram 2007 participants and their robots. a)
USNA’s robot based on electrostatic scratch-drive actuation, b) SFU’s robot
based on electrostatic scratch-drive actuation, c) CMU1’s based on electrostatic scratch-drive actuation (team 1), d) CMU2’s hard-magnetic endeffector, e) ETH Zürich’s magnetically driven resonator-based MagMite.

a micro laser. The device was controlled by the magnitude and direction of
electromagnetic wave pulses that would make the magnet repeatedly slide
over short distances.
In our group at ETH Zürich, a multidisciplinary team of three doctoral
students developed the MagMite resonant microrobotic platform in late 2006,
and fabricated and tested the first devices in early 2007. In preparation for
the first Nanogram competition to be held in July 2007, three teams of undergraduate and graduate students then developed their own device variants
and control software in class in order to compete in a local tournament by
the end of the spring semester. The winning team was sent to represent ETH
Zürich and compete in the international competition held in Atlanta, USA.
In 2007 setups and software for controlling the MagMites were still very
crude, graphical user interface and real-time data logging capabilities were
virtually inexistent. Hence, unfortunately no recordings of the actual competition runs are available. Figure 14.4 illustrates the automation capabilities
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Team
USNA
SFU
CMU1
CMU2
ETHZ

2 mm-Dash (3×) Slalom drill (3×)
—
—
—
—
—
—
4s
5s
0.316 s
0.583 s

Ball handling (3×)
—
—
—
—
3 goals

Table 14.1: Official RoboCup Nanogram 2007 results
implemented by a team of graduate and undergraduate students for driving
the robots that were demonstrated at the event with the click-and-go servoing of a MagMite in a maze made of polymer walls reminiscent of the popular
Japanese arcade game “Pac-Man” (jap. Pakkuman) released in 1980.
The outcome of the 2007 competition suggested a much higher reliability
of magnetically actuated devices compared to those that were electrostatically controlled. Their significantly smaller dimensions made the scratchdrive actuators fragile and unreliable—most likely due to humidity and surface interactions. Hence, only few teams could successfully move their robots
in a controlled fashion on-site before the competition. For completeness the
official competition results are given in Table 14.1. They illustrate the de
facto superior reliability of magnetically driven agents of CMU2 and ETH
Zürich.
The participation at the 2007 competition had bound significant financial
and human resources of all participating teams. Our group decided against a
participation in 2008. Nevertheless, a local competition among three student
teams was held as part of the regular Advanced Robotics and Mechatronics
class. The focus of the class was on robot design variation and evaluation
for multi-agent control (Section 14.3) and compete in a local tournament
only. Another RoboCup Nanogram competition was held in 2009 in Graz,
Austria. Out of seven groups that had initially shown interest only two teams
were able to participate and compete, namely USNA with their scratch-drive
actuators and ETH Zürich with the MagMites.
Impressions of robots, competition tasks, and teams are given in the
following. Figure 14.5 shows a 07g2-LH robot completing the “2mm Dash”
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(a) Arena with “PacMan” maze in Helmholtz pair setup.

(b) Servoing through the maze.

Figure 14.4: Snapshots of video recordings captured during the Nanogram
2007 public demonstrations. A maze based on the popular arcade game
“Pac-Man” was fabricated as photoresist walls. The walls were marked as
obstacles in the software. Automated path planning and servoing capabilities
of the software then allowed for repeatable click-and-go control of the robot
driving through the maze.
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Figure 14.5: A 07g2-LH completing the 2 mm-Dash speed drill at Nanogram
2009 in less than half a second (0.326 s during the fastest run).

(a) ETH team Nanogram 2007

(b) ETH team Nanogram 2009

Figure 14.6: Winning teams of the Nanogram 2007 and 2009 international
competitions consisting of graduate and undergraduate students that had
previously won a local tournament held in class.

at Nanogram 2009 while driving backward and crossing the field in about
326 s (≈ 6.1mm/s). Figure 14.6 shows the winning teams of 2007 and 2009
consisting of supervisors and students. Figure 14.7 shows a perspective view
of field, obstacles, and robot while Figure 14.8 shows actual footage of a 07g2LH robot completing the “Slalom Drill”. Stick figures made of photoresist
served as static defenders that need to be avoided en route by the automated
path planning and servoing system. Figure 14.9 finally shows a sequence of
final ball handling challenge.
In summary, the outcome of the international Nanogram competitions
underlined on the one hand how beneficial and necessary an international
framework is for the further advancement of this technology. On the other
hand it also revealed the technological challenges that the multi-disciplinary
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Figure 14.7: Animation of a 07g2-MH completing the slalom drill modeled
in 3d Studio Max and giving a perspective impression of an actual run (Figure 14.8).

Figure 14.8: A 07g2-LH completing the slalom drill in about 1.7 s.
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Figure 14.9: Representative image sequence of a servoed micro-object manipulation task: two silicon disks of 100 µm diameter (black circles) have to
be pushed from their random initial positions into the goal area on the right.
A 07tj-MH robot starting from the left (gray square, tracked boundaries
highlighted in orange) has to perform this task in a fully automated fashion
while avoiding any collision with obstacles or field walls (dark blue). 1) The
robot is being tracked (orange box and arrow) in its initial position while
the path planner identifies a curved trajectory (orange dotted line) around
the obstacle keep-out regions (light blue). The task planner decides which
ball to push first based on path length and collision risk. A temporary keepout region (light blue) around the selected ball prevents the consideration of
any paths that could lead to premature collision with the ball. The robot is
then driven backwards (and thus for this robot at higher speeds) up to the
attack position in front of the ball (not shown) where it is turned again to
face the ball. 2) The selected ball is pushed along the trajectory towards the
target position. 3) After reaching the target position, the robot sets back
and releases the ball. The system then identifies the next ball and plans a
new trajectory. 4) The second ball is successfully pushed into the goal while
keeping clear of any obstacles on the way. The whole process starting with
the robot in the goal on the left and scoring two goals on the right side of the
field of is completed in less than 12 seconds (goal-to-goal distance is 2 mm).
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field of microrobotics faces when it comes to building truly untethered microagents performing in a real-world environment.
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14.1.3

NIST Microrobotics Challenge at ICRA 2010

In 2010 the competition was moved from the RoboCup Nanogram competitions to the NIST Micro Robotics Challenge at the International Conference
of Robotics and Automation (ICRA) held in Anchorage, Alaska, USA.
The constraints were redefined to be more open to new technologies and
to facilitate the participation of a greater number of teams. On the one hand,
agents must fit into a sphere of 600 µm in diameter instead of a 300 µm ×
300 µm × 300 µm cube. On the other hand, the tasks were partially redefined
and automation no longer a requirement. The first task remained as the
“2 mm Dash”, i.e. a speed drill where agents must cross the field of 2 mm
as fast as possible. While such a task is considered simple for larger scale
robots it is a good entry point for new technologies in a field that was still
in its infancy—as the competitions held in previous years had clearly shown.
The slalom and ball handling drills were changed into a microassembly task
where multiple T-shaped pegs needed to be pushed from an initial mid-field
position into corresponding holes on the opposing wall. As many pegs as
possible had to be successfully placed in three attempts, thereby capitalizing
on controllability and repeatability of the system rather than brute force
and speed. The last challenge was the so-called “Freestyle competition”.
This task was purposely left open as much as possible in order to invite the
development and demonstration of new technologies and advanced control
strategies.
As a result, six teams could participate in the overall competition and successfully operate their robots in at least one challenge, mainly the speed and
freestyle drills. The participants were Carnegie Mellon University (CMU),
USA, United States Naval Academy (USNA), USA, Stevens Institute of Technology (SIT), USA, University of Waterloo (UW), Canada, French National
Center for Scientific Research (CNRS), France, and the Swiss Federal Institute of Technology Zurich (ETH Zürich), Switzerland.
Only four teams were competing in the microassembly challenge. Instead
of MagMites, in 2010 our group participated with a new table-top magnetic micro-manipulation system capable of five degree-of-freedom (5-DOF)
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(a) CMU

(b) USNA

(d) CNRS

(c) SIT

(e) UW

Figure 14.10: Participants of the 2010 NIST Microrobotics Challenge at
ICRA’10, Anchorage, Alaska, USA. The end-effector used by the team of
ETH is not shown.

wireless magnetic control of untethered soft or hard-magnetic end-effectors
(Section 16.4) with great success in the “Microassembly” (Figure 14.11) and
“Freestyle” challenge.
Like the Nanogram competitions in previous years, the NIST Microrobotics Challenge (MRC) demonstrated how encouraging and necessary an
international platform for driving innovation and showcasing advances in mobile microrobotic technology is. It is also noteworthy how most teams had
by this time shifted from electrostatic actuation in a dry environment to
magnetic actuation strategies in a wet environment. The official competition
results are given in Table 14.2.
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Figure 14.11: Video stills from a successful demonstration of peg assembly
using a laser-cut NdFeB end-effector. The end-effector is operated in silicone
oil on a silicon substrate with arena walls also made of silicon featuring gaps
for holes for peg assembly. The end-effector is controlled by the superposition
of the magnetic field generated by 8 electromagnets of the MiniMag system.
450 × 300 µm gold pegs had to be assembled from their initial position into
corresponding gaps in the opposing field wall. The run-time of this manual
assembly task was approximately 80 s and completed 3 × in a row successfully
positioning 4 pegs each time. The demonstration was part of the 2010 NIST
microrobotics challenge.

Team 2 mm-Dash (3×) Microassembly (3×) Freestyle
CNRS
0.033 s
—
—
SIT
100.305 s
—
51
USNA
120.000 s
—
43
UW
0.852 s
0 (0+0+0)
47
CMU
0.078 s
1.8 (3+1+0)
68
ETHZ
1.109 s
4.0 (4+4+4)
71
Table 14.2: Official NIST Microrobotics Challenge 2010 results
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14.2

Planar Object Handling in Wet Environments

As soon as it was established that MagMites can be driven with sufficient
direction control on unstructured surfaces microbead handling experiments
under wet conditions were carried out.
Initial tests showed that glass beads could be successfully pushed in deionized water. Automated handling of glass beads was also achieved in analogy to the regular Nanogram “ball handling” tasks where objects have to
be pushed from their random initial positions around static obstacles into a
target area on the opposing side of the field. Figure 14.12 shows the execution of the task by a 07tj-SH robot in de-ionized water. Glass spheres with
diameters of 50–100 µm were used instead of gold or silicon discs.

Figure 14.12: Automated handling of glass beads by a 07tj-SH in analogy
to Figure 14.9 but this time in de-ionized water. One bead was lost and
another one captured in between image 2 and 3. Note how the robot changes
its orientation twice based on decisions made by the system choosing which
ever is faster.
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14.3

Multi-agent Control

Individual agent addressability based on selective frequency response has
been one of the primary design criteria for the MagMite platform (Section 5.5). Multi-agent control has been achieved several times but remains
fragile for practical reasons such as handling and positioning of the robots
simultaneously. For initial multi-agent control studies, we used the two different designs 07v6b-MH (Figure 5.22) and 07g2-MH (Figure 5.31) that were
previously characterized (Figure 9.13).

a

b

c

Figure 14.13: Example of an experimental recording (total duration of 75 seconds) featuring two independently controlled agents on the same substrate.
The continuous video has been split up in three sequences of distinct movement phases. a) only the robot on the left is moving while the robot on the
right stays mostly in place. b) both robots are moving together as intended—
independent in speed but coupled in orientation. c) only the robot on the
right is exhibiting significant movement. The thick line in the middle is a
polymer wall that was placed in order to simplify the experimental procedure
by keeping the robots mechanically separated. The driving surface below is
continuous and the control signal the same for both robots.
Preliminary data illustrating the feasibility of this approach is shown
in Figure 14.13 and Figure 14.14 where two robots have been driven independently using time-division multiplexing signals. As for all results the
performance of our agents is best captured in video but for illustration
here the time sequence has been compressed into an overlayed picture and
shows three distinct periods of movement. These first results illustrate the
frequency-selectivity of the devices and underline the feasibility of this approach. Ongoing efforts aim to simultaneously control multiple agents by
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using frequency-superposition signals instead to time-division multiplexing.
The rich behavior repertoire of MagMite robots potentially allow for much
more complex control approaches but are beyond the scope of this work.

Figure 14.14: Overlay images of preliminary proof-of-concept multi-agent experiments. A 07v6b and a 07g2 robot are operated independently circling
each other while one of the agents stays in place or moving together. No
separating field wall was used in these experiments, which lead to the problem of robots magnetically sticking to each other when coming in too close
proximity.
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15
15.1

Potential MagMite Applications
Tribological Surface Characterization

Once the devices are more reliably produced and well understood, the
untethered spring-mass oscillator could potentially be used as a new means
for characterizing surface interactions where the system’s response can be
compared to a calibrated response. Shifts in resonant frequency and phase
could give insight into surface interactions between actuator and substrate
under various conditions including aspects of friction, lubrication, and the
effect of particular coating such as self-assembled monolayers (SAM).

15.2

Micro-Object Positioning and Characterization

Modern fabrication strategies in the MEMS industry may require the positioning and assembly of micro-building blocks. As long as the environment
is non-magnetic or at least not very sensitive to pulsed magnetic fields a
flock of MagMite-like robots could be used to cooperatively fulfill this task
on planar fields and in both dry and wet environments.

15.3

Micro-Object Handling, Sorting, and Extraction

Many tasks in the field of biology involve the targeted handling or extraction of a particular specimen in a heterogenous solution. One example are
cell cultures brought into solution in order to extract single cells for further
characterization.
Another example can be found in the field of crystallography were delicate
protein crystals must be harvested from the mother liquor in which they
were grown. Often times only particular specimen need to be extracted
while most others are rejected. The selective harvesting concludes a complex
and costly processing chain and consist of the tight integration of critical
setups of cryo-protection and cryo-quenching. This step is the most risky
and loss-intensive one and constitutes the bottle-neck in a otherwise largely
automated procedure [Viola et al., 2007].
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Figure 15.1: Photograph illustrating a manual crystal harvesting procedure
where a human operator attempts to extract protein crystals of interest out
of the mother liquor with the help of a tiny wire loop.
Initial studies with MagMite robots have shown their potential to fulfill
this task in combination with a fully automated control system as it was
developed for Nanogram competition tasks (Figure 15.2). In principle, the
human operator would simply click on a crystal of choice and the system
would identify a path to approach and isolate the object. WRMMA-powered
micro robots with features that allow to trap and push micro-objects would
be brought into the solution. The system would then guide robot and payload
with the help of overhead camera feedback and automated path planning to
a designated target area for pick-up by different system handling the cryoquenching step.
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Figure 15.2: Image sequence of a feasibility study on semi-automatic crystal harvesting. A 07tj-MH is acting as a microscopic bulldozer for pushing
objects around in the mother liquor. The white bar is 500 µm long.
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16

Extensions of the Technology

Extensions of the MagMite technology or rather the underlying WRMMA
principle have been envisioned. More exotic designs were investigated throughout the project and are systematically documented in Appendix A, but some
are briefly introduced in the following.

16.1

Multiple Resonators in one Agent

Besides the agent frequency response range based on the multiple resonant
modes of a single soft-magnetic actuator pair other devices were designed to
include multiple pairs of resonators to be addressed individually by time or
frequency multiplexing potentially leading to ever more locomotion patterns.
16.1.1

Snakes on a Plane

Capitalizing on the concept of individual addressability by resonance
within a single device were the so-called “Snakes”. They consisted of multiple
agents with different mass distributions and were interconnected by larger
springs. The actuation concept was to induce in-plane ondulations and hence
motion patterns reminiscent of the locomotion pattern found in nature 16.1.
Different “Snake” variants were designed, including an arrangement of
four 06v6 devices with hammer masses of 25, 50, 75, and 100% of the total
mass of soft-magnetic bodies as well as arrangements with three 07tj vari-

(a) Motion pattern of the horned rattlesnake (lat. Crotalus cerastes) with its
typical locomotion pattern. Image by
Bruce Dale, National Geographic 2006.

(b) Snapshot of a ”Snake” formed by three
07tj variants with different hammer proportions. Significant fabrication defects
are visible.

Figure 16.1: “Snake” robot consisting of several agents connected by a metal
spring.
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ants with hammer masses of 30, 50, and 60%. The 06v6 “Snakes” came in
both in arrangements as monotonously rising and alternating hammer masses
(Appendix A). Unfortunately the interconnecting springs were too stiff to
operate the “Snakes” and no further attempts were made to build devices
with more appropriate spring dimensions or using softer spring material.
16.1.2

OrthoBot

To allow for orthogonal motion patterns without magnetic field rotation
variants of the so-called “OrthoBot” (08g2-3 and the larger 09ot) were designed but never successfully produced (Figure 16.2). They feature two orthogonal pairs of soft-magnetic bodies with different mass distributions and
direction of spring deflection. In principle it should be possible to excite the
device in orthogonal directions.

(a) Photolithography mask

(b) Three-dimensional model

Figure 16.2: Design of a 09ot featuring two orthogonal pairs of soft-magnetic
bodies that can potentially be addressed individually. a) top view of features
as designed on the photolithography mask layout. b) 3D mock-up was created
with GDS mask layouts and the help of the software package Koala by David
Carron (http://shapeshifter.free.fr).

16.2

Three-dimensional Operation in Fluids

As many significant potential applications are centered around the capability of three-dimensional motion and controllability of a device in an aque282
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ous environment, one direction of this project has been the implementation
of the wireless resonant magnetic actuation principle of the the WRMMA
into a micro-pump driven design.
16.2.1

Feasibility Studies on 3D-fluidic propulsion

The basic concept is largely based on a valveless micropump similar to
those reported in literature [Olsson et al., 2000; Singhal et al., 2004; Stemme
and Stemme, 1993; Su et al., 2006; Woias, 2005; Yamahata, 2005], but ten
times smaller. Instead of a motor the wireless actuation is based on the
mutual attraction of two nickel bodies in an oscillating magnetic field.
It is clear from the Navier-Stokes equation that further scaling of valveless
micropumps is not favorable and is expected to lead to a significant decrease
in efficiency due to the fact that viscous forces start to dominate inertial
forces and symmetric repetitive motion thus becomes ineffective. An example
for such symmetric motion is the jet stream of a squid where the motion
creating in and outflow only differs in speed and thus depends on inertial
forces [Abbott et al., 2009].
However, due to the particular flow rectification properties of nozzlediffuser pumps the symmetry can be broken and a net flow achieved. Though
such a net flow is expected to be somewhat inefficient, it may be a sufficiently effective strategy for propulsion in fluid as the available external
power through magnetic fields can be considered to be unlimited.
In order to investigate these assumptions a feasibility study has been carried out including analytical and numerical modeling and the building of fixed
prototype micro-pumps for flow observation experiments. First estimates indicate that propulsion is possible if a net flow on the order of 60 µL/min can
be achieved. Fixed prototype devices built using PDMS and actuated with
an external mechanical actuator have demonstrated pumping behavior.
While we are confident that such pumping is feasible, the main challenge lies in the fabrication and/or assembly of the untethered devices. A
robot capable of untethered movement will require the fabrication of a symmetrical hollow lumen or sandwich structure consisting of hybrid materials,
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Figure 16.3: Conceptual study of a prototype device featuring a central chamber with valveless diffuser/nozzle elements at each end. The grey blobs would
consist of magnetizable materials attached on opposing sides of the polymer
membranes enclosing the chamber. They would act as attractors when exposed to an external magnetic field and rhythmically compress the fluid-filled
chamber.

(a) Q+ operation

(b) Q- operation

Figure 16.4: Flow rectification in a valveless diffuser micropump: (a) expansion mode (increasing volume of the pumping chamber) and (b) contraction
mode (decreasing volume of pumping chamber). The thickness of the arrows
implies the magnitude of the volume flow rates Q+ and Q- [Singhal et al.,
2004].
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Figure 16.5: (a) Top view of the pump (b) Cross section of the pump showing
the micro channel structure (blue) covered by a thin layer of PDMS acting as
a membrane and a thicker layer providing structural stiffness. The membrane
over the chamber is mechanically actuated with the use of a glass pipette
attached to different types of larger actuators such as piezo stack or Sutter
stage.

Figure 16.6: The left picture shows the assembled pumps with already attached tubing. The pumps are placed on a microscope slide within a structure
with holes on the side for two tubes. The inset is a close-up of the valveless
micropump.
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Figure 16.7: Experimental video frame sequence qualitatively illustrating
the pumping action of a tethered valveless micropump prototype molded in
PDMS. The pump is actuated with a sharpened glass pipette actuating the
membrane covering the pumping chamber. The air is pumped into a channel
filled with colored water. with a Sutter stage with an actuation amplitude of
15 µm at only 2 Hz. The elapsed time between first and last frame are about
4 minutes and 30 seconds.
i.e. magnetic and non-magnetic components.
It is unclear how such a structure should best be built with currently available technologies. A micro-assembly station was developed at our lab [Probst
et al., 2006; 2007] that could potentially be used for the assembly of microcomponents. Classical MEMS processing as well as the fabrication of the
MagMite system relies on two-dimensional deposition and etching strategies.
However, the fabrication of such a pump as an active component in a larger
structure can no longer be done with the available 2.5-dimensional thick-film
photolithography processes alone. A truly three-dimensional structure with
arbitrarily shaped cavities could be fabricated with so called “direct laser
writing”, a technique to structure photosensitive materials in three dimensions based on the principle of multi-photon absorption that is introduced in
the following.
16.2.2

Principle of Direct Laser Writing

The technique of 3D Laser Lithography or Direct Laser Writing relies
on a laser operating at a wavelength where the exposed photo-resist would
usually be completely transparent due to the non-existence of one-photon
absorption processes. In this case the chemical property of the photosensitive
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material can not be altered unless ultrashort laser pulses are used. With
such focussed pulses the likeliness of multi-photon absorption is strongly
increased in the focal volume. Hence, a chemical modification of this area
occurs depending on the photoresist used (e.g. IP Resists, SU-8, Ormocere,
PDMS, chalcogenide glasses).

Figure 16.8: Illustration of the Nanoscribe laser writing principle (image by
NanoScribe GmbH).
By scanning the photoresist relative to the fixed focal position arbitrary
3D structures can be written into the photosensitive material. These structures can either serve as the final geometry or as molds for the deposition or
etching of other materials (Figure 16.8).
16.2.3

Prototype Design for Production with 3D-Photolithography

Since July 2010 a new 3D photolithography tool by NanoScribe GmbH
has been introduced to the clean room facilities. The tool features a scanning
infrared two-photon laser that can expose small voxels of photoresist at an
arbitrary position by producing localized light source in the ultraviolet range.
As opposed to the restricted 2-2.5 dimensions of typical MEMS fabrication
processes, with this tool truly three-dimensional designs are possible. Since
the wireless resonant magnetic actuation relies on soft-magnetic bodies a
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(a) Top / back view

(b) Back view

(c) Center cross-section

(d) Nozzle cross-section

Figure 16.9: CAD model of a MagMite “Volvox” prototype: a) perspective
side view, soft-magnetic attractors in blue, b) front view with diffuser inlet/nozzle outlet, c) cross-section of center region showing membranes and
attractor attachment to membranes and polymer springs, d) cross-section of
funnels from chamber to diffuser/nozzle elements.

fabrication strategy merging electrodeposition of CoNi with 3D photolithography has to be developed.
A first device prototype have been designed with CAD software. It is
named “Volvox” in honor of the first multi-cellular organism—an alga of the
genus of chlorophytes that forms spherical colonies of up to 50,000 cells living
in a variety of freshwater habitats. The mechanism features a fluidic chamber
with large deformable polymer membranes on each side. The membranes can
be compressed by exposing the device to an external magnetic field which
in turn makes two soft-magnetic bodies outside of each membrane attract
each other. The fluid that is displaced by the compression of the chamber
is funneled through four outlets featuring nozzle-diffuser elements. These
elements are expected to sufficiently rectify the total fluid flow into a net
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flow in one direction thereby propelling the device forward (Figure 16.9).
A feasible fabrication procedure could be envisioned as follows:
• A thin electrically conducting metal layer is deposited on a silicon substrate.
• Classic photolithography is used to create high resist molds of up to
250 µm for electroplating sacrificial copper support structures on top
of the electrically connected thin metal feeds patterned in the previous
step.
• Rectangular support structures of sacrificial copper are plated up to
130 µm.
• Without stripping the resist, CoNi alloy or nickel is plated in the same
rectangular molds on top of the copper support structures.
• The resist is stripped leaving pairs of tall standing soft-magnetic structures on copper supports. They consititute the two soft-magnetic attractors used for the compression of the fluid chamber.
• A photoresist suitable for 3D lithography is applied in the form of a
droplet on top of these structures
• Direct Laser Writing is used to create the fluidic chamber, the nozzlediffuser elements for flow rectification, as well as the supporting springs.
The polymer structure was designed such that it can be lasered around
the existing metal structures. Naturally, the laser can only access the
top of the CoNi bodies. Significant overlap of lasering depth with the
rough metal surface is expected to provide enough structural adhesion
and friction to ensure mechanical stability.
Alteratively, a composite polymer with embedded magnetic particles,
e.g. composites similar to [Suter et al., 2009; Teleki et al., 2009; Sakar et
al., 2010], and that is laser curable could greatly simplify the fabrication
process as long as the magnetic volume is sufficient for actuation and the
polymer still sufficiently transparent for laser writing:
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• A photoresist suitable for 3D lithography is applied in the form of a
droplet on an unstructured surface
• Direct Laser Writing is used to create the nonmagnetic parts of the
device, i.e. fluidic chamber and nozzle/diffuser elements.
• The written structure is developed and the unexposed resist removed
without detaching the structure from the substrate.
• A composite polymer with embedded magnetic particles is gently applied.
• Direct Laser Writing is used to create the magnetic attractor bodies
out of the composite material plane-by-plane bottom up thereby fusing
them tightly with the already present nonmagnetic polymer structure.
First fabrication attempts of this device are currently underway. We
expect to be able to control such devices with a smaller version of the setup
for our opthalmic surgery system, the MiniMag control system (Section 16.4).
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16.3

WRMMA as Active Component

Probably one of the most promising applications for microrobotic systems
is in the biomedical field where micro agents can provide a platform for “noninvasive” treatments in vivo. In our lab, we have developed two different
methods for propulsion robots in fluids: magnetic gradient fields and rotating
magnetic fields [Abbott et al., 2007c; Kratochvil et al., 2009a]. As introduced
in Section 4.2 the primary focus of the development of the WRMMA principle
was to provide actuators and active structures as part of such larger units,
e.g. to enable mobile robots or to act as actuators powering small tools.
16.3.1

On-board Actuation: Nautilus

Part of the challenge when driving larger microrobots through viscous
material such as the vitreous humor (Corpus vitreum) in the eye are the
high friction and restoring elastic forces that make it hard for the robot to
actually move.
One potential solution to the problem could be an on-board oscillator
that helps wiggling the robot through the viscous surroundings, penetrate
tissue, and potentially anchoring the device at a target location. A prototype
for initial experimental studies is shown in Figure 16.10. While the larger
structure of the robot would be made of hard or soft-magnetic material that
could be pulled by gradient fields, the on-board WRMMA would be excited
at resonance by the superposition of pulsed magnetic fields.
16.3.2

Stationary Devices: Valve Actuation

The WRMMA offers contact free powering and control in combination
with a high specificity to the frequency of the excitation signal. It is plausible
that these properties make the principle an ideal candidate to build micro
actuators and valves to be integrated in larger stationary structures, such as
pumps and valves.
A preliminary feasibility study to use the WRMMA principle to drive the
piston opening and closing a valve is shown in Figure 16.11. The valve could
be powered remotely through tissue but in the case of this study would be
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driven by small electromagnetic coils that are powered by a small on-board
battery.

(a) Mask layout of WRMMA

(b) Digital extraction

Figure 16.10: Robot to be driven in the human eye with the help of strong
gradient fields. An on-board WRMMA would add another mode of operation
that could facilitate movement through viscous material or the puncturing
of tissue.

(a) Valve mechanism.

(b) View at the actuator.

(c) Inner mechanism exposed.

Figure 16.11: Conceptual study of a valve actuator based on a sled powered
by a WRMMA. a) front with the valve piston head, b) inside the valve with
the actuator and sled, c) side view of just the actuator and valve counterpart.
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The device would be about 2 mm long and only actively powered during state changes of the valve, i.e. for opening or closing the path through
the device that is embedded in human tissue. A battery would drive the
electromagnetic coil that encapsulates the mechanism. Direction changes
can potentially be achieved with different excitation frequencies. Another
strategy is to exploit the residual magnetization of soft-magnetic bodies. A
change of the current direction would invert the magnetic field and drive the
resonator in the opposite direction given that a sufficient magnetic field offset
is used.
16.3.3

WRMMA as an Electrical Power Generator

If the WRMMA principle was combined with a piezo element, the magnetic power “harvested” from the environment and converted into mechanical
oscillations could be transformed back into electrical power. The principle
would be similar to the mechanism used in [Lal et al., 2005] where a piezo
element is used to convert the cyclic changes in stress and strain into electricity. This of course only makes sense where untethered electrical power
needs to be generated, e.g. for devices inside the human body that only need
to be powered during certain periods such as medical checks. The envisioned
applications would include embedded sensors for monitoring physiological
parameters deep inside the human body where batteries would require a
periodical replacement of the device and radioactive power sources pose a
health concern.
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16.4

MagMite Control with MiniMag

Kummer et al. introduced the concept of using coupled field contributions of multiple soft-magnetic-core electromagnets in [Kummer et al., 2011
to appear] as part of the so-called OctoMag system. The OctoMag system
is capable of five degree-of-freedom (5-DOF) wireless magnetic control of an
untethered microrobot (3-DOF position, 2-DOF pointing orientation). It
has a spherical workspace and is completely unrestrained in the rotational
degrees-of-freedom. This is accomplished through the superposition of multiple magnetic fields, and capitalizes on a linear representation of the coupled
field contributions of multiple soft-magnetic-core electromagnets acting in
concert. Adaptations of the OctoMag system are envisioned to be used as
an instrument for medical applications developed by the ETH spin-off AeonScientific AG.

(a)

(b)

Figure 16.12: a) top and b) bottom view of the MiniMag table-top magnetic
manipulation system.
Based on this work the so-called MiniMag magnetic manipulation system
has been recently developed within the group [Kratochvil et al., 2011 to
appear]. Whereas the OctoMag was designed to optimize the manipulability
of the magnetic field, the MiniMag has been designed to restrict the locations
of the electromagnetic coils to a single hemisphere. The system is much
smaller and allows for table-top micro-manipulation applications. It has
a spherical workspace with an intended diameter of approximately 10 mm,
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and is completely unrestrained in the rotational degrees-of-freedom. The
prototype system consists of 8 stationary electromagnets with ferromagnetic
cores, and is capable of producing magnetic fields in excess of 20 mT and
field gradients in excess of 2 T/m at frequencies up 2 kHz.
The prototype system is shown in Figure 16.12, and consists of 8 stationary electromagnets with ferromagnetic cores. The system has been demonstrated to work well for gradient controlled micromanipulation where a solid
NdFeB end-effector is manually controlled with great success (Figure 14.11).
It is expected that the MiniMag’s hardware and software could be adapted
to allow for higher-frequency pulsed magnetic fields in order to successfully
control MagMites and other WRMMA-based end-effectors (Figure 16.13)
while offering a much more accessible workspace than the currently used
two-axial or tri-axial Helmholtz coils (Section 11.1).

Figure 16.13: A single core’s maximum field magnitude at the center of the
workspace between 10–2000 Hz from a sinusoidal input signal at different input currents. The half field-strength points are denoted by * and are 1960 Hz,
1530 Hz, and 1140 Hz respectively. The currently achievable frequencies are
fairly low. Nevertheless, using larger devices or a fluid with higher viscosities,
such as silicone oil, would suffice for initial feasibility tests.
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17
17.1

Summary, Conclusion and Contributions
Summary

Based on previous work on the wireless resonant magnetic microactuation
principle a large number of mobile micro agents called MagMites has been
designed, built, characterized, and successfully controlled with the purpose of
handling micro objects in dry and wet environments. Finite element analysis
and numerical models have been used to approximate and explain important
aspects of the device behavior. The term MagMite is derived from Magnetic
Mite—a tribute to the underlying magnetic propulsion principle and the
micro-scale dimensions of the robot.
The micromachine harvests magnetic energy from the environment and
effectively transforms it into inertia- and impact-driven mechanical force
without intermediate conversion by an electronic circuit. A single mechanism with dimensions less than 300 µm × 300 µm × 70 µm and a total mass
of 30–50 µg accomplishes three crucial aspects of microrobotics—i.e. power,
actuation, and control. It can be powered and controlled with oscillating
magnetic fields in the kHz range and strengths as low as 2 mT—which is
only roughly 50 times the average earth magnetic field. These microrobotic
agents are capable of moving forward, backward and turning in place while
reaching controllable speeds in excess of 12.5 mm/s or 42 times the robot’s
body length per second. The energy required can be dramatically decreased
when operating the spring-mass system at resonance. When tethered or
under high-friction conditions and driven with sufficient amplitude, impact
between the two bodies occurs and creates much higher forces than can be
achieved by directly pushing or pulling the device with a static field of the
same strength. The high energy transfer offers many advantages for use in
microsystems where stiction, interface forces, and sliding friction are large
and must be overcome by relatively weak actuators. Overall, due to their
resonant properties, MagMites can exert higher forces at lower given field
strengths and gradients than other magnetic end-effectors of the same size.
From the very beginning, MagMites have been successfully and repeat-
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edly driven on structured and unstructured surfaces of suitable roughness.
All three considered modes of operation resulting from different combinations of ground contact and the application of an additional vertical force
(Figure 5.5) lead to successful device operation with distinct advantages and
disadvantages.
Using single ground contact but not relying on a vertical force leads to
rich and robust mobility in both dry and wet environments on any sufficiently
clean and smooth planar surface. Near-holonomic operation is possible due
to the complex, asymmetric and time-variant superposition of magnetic excitation, spring force, friction, and impulsive phenomena. Parameters include
amplitude, offset, frequency, and duty cycle of the magnetic excitation. Multiple frequencies with suitable Q-factor lead to sufficiently distinct responses
to different excitation frequencies. The device is capable of micro-object
handling in dry and wet environments as intended.
An extended mode of operation makes use of an additional vertical force
implemented as electrostatic clamping. This mode offers the broadest set of
usable control parameters and superior device controllability and efficiency.
It comes, however, at the cost of higher system complexity, sometimes reduced operation robustness, and limitation to the operation on a specialized
substrate in a low-humidity environment. Parameters include amplitude, offset, frequency, duty cycle of the magnetic excitation as well as amplitude,
offset, phase, and duty cycle of the vertical force. Multiple frequencies with
suitable Q-factor lead to sufficiently distinct responses to different excitation
frequencies. The device is capable of micro-object handling in dry environments as intended.
Double ground contact was achieved by operating the device upside down.
The frequency response is reduced to a single primary excitation frequency
but with a much stronger and consistent response to a very broad excitation
range. Hence there is only one direction of travel for the device with respect
to its primary axis. Significantly higher speeds and operational robustness
can be achieved. Manipulation capabilities are somewhat diminished (this,
however, is only due to the fact that the device is operated upside down and
was not deliberately designed for double ground contact).
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MagMite behaviors have been systematically characterized in a large
number of diverse experiments and the interpretation of the results is in good
agreement with numerical and analytical models of the mechanism. The control parameter space for MagMite operation includes, but is not limited to:
the environment (vacuum, gas, fluid), the magnetic field strength and frequency, the magnetic signal waveform, the presence of a rectification signal in
the form of electrostatic clamping and its strength and phase offset relative
to the magnetic signal, and the base offsets and duty cycles of both signals.
These parameters define orientation, direction, drift, speed, efficiency, and
smoothness of the trajectory of the device. Most driving modalities can be
achieved with several different parameter sets. This partly makes experimentation and modeling of mobile devices challenging but also allows for flexible
driving solutions. While the device was designed for two degrees of freedom
(forward and backward translation in the plane and rotation along the plane
normal) and lends itself to non-holonomic operation similar to a car, the
wealth of resonator responses effectively breaks this restriction as the device
can be driven in virtually any direction and with any orientation in the plane
in a near-holonomic fashion. Multiple agents were demonstrated to have a
sufficiently specific frequency response to the single broadcasted control signal to allow for independent driving. The agents’ response differs in speed
while their orientation remains coupled. This suggests the suitability of the
MagMite platform for multi-agent applications in the future.
Ever since the early conceptional stage, the focus of the MagMite microrobotic platform has been on real-time applications in a real-world environment, i.e. operating robots in micromanipulation tasks in dry and wet
conditions on batch fabricated driving surfaces—as opposed to restricting the
applications to specialized conditions such as high-vacuum or superpolished
surfaces. We have repeatedly demonstrated the fully automated manipulation of various micro-objects ranging from gold disks in dry and structured
environments over glass and latex beads to biological entities in aqueous
environments and on unstructured surfaces (Figure 17.1). This proves the
feasibility of the automated sorting and extraction of cells as well as other delicate objects in physiological solutions. Relying on contact-free magnetically
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Figure 17.1: Image sequences illustrating how fundamentally different robot
types are pushing micro-objects over structured surfaces. First row: an asymmetrical 07v6b-MH agent controlled and pushing a 150 µm × 20 µm gold disk
over the dry SiO2 surface of the arena under manual control. Second row:
a symmetrical 07g2-MH agent is pushing a gold disk over the dry surface
of a Nanogram competition arena. Third row: a 07tj-SH agent pushing a
glass bead about 50 µm in diameter under water over the surface of a polished silicon wafer. Fourth row: a 07tj-SH agent pushing protein crystals in
their mother liquor. Scale bars are 500 µm and all robots have a footprint of
300 µm × 300 µm.
induced forces avoids problems common for thermal or electrostatic actuation methods. Those methods experience a significant decrease in efficiency
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due to the higher thermal and electrical conductivity of water. Increasing the
power can lead to problems due to undesired heating, potential electrolytic
bubble formation, and induced fluid convection. Such phenomena can in
turn negatively effect the biocompatibility of the system whereas in the case
of the magnetically powered MagMites a suitable choice of materials and/or
surface coatings are expected to be sufficient to maintain biocompatibility
(Figure 17.2).

Figure 17.2: A 07tj-LH driving at high speed past a larva (unidentified
species) in a petri dish containing water (from a plant pot). It can be seen
how the larva reacts to the water that is displaced by the robot passing by.
Initial agent design, i.e. the design of agent types 06v6, 07v6b, 07g2, and
07tj, was narrowly constrained by the framework defined by RoboCup Nanogram competitions. This was, on the one hand, advantageous as it focused
the design process by significantly constraining the search space of feasible
designs. However, it also made fabrication more challenging as double layered
designs make better use of the available space but also increase the risk of
failure due to a higher number of processing steps. Without the constraints
imposed by the competition, designs and therefore fabrication complexity
can be greatly simplified.
Consistent with the practical framework of robotics and applicationoriented development the project has been largely engineering-driven. Extensive effort of a multi-disciplinary team has been put into fully automated
experimental setups and autonomous computer control during microhandling
tasks. We believe that this focus on automation has played a crucial role
in the success of the MagMites in several international competitions and
demonstrations as it requires reliable robustness of the system as a whole.
Repeatability and automation are a prerequisite for real-world microrobotic
applications. Automation also enabled diverse but repeatable experiments
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that lead to a intuitive and reliable understanding of our device.
By capitalizing on a spring-mass resonator mechanism, MagMites have
the advantage of high excitation signal specificity and can therefore be selectively addressed (Section 5.5)—both in multi-agent applications as well
as frequency selective on-board actuators complementing the capabilities of
larger gradient-controlled end-effectors. While MagMites are restricted to
planar operation on a smooth substrate in their current form, it is conceivable
that the WRMMA actuation principle in combination with a diffuser/nozzle
micropump design can be used for the implementation of self-propelled micromachines that are capable of swimming in fluids with three degrees of
freedom.

17.2

Conclusions

Many platforms based on impulsive actuation have been suggested before, but none of them combined all the features that are required for a truly
mobile and flexible sub-millimeter robot suitable for multi-agent applications
in an unstructured environment. To our knowledge, this is the first micromachine to date that relies on the principle of attractive magnetic forces
induced in two soft-magnetic bodies mounted on the same device. By using
this novel technology we have designed and fabricated microrobots that offer
an exceptionally wide range of behaviors and exhibit an overall degree of
reliability, controllability, performance, and flexibility unmatched by other
microrobotics demonstrated thus far. The capabilities of our systems and
robots is best illustrated by numerous video recordings and animations that
are included with this thesis and can largely be found online (e.g. YouTube 2
or [Frutiger et al., 2008a; 2010a]). It is conceivable that combining the
WRMMA actuation principle with other methods could enable new fields
of application for magnetically actuated micromachines.

2

http://www.youtube.com – search engine keywords: “youtube magmite robot”
e.g. http://www.youtube.com/watch?v=PWJ1gcOmUe4
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17.3

Research Contributions

The project could leverage previously established know-how on magnetism in general and related studies and experimental work on the WRMMA
principle in particular. Most aspects of the final fabrication strategy used
for the first generations of MagMites had been established beforehand. Furthermore, initial versions of custom electronics and software were available
within the group and significantly extended and optimized by members of
the group during the project. Crucial contributions came from the following
individuals: Karl Vollmers developed and studied the WRMMA-principle as
part of his doctoral thesis and established a suitable fabrication recipe used
to produce the first generations of MagMites. Simon Muntwyler has studied
the properties of the WRMMA ratched drive as part of his master studies. Recently, new electrodeposition baths and recipes have been suggested
and enabled by Salvador Pané i Vidal and tested by Hsi-Wen Tung. Bradley
Kratochvil designed and implemented the major parts of the control software
framework Daedalus and enabled both manual and automated control that
was vital for experimental characterizations and competitions. Rudi Borer
and Brad Kratochvil have designed the custom power and drive electronics for the numerous setups used within our group and in particular for the
RoboCup Nanogram competitions. Marc André and David Hug have done
the low-level (FPGA) programming for waveform signal generation. Control and tracking strategies as well as novel agent designs were significantly
advanced by students of the Advanced Studies and Mechatronics classes of
2007, 2008, and 2009. Bergit Hillner was so kind as to design the professional poster used for the competition in 2009. Initial experimental work
on manual multi-agent control was conducted by David Sturzenegger (BSc
thesis). Stefano Fusco has helped with the supervision of long-term runs
for the determination of wear. The feasibility study on using the WRMMA
principle for micropump actuation was conducted by Rahel Strässle (MSc
thesis). Zoltàn Nagy recently developed the working analytical and numerical model of the complex dynamics of the moving device in collaboration with
Remco Leine. The initial one-dimensional model was significantly expanded
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by Daniela Schuler (MSc thesis) and is partially included in this thesis. Further analytical work under the direction of Zoltàn Nagy is currently under
way. New design and fabrication strategies for polymer-based MagMites are
carried out by Hsi-Wen Tung.
Toward the wireless electromagnetic control of mobile untethered resonant magnetic micromachines for application in dry and wet environments
the author’s contributions to the work presented in this thesis can be summarized as follows:
• Extending the stationary or guided WRMMA (Section 4.2) to the first
successful mobile microrobotic platform for operation on planar surfaces (Section 5).
• Design and FE analysis of the 06v6 and 07tj prototypes, coaching the
07g2 design, and encouraging the development of fabrication processes
that allow for symmetric designs and more efficient space management
(Section 5).
• Fusion of the mobile WRMMA actuation principle with a design with
single ground contact that allows for motion rectification by electrostatic clamping while mobile (Section 5).
• Experimental characterization of three completely different modes of
operation, namely free inertia-driven resonant locomotion with nearholonomic capabilities, rectified locomotion with enforced timing of the
energy release leading to higher efficiencies, and double-contact locomotion when driven upside-down (Section 9).
• Demonstration and characterization of wet applications in two different
modes of operation (Section 14) and tribological studies on various
driving substrates.
• Guiding/co-supervising the implementation and experimental demonstration of automated micromanipulation in dry and wet environments
(Section 14).
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• Guiding/co-supervising the implementation and experimental demonstration of multi-agent capabilities of the resonator platform (Section 14).
• Design and supervision of studies on the extension of the WRMMA
technology to be combined with diffuser/nozzle micropumps for agents
capable of self-propelled swimming in three dimensions (Section 16).
• Design and feasibility studies on stationary WRMMA applications such
as bi-stable valve actuation (Section 16.3.2).
• Co-design and implementation of software automation strategies for
experiments and applications.
• Concept and implementation of a capable and robust real-time tracking algorithm tailored to micromanipulation tasks with MagMites (Section 13).
• Co-supervision of the development of numerical modeling of the device behavior, experimental parameter identification and model crossvalidation (Section 10).
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Epilogue
I consider myself a generalist rather than a specialist and my fascination has always been with systems that act on and interact with the outside world—preferably autonomous agents with complex behaviors. This
explicitly includes all biological forms of life, their evolutionary path, their
ontogenetic path, and their genetic and behavioral kinship. As such, my
undergraduate and graduate studies were centered around subjects like artificial embodied intelligence and artificial evolution3 [Frutiger et al., 2002],
genetically engineered machines4 , discrimination of recorded action potentials of neural cell clusters on electrodes [Hierlemann et al., 2011], and brain
machine interfacing5 ,6 [Suzuki et al., 2004].
Since 2004 my evenings, weekends and holidays have taken a back seat
to my work. Whenever there was spare time I was seen working on my
hobby and side project SiROP7 . This has continued ever since and resulted
in late-night TEM sessions, and weekend cleanroom activities, and holiday
programming sprees throughout my doctoral studies.
In 2005 I joined Brad Nelson’s Institute of Robotics and Intelligent Systems that focused on building bottom-up technologies for micro- and nanorobotic agents. During the first two years of my doctoral studies I worked on
the functionalization of multi-walled carbon nanotubes in collaboration with
Lixin Dong [Frutiger et al., 2006; Subramanian et al., 2006; Dong et al., 2008].
The goal was to take a small step in the development of the basic building
blocks that would enable future generations of micromachines. We succeeded
in the covalent attachment of functionalized semiconductor nanocrystals to
the molecular defect sites and open caps of multi-walled carbon nanotubes.
This enabled us to successfully trace them visually by fluorescence in aqueous
3

Artificial Intelligence Laboratory of Rolf Pfeifer at the University of Zürich, under the
supervision of Josh Bongard and Fumiya Iida
4
First international Genetically Engineered Machine (iGEM) competition 2005
5
Physical Electronics Laboratory of Henry Baltes at ETH Zürich, under the supervision
of Sadik Hafizovic and Flavio Heer
6
Medical Engineering and Life Science Laboratory at the University of Tokyo, under
the supervision of Kunihiko Mabuchi and Takafumi Suzuki
7
SiROP – Student Research Opportunities Programme, http://www.siropglobal.org
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suspension despite their nanoscale dimensions—a requirement for tracking,
sorting, handling, and eventually assembling these fascinating molecules in
real-world fluidic environments.
In late 2006 the first international microrobotic soccer competition called
“Nanogram” was initiated by NIST and our lab perceived this as a great
opportunity to further develop and showcase our magnetic control systems,
actuators, and micromachines. I had the honor and the privilege to be part
of this project with the goal of developing wirelessly powered and controlled
mobile micromachines in collaboration with two of my fellow doctoral students, Karl Vollmers and Bradley Kratochvil.
At this point Karl had worked on magnetic microactuators in general
the resonating principle in particular and he brought in all the know-how
on materials and fabrication that Brad and I were lacking. With his background in computer science, Brad was developing excellent control software
for micromanipulation setups at this time. Together with Rudi Borer he had
been building the sophisticated larger-scale mobile microrobotic platforms
used in some of our applied robotics undergraduate classes. As a mechanical
engineer my role was to take the WRMMA principle that had only been
implemented on tethered or guided prototypes so far and design mobile microagents that were compatible with the Nanogram constraints. Only thanks
to the interdisciplinary background of this team, mutual trust, and conflictproven interaction we were able to successfully drive our first robots within
a few months time. I cannot emphasize enough how crucial and fruitful this
interdisciplinary approach was. The project was then converted into a class
where students had the chance to come up with their own design variations
and control software to showcase in the final international competition.
The first competition turned out to be a resounding success for all of
us and so, already two years into my doctoral studies but not surprisingly,
I decided to change direction from nanomaterials and basic building blocks
to one of the first truly mobile microrobotic platforms. I have never looked
back.
As for many others, my doctoral studies were both a very rewarding and
very painful experience throughout the years. I am deeply grateful for the
306

17 SUMMARY, CONCLUSION AND CONTRIBUTIONS

time under the kind, open-minded, and inspiring supervision of Brad Nelson.
I very much enjoyed collaborating with dedicated and competent co-workers
and students over the years while being part of the great endeavor called
micro- and nanorobotics.

I would like to take this one final opportunity to thank all the people that
have joined me on this journey.
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A MAGMITE GALLERY

A

MagMite Gallery

MagMites in the order they have been designed and in part produced
since November 2006. As indicated, several of them have been designed by
teams of undergraduate and graduate students in the context of the Advanced Robotics and Mechatronics class (ARM) at the Institute of Robotics
and Intelligent Systems at ETH Zürich. Fabrication of more recent devices
(2009/2010) has been delayed and is still ongoing due to the remodeling
of fabrication facilities. Current fabrication efforts focus on polymer-based
devices.

(a) SEM micrograph

Figure A.1: A preliminary study of a relatively large-scale (≈ 1.5mm ×
2.0mm) asymmetrical WRMMA in-plane resonator. The device vibrated
but the springs turned out to be too stiff. Note how the hammer attachment
point and the spring are covered with nickel which is detrimental to the
tunneling of magnetic field lines through the actuator’s long axis. [approx.
dimensions: 1500 µm × 2000 µm × 50 µm; designer: K.V.; year: 2006-11;
mask: M0; fabricated: yes;]
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(a) FE study

Figure A.2: A preliminary FE study of symmetrical MagMite prototype with
silicon disc. The design is similar to the later 07g2 but with inverted spring
attachment. The springs turned out to be too short and therefore stiff but
could not be placed elsewhere due to the limitation of a single sacrificial
spacer. The device was abandoned in favor or the 06v6-MH. [class: 06v4;
variant: MH; layout: symm.; approx. dim. (L x W x H): 300 µm × 300 µm ×
70 µm; designer: D.F.; year: 2006-11; mask: -; fabricated: no]

(a) Mask layout

(b) Koala 3D

(c) SEM micrograph

Figure A.3: First successful and fully controllable MagMite in compliance with the 2007 RoboCup Nanogram competition constraints. [class:
06v6; variant: MH; layout: asymm.; approx. dim. (L x W x H):
300 µm × 300 µm × 70 µm (Nanogram); designers: D.F./K.V.; year: 2006-11;
mask: M1; fabricated: yes]
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(a) Mask layout

(b) Koala 3D

(c) Koala 3D

Figure A.4: Modification of the 06v6 (the small wing did not develop well).
[class: 07v6b; variant: MH; layout: asymm.; approx. dim. (L x W x H):
300 µm × 300 µm × 70 µm (Nanogram); designer: D.F.; year: 2007-3; mask:
M2; fabricated: yes]

(a) Mask layout

(b) Koala 3D

(c) SEM micrograph

Figure A.5: One of the first symmetric MagMites fabricated with an extended
fabrication process. [class: 07tj; variants: LH,MH,SH; layout: symm.; approx. dim. (L x W x H): 300 µm × 300 µm × 70 µm (Nanogram); designer:
D.F.; year: 2007-3; mask: M2; fabricated: yes]
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(a) Mask layout

(b) Koala 3D

(c) SEM micrograph

Figure A.6: Variant of 06v6 MagMite designed by group 2 of the ARM class
2007. [class: 07g1; variant: LH; layout: asymm.; approx. dim. (L x W x H):
300 µm × 300 µm × 70 µm (Nanogram); designer: ARM07-grp1; year: 2007-4;
mask: M2; fabricated: yes]

(a) Mask layout

(b) Koala 3D

(c) SEM micrograph

Figure A.7: One of the first symmetric MagMites (similar to 06v4 but with
the spring covering the whole area thanks to an extended fabrication process
and attached in front) fabricated with an extended fabrication process. [class:
07g2; variants: LH,MH,SH; layout: symm.; approx. dim. (L x W x H):
300 µm × 300 µm × 70 µm (Nanogram); designer: ARM07-grp2; year: 20074; mask: M2; fabricated: yes]
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(a) Mask layout

(b) SEM micrograph

Figure A.8: Variant of 06v6 MagMite designed by group 3 of the ARM class
2007. [class: 07g3; variant: LH; layout: asymm.; approx. dim. (L x W x H):
300 µm × 300 µm × 70 µm; designer: ARM07-grp3; year: 2007-4; mask: M2;
fabricated: yes]
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(a) SEM micrograph

(b) SEM micrograph

(c) SEM micrograph

(d) SEM micrograph

(e) SEM micrograph

(f) SEM micrograph

(g) SEM micrograph

(h) SEM micrograph

Figure A.9: MagMites designed by student groups of the ARM class 2008
with the purpose of multi-agent suitability. [approx. dim. (L x W x H):
300 µm × 300 µm × 70 µm; designers: ARM08; year: 2008-4; mask: M4;
fabricated: yes]
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(a) Mask layout

(b) Koala 3D

(c) Microscope image

Figure A.10: “TwinJet Dozer” adaptation of the 07tj with extended and
closed back (gold) featuring a shove-shaped structure in front (nickel) and
back (gold) for object manipulation in fluids. [class: 08tjd; variants:
LH,MH,SH; layout: symm.; approx. dim. (L x W x H): 410 µm × 300 µm ×
70 µm; designer: D.F.; year: 2008-3; mask: M6; fabricated: partially]

(a) Mask layout

(b) Mask layout,
actual layers

Figure A.11: Adaptation of the 07tj for multi-agent control. [class: 09g1;
variants: LH; layout: symm.; approx. dim. (L x W x H): 300 µm × 300 µm ×
70 µm; designer: ARM09-grp1; year: 2009-3; mask: M6; fabricated: partially]
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(a) Mask layout

(b) Mask layout,
actual layers

Figure A.12: Adaptation of the 07tj for multi-agent control. [class: 09g2J2; variants: LH; layout: symm.; approx. dim. (L x W x H): 300 µm ×
300 µm×70 µm; designer: ARM09-grp2; year: 2009-3; mask: M6; fabricated:
partially]

(a) Mask layout

(b) Mask layout,
actual layers

Figure A.13: Adaptation of the 07tj for multi-agent control. [class: 09g2J3; variants: LH; layout: symm.; approx. dim. (L x W x H): 300 µm ×
300 µm×70 µm; designer: ARM09-grp2; year: 2009-3; mask: M6; fabricated:
partially]
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(a) Microscope image

(b) Microscope image

(d) Microscope image

(c) Microscope image

(e) Microscope image

Figure A.14: Several variants of the “K’tinga” class MagMites designed for
integration with a MEMSCAP PolyMUMPS with different spring layouts
(a)–(d) and polysilicon separation layer (d). Only the frame and spring
features made out of polysilicon and gold are visible. The CoNi attractors
and front shovel are to be deposited in a secondary process (in progress).
[approx. dim. (D x H): 600 µm × 50 µm (NIST MRC 2010 compatible);
designer: D.F; year: 2009-11; mask: M7; fabricated: partially]
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B

Frequency Response of MagMite Variants

The frequency response of different MagMite classes and subtypes, as far
as they were successfully fabricated and recorded.

(a) 07v6b-LH

(b) 07v6b-MH

(c) 07v6b-SH

Figure B.1: MagMite frequency response of 07v6b-LH, 07v6b-MH, 07v6b-SH.

(a) 07g2-LH

(b) 07g2-MH

(c) 07g2-SH

Figure B.2: MagMite frequency response of 07g2-LH, 07g2-MH, 07g2-SH.

(a) 07tj-LH

(b) 07tj-MH

Figure B.3: MagMite frequency response of 07tj-LH, 07tj-MH. Note: no
proper tethering was available for these devices, therefore the signal is noisy.
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(a) 08g2-br

(b) 08g2-inv

(c) 08g2-sos

(d) 08g3-kp1

(e) 08g3-kp2

(f) 08g3-rza

(g) 08g3-rzb

Figure B.4: MagMite frequency response of 08g2-br, 08g2-inv, 08g2-sos, 08g3kp1, 08g3-kp2, 08g3-rza, 08g3-rzb.
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C

Photolithography Masks

For completeness, the overviews of masks used for MagMite production
are included below.

(a) M1

(b) M2

(c) M4a

(d) M4b

Figure C.1: Device Masks.
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(a) M5

(b) M6

(c) M7

(d) M8

Figure C.2: Device Masks.
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D

06v6 Device Dimensions
Post-fabrication real device image in SEM (bottom)

u
w

Pre-fabrication mask with sacrificial support

s
t

n
r

v

q
Source File: <device9_018.tif> (mirrored)

a
d

h

j

e

g

m

f
o

c
b
k
Source File: <device10_pixelsize1.130um.070220-BK.tif>

Pre-fabrication mask layout dimensions
a:
b:
c:
d:
e:
f:
g:
h:
j:
k:
m:
n:
o:
p:
q:
r:
s:
t:
u:
v:
w:

Mask
300 µm
170 µm
115 µm
15 µm
35 µm
12 µm
226 µm
12 µm
8 µm
175 µm
213 µm
20 µm
300 µm
135 µm
150 µm
127 µm
25 µm
257 µm
262 µm
-

Prototype
312 µm
165 µm
114 µm
19 µm
38 µm
4.5 µm
234 µm
7 µm
12.5 µm
180 µm
222 µm
13.5 µm
313 µm
50.7 µm + ~14.5 µm overhang
146 µm
158 µm
134 µm
20 µm / 12 µm
269 µm
270 µm
4.5 µm

Post-fabrication real device image in SEM (top)

p

Source File: <dev 8 wide view.tif>

Post-fabrication real device image in SEM (side)
Yellow: gold layer (20-24 µm)
Red: sacrificial copper support layer (6 µm)
Purple: nickel layer (50-70 µm), 14.5 µm overhang
Note: The nickel layer has been intentionally shifted down
during photolithography.
Measurements on copper layer dimensions made to top of
copper.

Figure D.1: Post-fabrication SEM dimension measurement and inspection of
interlock features of a 06v6 device.
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E

07g2-LH Device Dimensions

Table of measured device dimensions based on SEM imaging. The devices
are 07g2-LH with significant fabrication-induced feature variations.

(a) Top view

(b) Back view

Figure E.1: Geometry of device 07 from SEM micrograph.
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d05
top
label
1
2
3
4
5
6
7
8
9
10
11
12
13
d06
top
label
1
2
3
4
5
6
7
8
9
10
11
12
13
d07
top
label
1
2
3
4
5
6
7
8
9
10
11
12
13

name
hammer length
hammer width back
hammer width front
minimal gap
body length
body width
frame length
frame beneath body
frame width
frame arm width
arm to spring dist.
spring gaps
spring thickness

µm
189
149
123
20
79
139
288
89
291
22
14
10
10

name
hammer length
hammer width back
hammer width front
minimal gap
body length
body width
frame length
frame beneath body
frame width
frame arm width
arm to spring dist.
spring gaps
spring thickness

µm
188
149
128
21
77
137
290
89
291
18
10
9
12

name
hammer length
hammer width back
hammer width front
minimal gap
body length
body width
frame length
frame beneath body
frame width
frame arm width
arm to spring dist.
spring gaps
spring thickness

µm
191
147
121
21
75
137
289
90
294
24
11
10
10

back
label
14
15
16

name
hammer height
hammer width
spring height

µm
54
147
25

back
label
14
15
16

name
hammer height
hammer width
spring height

µm
54
149
22

back
label
14
15
16

name
hammer height
hammer width
spring height

µm
50
148
28

Table E.1: Geometric device properties, in µm.
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F

Single Layer Fabrication Process

Figure F.1 illustrates the first and simplest version of the process used
for the first 06v6 devices as well as their later 07v6b variants.

Figure F.1: Simplified illustration of the fabrication procedure for first generation prototypes featuring only one sacrificial copper layer. Inset (1) shows
a top down view of the MagMite robot with the frame and spring in gold and
the gray nickel bodies. The line A-A* represents the cross-section for the rest
of the illustrations. The first step (2) is the creation of dimple holes in the
wafer. The dimples will lift the body of the robot off the substrate and reduce
stiction. After etching the dimples the wafer is cleaned and coated with a
Ti/Cu seed layer before spinning photoresist to form the copper islands that
elevate the swinging part of the robot as shown in (3). After copper electroplating (4) the resist is stripped and photoresist defining the gold springs
and frame (5) is applied. After gold plating (6) the nickel defining resist is
applied (7) and the nickel bodies are plated (8). The device is released into
solution (9) with a selective copper etch dissolving the copper base layer deposited by thermal evaporation as well as the electroplated sacrificial copper
spring support structures (Figure 6.3).
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Figure G.1: (a) light microscope image of a the dimple and ground spacer
layer after dry etching it directly into silicon and (b) with photoresist on it.
It can be seen how the features are very smooth and precise and the surface
reflectivity and smoothness greatly helping resist development and adhesion
(compare with Figure 6.1).

G
G.1

Alternate Fabrication Strategies
Variants of the Original Fabrication Process

Several steps were taken to improve process controllability and yield—
including several new resists and tuning existing process parameters. Different materials were considered and investigated within the group for the
metal layers, such as zinc as a sacrificial layer, NiP as a non-magnetic frame
and spring layer, CoNi for soft-magnetic attractors. These material choices,
however, will not be discussed here. Due to the complete remodeling of electrodeposition facilities in the past year in combination with the exchange of
all metal deposition baths required for MagMite fabrication (Cu, Au or NiP,
Ni or CoNi) the fabrication and postprocessing of most of the newer designs
had to be put on hold.
Even though the copper electroplating baths were the least intensive in
maintenance and allowed for fast deposition rates, resist stripping and oxidation of the metal layers in between processing steps had negative effects
on the substrate quality and homogeneity before the processing of the very
critical gold device frame and spring layer. This could be partially countered by the deposition of a thin titanium layer (Section 6.0.2) in steps S05
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Figure G.2: Light microscope image of a 07tjd-MH prototype after dry etching dimples and the inverted pattern of frame and spring layer. (b) threedimensional reconstruction after surface profiling with a white light interferometer. It is visible how the springs supported by the ground spacer are now
the highest silicon mold features (pink).
and S10. A significant simplification, however, could be achieved by using a
thin positive resist for the ground spacer layer in S06 as a protective mask
for dry etching instead of using negative resist as a mold for electroplating
copper (the thermal evaporation of the metal adhesion and release layer S05
would now happen after this step, not before). The resulting ground support
features became significantly more controllable and smoother and variations
in substrate roughness and reflectiveness could be eliminated, as shown in
Figure G.1.
The strategy of replacing support metal layers was taken a step further
to make the critical device frame and spring layer S13 as mold in the silicon
substrate instead of the usual resist molds for gold electroplating. Figure G.2
shows the result of initial trials. While the features are much easier to pattern and develop due to significantly thinner resist thicknesses, two major
challenges arise.
First, the etch rate depends on the surface area and can vary significantly
from feature to feature. This variation could be attenuated by finer etch rate
control. However, the induced variations can also be deliberately exploited
during design. The surface profiles in Figure G.4 show for example how
front and back corners of the device frame become the lowest points of the
device potentially reducing the ground contact area and making the inclusion
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Figure G.3: Surface profiling after a triple dry etching process to create the
first three feature layers as silicon molds into the wafer substrate. White
light interferometry data shows how the accumulation of different etch rates
leads to different trench depths depending on the surface area.
of dimples superfluous. Furthermore, the device spring mold trenches with
their higher aspect ratio are significantly shorter than the surrounding frame.
Since metal deposition rates also depend on the local current density and
material exchange leading to slower deposition in narrow features, the device
frame can be significantly taller than the springs while still maintaining a
similar device hight after electrodeposition of the frame and spring layer—
which in turn is beneficial to reduce substrate topology-induced problems
during subsequent nickel deposition.
Second, for electroplating only into the silicon trenches, a thin layer of
positive photoresist has to be applied with the same frame and spring layer
pattern in order to cover the mold wall tops and prevent overplating of walls.
This was achieved with sufficient success, but due to over-plating of metal
along the silicon walls post processing by surface polishing becomes advisable.
This, however, was not possible since no surface polishing machines were
available at the time.

G.2

MagMite Variants with Polymer Features

With the aim to simplify fabrication processes of MagMite-type robots
as well as lowering material and production costs studies on simpler designs
capitalizing on using polymers for non-magnetic devices features have been
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Figure G.4: (a) covering the top of silicon mold features with a thin layer of
photoresist. (b) over-plated wall edges after the deposition of electroless NiP
(before stripping of the resist).
initiated within the group (Figure G.5). Fabrication and first experimental
runs are currently under way and carried out by Hsi-Wen Tung.

(a)

(b)

Figure G.5: Single layer devices with SU-8 polymer replacing the gold
springs. a) for planar operation, b) for operation in fluids.
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G.3

MagMite Variants Compatible with PolyMUMPS
Processes

The currently used thick-film photolithography process to fabricate MagMite
devices is comprised of 15–25 individual steps. It is risky and tedious and
alternative fabrication strategies need to be found. One solution is to fall
back onto well established polysilicon-based techniques that can be readily
outsourced.
G.3.1

PolyMUMPS Process

In an attempt to outsource the fabrication of MagMite-like devices we participated in a NIST-funded PolyMUMPS run by the company MEMSCAP.
The dyes of multiple users are merged onto wafers and produced with a predefined sequence of polysilicon and metal deposition processes as illustrated
in Figure G.6.

Figure G.6: MEMSCAP PolyMUMPS fabrication steps before and after the
removal of oxide support layers (images taken from the official MEMSCAP
process instruction sheet).
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Figure G.7: CAD mockup of a prototype of the MagMite “K’tinga” class
for external fabrication with a MEMSCAP polyMUMPS process and the
deformation of a similar prototype of an FE eigenfrequency simulation in the
primary direction of interest at 3567 Hz.

G.3.2

“K’tinga Class” MagMites

The difference between the process steps and material thicknesses available in a PolyMUMPS run are significant and required a complete design
adaptation of the original MagMite design. The MagMites adapted to the
polysilicon process were simplified again featuring spring and resonating softmagnetic attractors in the same plane—similar to 06v6 and 07v6b agent
types, but symmetrical. This was necessary due to limited available steps
and possible since the dimensions were no longer constrained to the initial
300 µm × 300 µm × 300 µm cube volume. The available steps would only
allow for the deposition of soft-magnetic material in the same run, but only
the frame and spring features could be designed in polysilicon. The softmagnetic bodies need to be deposited in a second step in the facilities of the
group.
Ten different spring arrangements were designed and their resonant properties studied in FE simulations (Appendix A). The biggest challenge was the
very thin layer thicknesses that make springs of high-aspect ratio in Z impossible. Hence, less favorable up/down motion and in-plane rotation dominate
as resonant modes of the device.
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The dyes were successfully fabricated and are currently waiting for the
final postprocessing step, i.e. the deposition of the final CoNi attractor layer
that makes the oscillator functional (Figure G.8).

(a) K’tinga variants on die after cleaning

(b) Zoomed image of a device with no nickel layer

Figure G.8: Optical microscope images of the fabricated dyes before depositing the final soft-magnetic attractor layer.
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H

Electromagnetic Coils 2010

Figure H.1: CAD drawing of the 2010 tri-axial coil pair configuration that can
be operated both in Helmholtz or Maxwell configuration for field homogeneity
or gradients, respectively.
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Figure H.2: Performance estimates of the inner-most pair in Helmholtz or
Maxwell configuration for field homogeneity or gradients, respectively.
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Figure H.3: Performance estimates of the middle pair in Helmholtz or
Maxwell configuration for field homogeneity or gradients, respectively.
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Figure H.4: Performance estimates of the outer-most pair in Helmholtz or
Maxwell configuration for field homogeneity or gradients, respectively.
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I

Analytical Approaches for Magnetic Force
Modeling

For completeness the comparison of analytical models for describing magnetic forces is included below. The comparison was carried out by Daniela
Schuler.

I.1

Bougienage Force

In [Takayasu et al., 2008], the authors developed a force calculation
scheme for cylindric (and hollow cylindric) devices. The concept is to approximate the fields that the magnetized bodies induce on each other by
averaging values at some specific positions (i.e. beginning, center and end of
one device (on center line), to the border of the other device at its beginning
and its end).
Applying the approximation to our devices, we chose the radius of the
cylinder such that the pole area of the prism and the cylinder equal: R =
√
π −1 W · H. The force itself is calculated as
FM =

1
· (0.5(Jm1 + Jmc )(h1 + H) − 0.5(Jm2 + Jmc )(h2 + H))
2µ0

(I.1)

where µ0 = 4π10−7 N/A2 denotes the permeability of vacuum, Jmi the magnetization at some special points i, H the applied field at the coil center, and
h1,2 the field from cylinder 1 resp. 2.
hi =

Jm
(cos θi20 − cos θi10 ),
2µ0

(I.2)

where the evaluation of the cosine terms can be taken from Figure I.1.
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Figure I.1: Bougienage geometry, from (cite).

Jm
·
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2µ0
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p

hc =

I.2
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−p
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π −2 W H + (g + 3L/2)2
g+L
π −2 W H

+ (g + L)2

g 2 π −2 W H
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−p

!

g

L/2 + g
π −2 W H + (L/2 + g)2
!
g + 2L

π −2 W H + (g + 2L)2

(I.3)
!
(I.4)
(I.5)

Magnetic Field Concentrator

In [Brugger and Paul, 2010], the authors numerically derived a formula
for the field inside the gap between needle-shaped Nickel bars (with aspect
rations  1). They found that the flux density between the needle-shaped
soft-magnetic bodies looks like
Bgap =

cg µeff + Lx
· Bext ,
cg + Lx

(I.6)

where Bext is the externally applied field, and there are the fit parameters cg
and µeff , where cg depends on the magnet geometry and µeff on the material
permeability µ, as well as on the geometry. Once the field in the gap is
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known, the magnetic energy in the gap can be calculated.

Wmag

1
=
2

Z

2
A · Bext
(Bgap Hgap −Bext Hext )dV =
2µ0

Zg



0

Vgap

cg µef f +
cg + Lx

x 2
L

!
− 1 dx

(I.7)
and the force can be calculated by differentiating with respect to the gap
FM

2
A · Bext
d
= − Wmag =
dg
2µ0



cg µeff + Lg
cg + Lg

2
.

(I.8)

Note that the same result is obtained when we insert Equation (I.6) into
Equation (10.24).

I.3

Magnetic Nodes

The approach suggested in [Bancel, 1999] is called magnetic nodes and is a
technique used to model the force between permanent magnets by setting socalled magnetic nodes, which are placed in the corners of cuboidic magnetic
bodies. Therefore, the geometric properties of the magnets are strongly taken
into account. Generally, the force is calculated as in the magnetic charge
model, but with a more complex, node dependent distance
FM =

J0 J1 f (N )
.
4πµ0

(I.9)

The calculation of f(N) involves the call of several functions that non-intuitively
merge the node distances, and will not be presented here. The reader is referred to [Bancel, 1999] for more details.

I.4

Magnetic Circuit Analysis

As a last approach magnetic circuit analysis, which is based on analogies
between magnetic and electric circuit elements is used to model the force.
Table I.1 shows a non-exclusive list of the corresponding magnetic and electric circuit elements.The core element is the resistance equivalent Rm , called
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magnetic element
magnetic field
magnetic flux
magnetic flux density
magnetomotive force
reluctance
permeability

H
φ
B
f
Rm
µ

electric element
electric field
current
current density
voltage
resistance
conductivity

E
i
J
u
R
σ

Table I.1: Analogies between magnetic and electric elements.

Figure I.2: Equivalent Magnetic Circuit of the MagMite Setup.
L
reluctance. It is defined as Rm = µA
.
Figure I.2 shows the magnetic circuit of our specific problem setting. The
conductivity of an electric circuit is defined by

σ=

LT
,
R

(I.10)

where LT denotes the total length of the circuit, and R is the resistance. In
the magnetic analogon, the permeability µ̄ is the total length of the circuit
over the total remanence. In our case, Ltot = 2L + g and the total remanence
Rm,T is given by
Rm,T =

3
X
i=1

Ri =

g
gµ + 2Lµ0
2·L
+
=
µA
µ0 A
Aµµ0

2L + g
2L + g
= Aµ0 µ0
µ̄ =
,
Rm,T
2L µ + g

(I.11)
(I.12)

where A is the pole area (A = H · W). The magnetic field in the gap becomes
Bgap = µ̄Hgap , and if we assume that Hgap ∝ Hext , then Bgap ∝ µ̄Hext =
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µ̄
B .
µ0 ext

According to Equation (10.24), we have

FM ∝
and therefore
FM =

2
A µµ̄0 Bext

2µ0

2
p1 A3 Bext
(2L + g)2
,
2µ0 (2L µµ0 + g)2

(I.13)

(I.14)

where p1 is the proportionality constant.

352

