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Soccer at the Microscale:
Small Robots with Big Impact

S. L. Firebaugh!, J. A. Piepmeier! and C. D. McGray?

IUnited States Naval Academy

2Semiconductor Electronics Division, National Institute of Standards and Technology
USA

1. Introduction

The robots in the RoboCup Nanogram demonstration events are the size of dust, and
compete on a millimeter-scale playing field under a microscope (Fig. 1). It seems unlikely
that the robots of the Nanogram events will meet the RoboCup goal of beating the human
World Cup champion team, so what is the point? The potential for these robots in
applications beyond soccer is vast, but so are the engineering challenges. The Nanogram
challenge provides an intermediate target for microroboticists, and the innovation that has
resulted has been astounding. Some day heart surgery may be as simple as swallowing a pill
of microrobots only a few generations evolved from a microscale soccer team.

Fig. 1. The Magmite robot, developed by ETH Zurich, in relation to a fruit fly, as captured in
a scanning electron micrograph (Vollmers et al., 2008; Kratochvil et al., 2009; Frutiger et al.,
2008; Frutiger et al., 2009). The Magmite has participated in the RoboCup Nanogram events
since their inception. Figure used with permission from the authors.
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The field of microrobotics has been defined “to include the robotic manipulation of objects
with characteristic dimensions in the millimeter to micrometer range (micromanipulation)
as well as the design and fabrication of robotic agents in a smilar size range (microrobots)”
(Abbott et al., 2007). This distinguishes the robots being discussed in this chapter from
robots on the millimeter to centimeter scale that are sometimes called “microrobots,” but
would more accurately be termed “miniature robots” (Dario et al., 1992).

The fundamentals of traditional robotics - including kinematics, dynamics, motion
planning, computer vision, and control (Spong et al., 2006) -- apply soundly to the field of
microrobotics. However, the nature of the actuators that function best within the micro-
domain often dominates how these fundamental concepts are applied. Microrobots
competing in the Nanogram events have utilized electrostatic and magnetic actuation
methods. Thermal, vibratory, piezoelectric, and biological actuation have also been used for
microrobotics, and so these technologies are also reviewed. While microscale end effectors
or grippers have been made, Nanogram participants have only utilized passive designs to
aid in ball handling. To date, sensors and controllers are all off-board for the Nanogram
League, and the control strategies used with the various microrobots are discussed below.

1.1 Microrobot Applications

The classic example of robot applications is the set of line assembly tasks performed in the
manufacture of large durable goods, such as automobiles, where robots have been used
commercially for decades. Yet these days, robots are rapidly moving into other niche
markets such as surgery, security, and entertainment at a pace that has raised the eyebrows
of many industry leaders and technology visionaries. As robots become smaller, cheaper,
more versatile, and more reliable, some analysts have forecast the coming of a robotics
industry of large enough scope to mirror in the next thirty years the economic and societal
impact of the computer revolution thirty years ago (Gates, 2007). In response, Microsoft has
established a robotics product line, the EU is doubling its investment in robotics research,
and U.S. lawmakers have formed a new congressional caucus on robotics.

Some of the most exciting future applications of robotics will require systems that are many
orders of magnitude smaller than today’s commercial robots. These micro-robots would
have masses and characteristic dimensions that are best measured in nanograms and
micrometers, respectively. Their tiny size would allow them to penetrate small pores and
cavities and to explore microscopic environments, such as the vascular system of the human
body. As with today’s transistors, the material costs for such small robots are insignificant,
so building a million need not be much more expensive than building a dozen. This opens
up the possibility of disposable, massively parallel robotic systems for search and rescue in
disaster sites, exploration of planetary surfaces or military encampments, and other as yet
unimagined tasks.

1.2 Challenges of the Microscale

Realization of commercially viable microrobots to meet these application requirements will
require solutions to numerous engineering challenges. At the heart of these challenges lies
the fact that the physical forces that dominate locomotion and manipulation tasks in micro-
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and nano-scale size regimes are different from those most relevant at larger scales. For
objects much below a millimeter in their characteristic dimensions, surface phenomena such
as friction, adhesion, heat transfer, and electrostatic attraction become significantly more
important, while inertia, weight, heat capacity, and other body phenomena become
comparatively less important (Madou, 1997). Furthermore, these surface phenomena can
change whenever two micro-scale parts come into contact as a result of triboelectric
charging and other factors. These phenomena can be difficult to measure, but must be
tracked and controlled to prevent failure modes such as altered transfer functions and
irreversible adhesion.

With surface forces dominating motion at these scales, adsorption of contaminants - even
water - can lead to devastating results. Proper environmental control can be critical,
especially for electrostatic devices (Liu, 2006). Devices and operating environments must be
kept meticulously clean, and humidity should be regulated. In contrast to larger robots,
once a microrobot is damaged it can rarely be fixed and must instead be discarded. These
devices must therefore be manufactured in quantity, at comparatively low cost. While the
very small size of these devices makes low-marginal-cost manufacturing practical, it also
makes it very difficult to identify damaged devices prior to critical failure. The ability to
identify a damaged device in time to replace it before it fails can be a crucial difference
between a winning team and a losing one.

Even the very smallest of batteries available today remain far too big to be mounted on a
microrobot. As a result, providing a source of power to these devices is a significant
problem. One promising approach is to provide a source of wireless power that well-
designed microrobots can receive from their environment. This wireless power can be
electrostatic (Donald et al., 2003), optical (Sul et al., 2006), magnetic (Vollmers et al., 2008),
vibrational (Yasuda et al., 1994), or alternative modes yet to be developed. When multiple
(competing) teams are involved, this ambient power must be provided in a way that will not
unintentionally (or intentionally!) interfere with the operation of opposing teams. On-board
power systems remain a challenging possibility, with thin-film batteries becoming
increasingly energetic (Patil et al., 2008) and nuclear power presenting a feasible and
exciting approach (Lal et al., 2005).

Control strategies familiar to robot coordination must be carefully reconsidered for
applicability to the new field of microrobotics. For example, the closed-loop feedback
approach to systems engineering is widely considered a necessity in micro-scale and smaller
robots, but the optical systems often employed for this feedback at the macro scale can be
inappropriate to micro-environments (Abbot et al., 2007). The depth and breadth of field
under the microscope can be limiting factors for vision systems; it is often not possible to
employ stereo cameras; and the pin-hole camera models widely used at macro-scales break
down under the microscope (Abbot et al.,, 2007). Other feedback mechanisms must be
similarly adapted. For example, in macro-scale actuators, servoing systems are often
implemented with optical feedback from diodes or lasers, but capacitive feedback may be
more effective at the micro- and nano-scale (Yamahata et al., 2008).
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Communication poses particular difficulties in micro-soccer competitions, where individual
robots may be smaller than the wavelength of the radio signals typically used to
communicate with their larger brethren. If an ambient power source is used, communication
signals can be embedded in the power waveform, to be mechanically decoded by the micro-
robots” physical structure (Donald et al., 2006; Donald et al., 2008). New communication
methods must be devised, and standards must be established to divide the available
bandwidth between competing teams of multiple microrobots.

1.3 RoboCup Nanogram Events

Microrobotic soccer competitions have been used to drive innovation in micro-
electromechanical systems (MEMS) and microrobotic technologies and to provide
educational opportunities. Games were held annually from 2007 through 2009 in association
with the RoboCup Federation. Teams competed in each of three events:

o The Two-Millimeter Dash
o The Slalom Drill
. The Ball Handling Drill

In the two-millimeter dash, microrobots must demonstrate maximum speed and the ability
to start and stop on command. The microrobots are placed onto a field of play that contains
two open goals that are 500 micrometers deep, with two millimeters of space between
opposite goal lines. A microrobot is placed inside one of the goals so that the entire body of
the microrobot is behind the goal line. Upon a signal from the event timing system, the
microrobot must sprint to the opposite goal line, stop inside the goal, and signal completion
to the timing system.

The slalom drill proceeds in the same fashion as the two-millimeter dash, except that the
area between the goal lines is obstructed by obstacles formed from thick-film photoresist.
The microrobots must be maneuverable enough to navigate a path between the obstacles
into the opposite goal.

To compete in the ball handling drill, microrobots must be capable of controlled planar
pushing manipulation of small disks whose diameter is only 100 micrometers. The
microrobot begins inside one of the goals as in the case of the other two events, and the
space between the goals is obstructed as in the slalom drill. Tiny “micro-soccer balls,” which
consist of a 100 pm diameter disk of silicon, are placed amongst the obstacles. Upon a signal
from the event timing system, the microrobot moves out onto the playing field to push the
micro-soccer balls into the opposing goal.

2. Electrostatic Microrobots

In the field of micro-electromechanical systems (MEMS), electrostatic transducers have long
been a favored class of actuator (Kovacs, 1998). Forces are generated between insulated
bodies having opposite net charge, resulting in motion. Electrostatic actuators can be
comparatively easy to build using established microfabrication techniques, and they can
generate considerable forces on micro-scale components due to large surface area to volume
ratios. Classic electrostatic actuators from the field of MEMS include comb drive actuators
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(Tang et al., 1990), rotary side-drive micro-motors (Fan et al., 1988), and scratch drive
actuators (Akiyama et al., 1993). Several teams have used robots that rely on electrostatic
actuation in RoboCup Nanogram events, including the United States Naval Academy,
Simon Fraser University, and Carnegie Mellon University, whose robots from the 2007
competition in Atlanta are shown in Fig. 2 below.

Fig. 2. Electrostatic actuators from the 2007 RoboCup Nanogram event. Left: The microrobot
from the U.S. Naval Academy team (Firebaugh and Piepmeier, 2009), based on work by
Donald et al. (Donald et al., 2006). Center: A polymer micromachined electrostatic
microrobot from Simon Fraser University. Photo courtesy of Dan Sameoto. Right: CMOS-
MEMS electrostatic microrobots from Carnegie Mellon University. Photo courtesy of
Fernando Alfaro, Chiung Lo and Professor Gary Fedder.

2.1 Electrostatic Actuation
The forces generated by electrostatic actuators can be predicted using simple capacitive
circuit models. The energy stored in a capacitor of capacitance C at voltage V is given by:

U, = %CVz (1)

Therefore, the force generated in a given direction, 1, is therefore given by:

V*\ecC
F{TJE @

Knowing the geometry of an electrostatic actuator allows us to approximate its capacitance,
either analytically or using finite element methods. For example, in the simplest case of a
parallel plate capacitor, the capacitance is swL/g , where L is the length of the overlapping
area of the two plates, w is the width of the overlap, g is the gap between the plates, and ¢ is
the permittivity of the material in the gap. If the plates are misaligned so that L would be
increased by shifting the top plate along the x axis, then the x-component of the electrostatic
force on the top plate would be F, = swV?2/2g . Similarly, the force of attraction between the
two plates is F, = swLV2/2g2.

The force of attraction between the capacitor plates is a non-linear function of the plate
separation. This leads to the useful phenomenon of snap-down voltages (Nathanson et al.,
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1978). Imagine that the top plate were suspended over the bottom plate by a linear spring of
constant K. For a given extension, z, the energy stored in the spring is:

2

Ug =KZ- 3)
2
The energy stored in the capacitor, U, is:
w??
Uc=r—7 4)
2(gy - 2)

where gy is the plate separation at zero spring extension. Minimizing the energy of the
system, the relationship between the plate separation and the applied voltage can be
calculated as follows:

. gy2eLwK (g, - g)
sLw

®)

This function defines the curve shown in Fig. 3. To the right of the maximum voltage, the
system is statically stable. To the left, the system is unstable and will collapse, extending the
spring until the plates come into contact or encounter a hard stop. Solving for V and
maximizing with respect to ¢ produces the voltage and gap at which this snap-down event
occurs (Nathanson et al., 1978):

8Kg8
Vep =
2o = 289
SD 3

If the plates are prevented from electrical contact by, for example, a layer of insulation, they
will remain snapped down until the voltage is reduced below the release voltage. The
release voltage for a given gap can be determined from the left-hand side of the graph in
Fig. 3. Each hysteresis band between a snap-down voltage and a release voltage can be used
as a mechanical memory bit for electrostatic microrobotic systems (Donald et al., 2006),
allowing the robots to be configured as simple state machines without any on-board
transistors.
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Fig. 3. Graph of capacitor plate separation versus applied voltage. To the right of the
maximum, the system is statically stable. To the left, the system is unstable, and will
collapse, extending the spring until the plates come into contact or encounter a hard stop.
After Nathanson (Nathanson et al., 1978).

For microrobotic applications, one of the more common electrostatic actuators is the scratch
drive. A scratch drive actuator (Akiyama et al., 1993) is composed of a thin polysilicon plate
with a support at the front end. The plate is typically in the range of 60 pm to 80 pm on a
side, and 1 pm to 2 pm thick. The support height is typically in the 1 pm to 2 pm range. The
operation of the scratch drive is shown in Fig. 4. When a voltage is applied between the
polysilicon plate and the substrate beneath it, the plate is drawn down into flat contact with
the dielectric layer. Since the front of the plate is supported by the bushing, strain energy is
stored in the plate, and the edge of the bushing is pushed forward. When the voltage is
removed, the strain is released, and the scratch drive plate snaps back to its original shape,
slightly in front of where it began. When a periodic pulse is applied, this cycle is
continuously repeated, and the scratch drive moves forward in a step-wise manner,
achieving maximum speeds on the order of millimeters per second.

Steering can be accomplished by exploiting snap-down and release voltages of cantilever
beams mounted on the scratch drive body. Fig. 2 (left) shows one such steering cantilever
with a two-micron-diameter stylus at the tip. If the periodic drive pulse of the scratch drive
actuator nests within the hysteresis band of these cantilevers, the cantilevers’ position
(raised or lowered) can be controlled independently from the operation of the actuator
(Donald et al., 2006).
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Fig. 4. A schematic of the operation of a scratch drive actuator (Akiyama et al., 1993). The
length of the curved region of the plate, {, and the step size, Ax, are determined by the
voltage.

2.2 Electrostatic Microrobot Fabrication

Fabrication of thin-film electrostatic actuators like the scratch drive is performed through
photolithographic techniques that were originally developed for the integrated circuit
industry. Each device is composed of multiple layers, each of which is defined by a
lithographic mask. Typically, a material such as silicon, glass, or metal is deposited by
chemical or physical vapor deposition and is then coated with a film of photoresist. The
photoresist is exposed through a lithographic mask and developed to remove the unwanted
portion of the film. The pattern defined by the remaining film is transferred into the material
layer through an etching process, and then the residual photoresist is removed. As this
process is repeated, the device is built up layer by layer. The equipment required for these
processes is available at microfabrication laboratories in many universities. In addition,
many standard thin-film microfabrication processes are available commercially as multi-
project wafer services, where each wafer is divided between many researchers, producing
significant cost decreases (Markus et al., 1995; Sniegowski et al., 1996; Tea et al., 1997).
Participants in these processes receive a set of die containing devices built from their own
supplied designs. The die can then be post-processed for additional customization if desired
(Donald et al., 2006; Huikai et al., 2002).

2.3 Electrostatic Microrobot Control

The work by Donald (Donald et al.,, 2006) uses the pre-image motion planning strategy
developed by Lozano-Perez, Mason, and Taylor (Lozano-Perez, et al., 1984). The planner
starts with the goal position and computes backwards the sequence of single velocity
motion primitives that leads to the initial position of each robot. This method assumes
perfect robot motion. Since robots rarely live up to this assumption, a closed-loop error
correction method is employed. The trajectory is recalculated at periodic intervals, making
on-the-fly adjustments for observed error. In the case of (Donald et al., 2006) the feedback is
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provided by a digital microscope camera, and trajectory adjustments are made by changing
the relative percentages of the interleaved control primitives.

The microrobotic devices may by modeled as nonholonomic mobile robots similar to a

Dubins vehicle (Dubin, 1957) limited to forward motion and left turns. The state of the robot
q is given by:

)

=
I
D < =

where (x,y) is the location of the robot, and @1is the orientation of the device. The kinematics
of the device are given by:

vcosd
g =| vsinf 8)

owl

where v is a positive velocity with an expected constant value that is related to the stepping
frequency in the forward motion wave form shown in Figure 7. The angular velocity w is
also a fixed value, and o€{0,1} is the state of the steering arm (0= up, 1=down). It should be
noted that w may be positive or negative depending on the construction of the arm. Without
loss of generality, we will assume the value is positive for the remainder of this discussion.
The robot is globally controllable, but not small time locally controllable (STLC).

As discussed in (G. Lionis and K.J. Kyriakopoulos, 2007) the radius of curvature can be
varied by alternating the relative percentage of the two voltage waveforms that moves the
robot either forward or in a turn within a short time period. The device kinematics of the
ideal system can be decomposed using control vectors that characterize all of the possible
motions of the scratch drive actuators. For scratch drive actuators, these vectors are given by
the following

v, cosd v, cosd
g =|vsinf |,g,=| v,sind )
0 ,

A key departure here from the work (G. Lionis and K.J. Kyriakopoulos, 2007) is the absence
of the ability to achieve a -w or -v. The work in (G. Lionis and K.J. Kyriakopoulos, 2007)
considered a larger microrobot with piezo-actuated legs similar to that discussed in (Martel,
2005). That system had the ability to go forwards and backwards as well as turn both left
and right with fixed radius turns. Despite these differences, the large portions of the
discussion of (G. Lionis and K.J. Kyriakopoulos, 2007) are still applicable. Of note is the
analysis concerning a pulse width modulated (PWM) control strategy. The approach is to
alternate between two of the permissible vectors. Fig. 5 shows the two waveforms that
would be sent to the scratch drive actuator in order to switch between forward motion and
turning motion.
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Fig. 5. Pulse width modulated (PWM) control scheme that alternates between forward
motion for time T and turning motion with time aT.

To create a PWM control scheme, a switching function is defined

1 0<t<T
O'(t,a,T)z 0 TSt<(a+1)T (10)
o(t-(a+))T,a,T) t>(a+1)T

Physically, the switching is achieved by lowering and raising the steering arm. The control
input is defined as C; _, (¢,), and is constructed by selecting a, T, g1, and g, such that

q=0'(t,a,T)g, +(1—0(t,a,T))g2 (11)

Note that T defines the time for the motion primitive g; and a controls the length of time for
the second motion primitive gjrelative to g;.

It was shown in (G. Lionis and K.J. Kyriakopoulos, 2007) that as T—0, the microrobot with a
fixed turning radius will move as a unicycle; a device capable of arbitrary curvature. For

example, switching between g; and g, will result in

vcos@
812 =| vsiné (12)

a

w
2
La+1 ~ |

While these results hold in the ideal case, implementation issues for scratch drive actuators
violate two of the assumptions made in the analysis. First, the motion of the robots can be
inconsistent. Devices often exhibit mild turning characteristics even when they are
controlled by the straight motion wave function (Donald et al.,, 2006). Secondly, the
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practicalities of waveform generation dictate that T is small, but does not necessarily
approach zero. In (Donald et al., 2006) the length of T was set at 0.25 ms. In (Piepmeier,
2010) it was shown that the following model gives a better approximation of the motion of
the device for larger control periods, T. The following vector field provides a closer
approximation of the motion produced by a PWM-controlled scratch drive device.

L L PN
a+l a+1

\ v, v,a | .
=|| ——+—2—|sin@
E1za (a+1 a+1) (13)

a+l ' a+l

3. Magnetic Microrobots

Two groups participating in the RoboCup Nanogram events, one from Carnegie Mellon
University, and the other from ETH Zurich University, have demonstrated magnetic
microrobots. These systems have shown less sensitivity to environmental variation than
microrobots based on scratch drive actuators. The two magnetic microrobotic systems
operate on different principles, as described below.

The Carnegie Mellon microrobot, developed by Steven Floyd, Chytra Pawashe, and Metin
Sitti, is simply a laser machined slug of neodymium-iron-boron, a hard magnetic material,
which is manipulated through externally applied magnetic fields (Floyd et al., 2008
Pawashe, 2008; Pawashe, 2009, a; Pawashe, 2009, b). This robot is similar to the microrobots
developed by a number of groups for biomedical applications (Gauthier & Piat, 2004; Yesin
et al., 2006; Tamaz et al., 2008; Yamazaki et al., 2004). Robot technologies such as this, where
the robot itself is a simple shape that is translated through externally applied magnetic fields
without internally moving parts, will be termed “ferromagnetic-core-based robots.” Most of
these microrobot technologies are targeted towards operation in a three-dimensional fluid
environment, such as the human body. The distinction for the Carnegie Mellon microrobot
is that the control system has been tailored to allow the robot to operate on a surface.

The ETH Zurich microrobot (Vollmers et al., 2008; Kratochvil et al., 2009; Frutiger et al.,
2008, a; Frutiger et al., 2008, b; Frutiger et al., 2009) utilizes an alternating magnetic field to
excite mechanical resonances within the structure, allowing the robot to move through a
stick-slip method. Bidirectional motion is facilitated by a z-axis clamping force. Robots of
this type will be termed “resonant magnetic robots.” Before describing these technologies in
more detail, however, it is useful to review the physics of magnetics.
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Fig. 6. Electromagnetic cage used by Floyd et al. for microrobot actuation (Floyd, 2008;
Pawashe, 2008; Pawashe, 2009, a; Pawashe, 2009, b). Figure used with permission from the
authors.

3.1 Magnetic Force Generation

For both of these technologies, the playing field area is encased inside of a cage of
independent electromagnet coils, as is illustrated in Fig. 6 for the Carnegie Mellon
microrobot. The Biot-Savart law determines the relationship between the current, I, through
a coil, C, consisting of N turns, and the magnetic field density vector, B , at a distant position
(Hayt & Buck, 2006):

= I ¢ dLxa
potil g dxd (14)

where 1y is the permeability of free space, dL is an infinitesimal line segment along the
direction of integration, ag is the unit vector pointing from dL to the point of interest, and R
is the distance from the line segment to the point of interest. Of course, in a case where
multiple independent coils are used, the net magnetic field at the microrobot location must
be found by adding the contributions from each coil at the location of the microrobot. The
important thing to note about this equation is that the field intensity is inversely proportional to
the square of the distance between the coil and the robot. This is an important consideration for
the control of the robot, as the resulting force is highly non-linear with position.

It's important to distinguish between magnetic field intensity vector, H (units: A/m), and
the magnetic field density vector, B (units: T or Wb/m?), which is the induced total
magnetic field within a given material (Liu, 2006). The relationship between the two
quantities is given by:
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Bzﬂo(H"'M):#o(ﬁ"'ZH):ﬂoﬂrﬁ (15)

where 1y is the magnetic permeability of space, u is the relative permeability of the
magnetic material, x is the susceptibility, and M the internal magnetization. The relative
permeability is large for ferromagnetic materials such as iron and nickel, and these are the
materials most commonly used in magnetic microactuators.

There are two classes of ferromagnets: hard magnets, which retain some of their magnetic
polarization even after an applied external magnetic field is removed, and soft magnets,
which exhibit internal magnetization only in the presence of an external magnetic field. In
general, higher magnetization levels are available in hard magnetic materials. Shape
anisotropy, more so than the orientation to the induction field, determines the direction of
polarization in the material. A rod-shaped piece of material, for example, will usually have
an internal field pointing in the longitudinal direction, and a thin plate will usually exhibit
magnetization in the plane of the plate, even when the induction field is oriented in another
direction. This is a particular consideration for soft-magnetic materials-- hard magnetic
materials can be magnetized before being cut into the desired shape, allowing the designer
control over the orientation of the magnetization relative to the shape.

In the presence of an external magnetic field, both hard and soft magnets will rotate until
their internal magnetization is parallel to the local external magnetic field lines. A net force
for translational motion, however, is only exerted in the case of non-uniform magnetic field.
The equations for torque and force are given by (Yesin et al., 2006):

(16)

where V is the volume of the slug of ferromagnetic material. The force will draw the slug in
the direction of increasing field intensity, or towards the magnet.

The challenge for magnetic actuation is not getting the robot to move, but rather getting it to
move in a controllable fashion. Combining the distance dependencies of the magnetization
and of the gradient of the magnetic field, the force for a soft magnet is inversely
proportional to the fifth power of the distance between the robot and the electromagnet coil
(Yesin et al., 2006). For a hard magnet, it depends only on the inverse of the cube. Once the
robot begins to move, it quickly accelerates towards the electromagnet, and without careful
control it will snap to the electromagnet. This problem is addressed in part by sizing and
placing the electromagnets so that their interior volume is much greater than the volume in
which the robot is meant to operate. This reduces the variation in the field strength over the
playing field area and allows the opposing electromagnet to counter one electromagnet’s
force at a reasonable current level. The non-linearity is also addressed by using oscillatory
motion or multiple coils operating simultaneously to build a linear field, such as the
Helmholtz or Maxwell coil configurations, which are common in the magnetic resonance
imaging (MRI) industry (Yesin et al., 2006).
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3.2 Ferromagnetic-Core-Based Microrobots

Floyd et al. use a hard magnet as their robotic element (Floyd et al., 2008; Pawashe, 2008;
Pawashe, 2009, a; Pawashe, 2009, b). The robot is cut from a magnetized sheet of NdFeB
using laser machining. The robot, shown in motion in Fig. 7, is chevron-shaped, 100 pm
thick, and approximately 250 um by 130 pm in the xy-plane. It has a mass of 25.6 pg and a
magnetization of 500 kA /m, and it operates within a cubic workspace approximately 2 cm
on a side with gradient fields as strong as 149 mT/m. They use short duration, periodic
fluctuations in the magnetic field to control robot motion.

The robot body is controlled using five independent electromagnetic coils. Four of these are
in the plane of the robot’s playing field and the fifth is below the playing field. Two
actuation techniques can be employed, and both of them take advantage of stick-slip motion
of the robotic mass induced by pulsed magnetic fields.

Fig. 7. The Carnegie Mellon Mag-uBot in motion, by Floyd and Pawashe at Carnegie Mellon

University. The robot is approximately 300 pm x 300 um x 100 um(Floyd, 2008; Pawashe,
2008; Pawashe, 2009, a; Pawashe, 2009, b). Figure used with permission from the authors.

The first technique, In-Plane Pulsing (IPP), first uses the fifth coil to clamp the robot to the
playing field and then orients the robot using the other four coils. Then, with the clamping
coil still in effect, translation is effected by applying a saw tooth magnetic field waveform
with the four in plane coils. The second technique, Out-of-Plane Pulsing (OPP), reverses the
role of the clamping coil and the four in-plane coils. The coil beneath the work surface is
pulsed to create a saw tooth magnetic field, and the in-plane coils are held constant with
similar stick-slip translational motion as a result. Experimental results show that robot
velocities increase with increased pulsing frequencies for both IPP and OPP methods;
however IPP produces more consistent results fitting an exponential attack curve. OPP
produces higher velocities, on the order of 2.8 mm/s, where the maximum velocity for IPP
was only 700 pm/s. The authors suggest OPP for coarser motion and IPP for finer control.

While this robot is tailored to surface motion, several groups have pursued similar strategies
for microrobots tailored to biomedical applications. The group of S. Martel at Ecole
Polytechnique de Montreal has adapted a clinical magnetic resonance imaging (MRI)
platform for control of a ferromagnetic bead within a fluid environment, and have
demonstrated their work in vivo in swine (Mathieu et al., 2006; Martel, 2007; Tamaz et al.,
2008). Yesin et al. at ETH Zurich have developed a nickel, football-shaped microrobot that
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could be used for microsurgery in the human eye as well as cardiovascular applications
(Yesin et al., 2006).

ETH Zurich has also developed “nanohelices” or tiny spiral structures (about 60 pm in
length) that have a soft magnetic head which allows them to be manipulated by a magnetic
field (Kratochvil et al., 2008). With these structures they have demonstrated controlled
conversion between rotary and linear motion, which finds application both as a biomimetic
swimming microrobot actuator (like a bacteria flagellum) and as an instrumentation tool for
rotating structures within a scanning electron microscope. Similar work at a larger size-scale
(about 1 mm in length) using a spiral of tungsten wire has been demonstrated by Yamazaki
et al. (Yamazaki et al.,, 2004). Biomimetic, bacteria-flagella-type motion has also been
demonstrated by Dreyfus et al. (Dreyfus et al., 2005), who formed their actuator from a
string of magnetic beads held together by DNA and attached to a red blood cell.

3.3 Resonant Magnetic Robots

The resonant magnetic robots, or “Magmites” developed by the group at ETH Zurich
(Vollmers et al., 2008; Kratochvil et al., 2009; Frutiger et al., 2008; Frutiger et al., 2009) consist
of a base frame that contains a spring and two ferromagnetic masses. One mass is attached
to the frame and the other to the spring. The entire robot covers an area of 300 um x 300 pm
and is about 150 pm thick. In a spatially uniform magnetic field, the two adjacent pieces of
ferromagnetic material magnetize and experience interaction forces but no net force. When
the field is oscillated at the appropriate frequency, it excites the mechanical resonance of the
structure, swinging the mass attached to the spring (the hammer) within the plane of the
frame. By applying a clamping field at the right moment in the cycle, the momentum of this
hammer action is transformed into translational motion. The direction of motion depends on
the phase difference between the magnetic excitation field and the clamping field. Clamping
is accomplished electrostatically using the playing field electrode array. Unidirectional
motion is even possible in the absence of the clamping field due to the non-uniformity of the
friction forces during the resonator cycle.

Magmites are fabricated through a surface micromachining process that utilizes copper or
gold for the frame and spring structure and electroplated nickel for the soft magnetic
masses, as is illustrated in Fig. 8. Dimples on the bottom of the frame are used to reduce the
contact area with the substrate. Magmites have been shown to operate in an environment of
up to 60% relative humidity. They use fields as low as 2 mT operating in the frequency
range of 1 kHz to 5 kHz. In the 2009 competition in Graz, Austria, they set the record for the
2 mm dash with a time of 0.326 s (a speed of 6.1 m/s, faster speeds were demonstrated
informally). Multirobot control is demonstrated by using robots engineered for different
resonance frequencies (Kratochvil et al., 2009).
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Fig. 8. a) The fabrication procedure for first-generation magmites uses surface micromachining
with electroplated gold and nickel layers; b) A strip of released Magmites still attached to a
tether for handling; c) a scanning electron micrograph of a Magmite; d) the Magmite on an
American penny, reprinted from (Frutiger, 2009). Figures by Frutiger, Vollmers and Kratochvil
and used with permission by the authors.

3.4 Magnetic Microrobot Challenges

Fabrication limitations pose a significant challenge for this class of microrobots. Traditional
silicon micromachining incorporates few materials which are ferromagnetic. Only Nickel is
available in a commercial microfabrication process, and, with a relative permeability of only
600, it is far less ferromagnetic than materials such as permalloy used in common
macroscale magnetic systems. Custom electroplating can be used to integrate a handful of
other materials, but the best magnetic materials are still not available through these methods
(Cugat et al., 2003). Techniques such as laser cutting allow for greater material breadth, but
it is difficult to then integrate the magnetic material with other microstructures.

Multirobot cooperation also presents a challenge, particularly for ferromagnetic-core-based
robots, as there is no way to selectively address a particular robot with the magnetic field,
alone. However, Pawashe et al. (Pawashe et al., 2009) have used an underlying electrode
array that uses localized electrostatic clamping to differentiate between robots. For resonant
microrobots, individual robots can be targeted by their resonant frequencies.

Even with these challenges, magnetic microrobots have outperformed the scratch drive
actuator-based robots thus far in the Nanogram soccer competitions. It seems likely that

www.intechopen.com



Soccer at the Microscale: Small Robots with Big Impact 301

fabrication methods will expand to incorporate more magnetic material variety if there is
sufficient need. Furthermore, given the prevalence of magnetic resonance imaging (MRI)
systems in medicine, magnetic microrobots are an enticing candidate for medical
applications.

4. Other Microrobot Actuation Methods

While only electrostatic and magnetic actuators have been used by teams competing in the
Nanogram events, there are a variety of other actuation methods that have been used for
microrobotics. In particular, thermally actuated microrobotics has been demonstrated by
several groups (Ohmichi et al., 1997; Ebefors et al., 2000; Kladitis et al., 2000; Baglio et al.,
2002; Sul et al.,, 2006; Brown et al., 2007). Several groups have also investigated robots
powered by external vibrations (Yasuda et al., 1994; Yasuda et al., 1995; Saitou et al., 2000),
and piezoelectric actuators (Smits, 1989; Wood et al., 2003; Nguyen and Martel, 2006;
Edqvist, 2009). Some of these systems are not microrobot systems in the sense of a
microscale independent actor, but rather micro- or nano-positioning systems where the
actuators are fixed to a substrate and are used to manipulate micro-sized components, like a
microscale conveyer belt. In the fluid domain, a few groups have even been working with
bacteria flagella-based propulsion (Behkam and Sitti, 2007; Martel et al.,, 2008) and
semiconductor diode propulsion (Chang et al., 2007). These technologies are not as easily
adapted to a surface walking application, but are briefly reviewed as they relate to the larger
nanorobotic goals of minimally invasive surgery, microassembly, and micropositioning.

4.1 Thermal Actuation

Thermal actuation is prevalent in microsystems, and so, while there has as yet been no
thermally actuated competitor in the Nanogram events, the future appearance of a robot of
this type seems likely. These robots rely on thermal expansion for motion. There are two
large classes of thermally actuated robots: “inchworm” drives and “impulse” or “impact”
drives. In an inchworm drive cyclic deformation results in forward motion in a manner that
is relatively independent of the time scale of the deformation. In such devices the speed
should simply be linearly dependent on the excitation frequency. In contrast, for an
“impulse” drive momentum generation is essential to the forward motion, making the
actuation method dependent on the time scale of the excitation. In other words, the
inchworm drive is a sort of shuffle step, while the impulse drive requires an initial sharp
kick. (It's the Charleston of actuation mechanisms.)

4.1.1 The physics of thermal actuation

Thermal actuators are based on thermal expansion. Most materials expand when heated,
including most of the materials common in micromachining. Thermal actuators can be
divided into three broad classes: thermal bimorphs, single material structures, and
multiphase devices. The final category, which includes ink jet heads where the expansion of
a gas bubble is used to force a fixed volume of ink out of a small cavity, has not been applied
to microrobotics.
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Thermal bimorphs consist of layered structures containing materials with different thermal
expansion properties. When heated, the structures will bend away from the side of the
structure containing the material with the higher expansion coefficient. Because of
fabrication limitations, thermal bimorphs are mostly used for out-of-plane motion. In
contrast, single-material thermal actuators are more commonly used for in-plane motion,
although they can be used for both in-plane and out-of-plane motion. Single-material
actuators sometimes rely on localized heating to create motion. This is certainly the case for
laser-heated structures, but also can occur in Joule-heated devices if the device geometry
confines the heating to a small area by creating an area that is thermally confined. An
example of this is shown on the left of Fig. 9.

Direction of Direction of
motion motion
¥~ Hot '
arm

Electrodes Electrodes
+
]

mn F—

Fig. 9. lllustration of two common types of single-material thermal actuators. On the left, the
geometry of the structure results in differential heating causing the thin arm to expand and
bend the structure towards the thick arm. In a bent beam actuator like on the right, the
beams are oriented so that thermal expansion leads to forward motion of the shuttle
structure in the middle.

Another common type of thermal actuator is a “bent-beam” actuator, illustrated on the right
of Fig. 9. In these chevron-shaped structures, current is passed through the beam causing
heating. Because of the bend in the center of the beam, expansion leads to translational
motion in-plane in the direction of the chevron’s base.

While much of the interest in thermally actuated robotic systems has been directed at
miniature robots (Kladitis and Bright, 2000, Ebefors et al., 2000), a number of groups have
demonstrated impulse-drive microrobots that are actuated through local heating by lasers —
an idea that was introduced by (Baglio et al., 2002). Sul et al. at UNC Chapel Hill have
illustrated an elegant tripod shaped robot that is actuated by local heating (Sul et al., 2006).
The three legs of the robot are metal-film bimorphs. At equilibrium the legs arch down to
the substrate because of residual stress from the fabrication process. When heated, the legs
further deflect due to differential thermal expansion coefficients in the two materials. The
rapid heating of one leg leads to a stepwise transition on a low-friction surface. There are
two phases to the motion, the contraction phase, in which there is rapid motion of the device
which breaks the adhesive contact and overcomes sliding friction for the contacts, and the
relaxation phase where the device returns to its original shape. In the contraction phase for
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the UNC microrobot, only one leg is heated, but, in the relaxation phase, the heat has spread
throughout the device and dissipates in a more uniform fashion, causing the device to move
away from the leg that was heated (Sul et al., 2006). Thus the device can be steered by
focusing the laser on the appropriate leg.

A similar micro-impact drive mechanism was described by Ohmichi et al. on the millimeter
scale (Ohmichi et al., 1997). These robots were fabricated from aluminum alloy by precision
cutting techniques. Like the UNC microrobot, these structures relied on a fast initial stage
where the motion is generated, followed by a slow relaxation period. The Ohmichi robot
consisted of a main body that is separated from a weight block by a narrow neck. A laser
was directed onto the neck causing rapid thermal expansion which pushed the weight away
from the body, resulting in an impulsive force that exceeded the static friction force. The
heat then dissipated throughout the structure causing a slower relaxation to the original
shape that does not counteract the initial motion. With repeated optical pulsing (up to 5
kHz) the team achieved speeds of up to 31 mm/s. The robot was approximately 1.7 mm x
0.6 mm x 0.4 mm.

One challenge for these types of robots is the requirement for optical access and fine control
of the optical system. A further challenge for these systems is that the complexity of the
control system would significantly increase for multirobot cooperation. Finally, these
systems have relied on special low-friction surfaces.

Friction forces are exploited by Brown et al. at Dalhousie University (Brown et al., 2007).
Their “frictional crawler” consists of 3 “feet” linked by two actuators. The locomotion
mechanism uses a shuffle step that takes advantage of the differences in contact area that
result from coupling one or two feet to achieve net translational motion. The team used
bent-beam actuators, of the type illustrated in Fig. 9 (right). Electrical connection to the
actuators was accomplished through rails on the substrate. The structures were fabricated
using a silicon-on-insulator process by the Micragem process! (CMC Microsystems, 2009)
that results in a single-crystal-silicon actuators. The overall device dimensions were 1400 pm
X 525 pm X 10 pm. The actuators required 2.75 V for operation. At this voltage, each drew
about 69 mA. The device traveled at 0.7 mm/s at its maximum frequency of 300 Hz (the
limit for the thermal actuators) and was observed to develop a horizontal force greater than
130 uN. Significantly, it operated reliably even when carrying a load over 100 times its own
weight of 1 pN. Good contact between the device and the rails was essential to operation,
and the team used a thin film of electrically conductive grease on the rails to maintain that
contact in the face of device imperfections. The rails, of course, limit the range and turning
capability of this robot, but the overall locomotion method is quite interesting.

1 Certain commercial equipment, instruments, or materials are identified in this review to
adequately specify the experimental procedure. Such identification does not imply
recommendation or endorsement by the National Institute of Standards and Technology,
nor does it imply that the materials or equipment identified are necessarily the best available
for the purpose.
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4.2 Vibration Actuation

Vibration was used for microrobot locomotion by Yasuda et al., who have built a millimeter-
scale walking robot (Yasuda et al., 1994; Yasuda et al., 1995). Their robot had six legs: four of
which supported the body and transmitted the vibration energy to the robot, and two of which
were free to “kick” the base to direct its motion. The kicking legs were cantilevered mass-
spring units designed for particular resonant frequencies. One of the kicking legs caused right
turns and the other left turns. The resonant frequency for the kicking legs was well below that
of the four support legs. By changing the spectra of the vibration field, one, both, or neither of
the legs can be activated allowing for turning, straight motion, and a full stop. The microrobot
measured 1.5 mm by 0.7 mm. It was fabricated by surface micromachining with a sacrificial
layer of phosphosilicate glass (PSG) and structural layers of polysilicon and polyimide (used to
create hinges). Following fabrication, the final structure was created by folding using micro
probes. The kicking legs were tailored to resonance frequencies in the 100 Hz to 1000 Hz range,
and motion of up to 7 mm/s was observed.

Saitou et al. use microcantilever impactors designed for specific mechanical resonance
frequencies in their micropositioning system (Saitou, 2000). The actuators are anchored to the
substrate, and they control a shuttle intended for fine positioning of a generic microcomponent.
The actuators are suspended masses that resonate in the plane of the substrate. As they
resonate they impact against the side of the shuttle structure moving it forward or backward
depending on the relative orientation of the actuator and the shuttle. Two actuators with
one resonance frequency are positioned to cause forward motion, and another two actuators
with a distinct resonance frequency are positioned to cause reverse motion. When the entire
system is exposed to a vibration field, the frequency of that vibration determines the
direction of motion of the shuttle. The system was fabricated using the PolyMUMPS
process, which is a multi-user, polysilicon-based, surface micromachining process
(MEMSCAP, 2009). The resonance frequencies used for the structure are in the range of 1
kHz to 10 kHz, and result in motion at the speed of 2 mm/s to 5 mm/s.

While robots with this vibration actuator scheme have not yet been used in the Nanogram
events, the vibration actuation mechanism offers many of the same advantages as the
Magmite resonant magnetic actuation method. The use of resonance allows for multirobot
cooperation by allowing individual robots to be targeted with a global energy field through
frequency control.

4.3 Piezoelectric Actuation

The presence of an electric field induces stress in piezoelectric materials. This property has
been exploited to create a variety of electrically powered actuators. A few groups have used
piezoelectric actuators for millimeter-to-centimeter scale robots, including flying insect-
modeled miniature robots (Wood et al., 2003) and vibratory walking miniature robots
(Nguyen and Martel, 2006, Edqvist et al., 2009). While these existing systems are a one to
two orders of magnitude larger than microrobots, the scaling limits of the piezoelectric
actuation methodhave not yet been fully explored.

Piezoelectricity was first identified in quartz crystals and is widely applied in sonar systems
and in quartz crystal oscillators. Material processing presents a significant challenge to the

www.intechopen.com



Soccer at the Microscale: Small Robots with Big Impact 305

development of piezoelectric MEMS. Techniques that are commonly used for preparing
bulk piezoelectric materials are not suited for microfabrication, and the piezoelectric
coupling coefficients for thin-film materials are often significantly lower than their bulk
counterparts (Liu, 2006). However, recent advances in deposition techniques for PZT (lead
zirconate titanate) (Wang, 2003) and PVDF (polyvinylidenfluoride, a piezoelectric polymer)
(Manohara et al., 1999) have increased the prevalence of this transduction mechanism.

4.4 Biological and Other Actuation Methods

The work of several groups in which ferromagnetic core based robots were used to form
flagella-like propulsion structures was reviewed in the magnetic actuation section
(Kratochvil et al., 2008; Yamazaki et al., 2004; Dreyfus et al, 2005). Other groups, however,
work directly with biological structures for micron-scale aqueous propulsion. Martel et al.
have worked with “Magnetotactic Bacteria (MTB),” which is bacteria that contains
magnetosomes —membrane-based nanoparticles of a magnetic iron that respond to
magnetic fields (Martel et al.,, 2008). They have attached these flagellated bacteria to
microbeads and demonstrated controlled motion using a magnetic resonance imaging (MRI)
system. Behkam and Sitti use chemicals instead of magnetic fields to control their bacterial
flagella actuators, which use Serratia marcescens bacteria attached to polystyrene beads
(Behkam & Sitti, 2007). Other mechanisms for micro- and nano-scale actuation in fluids have
been described in the literature that are beyond the scope of this work. Many are reviewed
by Chang et al., who also describe a novel diode-based actuation method for motion in
fluids (Chang et al., 2007). These systems rely on a fluid environment and are not suitable
for the surface crawling application of microsoccer. However, these systems may some day
find a use in medical applications.

5. Multirobot Cooperation

Recent work by Bretl (Bretl, 2007), Donald et al. (Donald et al., 2008), and Kratochovil et al.
(Kratochvil et al., 2009) has also investigated control of multiple scratch drive actuators
moving on the same substrate. In the case of (Donald et al., 2008) the authors take advantage of
a group of individual scratch drive actuators with slightly different properties (arm lengths,
etc.) that respond to various motion primitives (waveforms generated by altering the period
and amplitude) differently. The preimage planning mentioned earlier takes this into account.

Bretl’s work (Bretl, 2007) explores the possible control of multiple identical robots that are
exposed to the same voltage control sequence. He shows how two robots with unicycle
dynamics and a bounded turning radius can be controlled to an arbitrary point from
arbitrary positions.

Multi-robot control for magnetic devices has also been demonstrated by Floyd et al. (Floyd
et al., 2008), by utilizing electrostatic clamping of the playing field in addition to the pulsed
magnetic field actuation. In subsequent work by Pawashe (Paswashe, 2009), the playing
field is composed of an array of independent interdigitated electrodes. In other words, the
playing field is composed of mxn subfields similar to those used for actuation of scratch
drive actuators. For purpose of demonstration, a two by two array was created. By applying
a voltage field to an individual field, any robotic device on that subfield is held static by
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electrostatic clamping. In this manner, a particular device can be held still while other
devices are controlled by the pulsing magnetic fields.

Kratochvil et al. (Kratochvil et al., 2009) demonstrated multirobot movement by building
two different microrobot devices that are sensitive to different resonant frequencies. By
varying the frequency of the oscillating magnetic field, either one or both of the devices will
move. Their work is illustrated in Fig. 10.

Fig. 10. Multiple robots driving on the same substrate (Kratochvil et al., 2009). The vertical
line is a physical barrier to help prevent robot collisions and expedite experiments. In a and
¢, one robot is moving while the other is stationary. In b, the two robots are moving in
different patterns. Figures are by Frutiger, Vollmers and Kratochvil and are used with

permission by the authors.

6. Conclusion

After only three years, the RoboCup Nanogram events have produced a variety of creative
microrobot systems. Competitors so far only used magnetic and electrostatic actuation, but
other actuation technologies may emerge. Thermal, vibratory, and piezoelectric actuation all
offer potential performance advantages. As a step down the road to a revolution in minimally
invasive surgery and micromanufacturing, these small robots might indeed have a big impact.
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