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Abstract

One of the important aspects in the development of high-throughput
platforms based on a fleet of scientific instruments in the form
of miniature wireless robots designed for fast operations at the
nanometer-scale, is the conception of an embedded locomotion sys-
tem capable of fast displacements between two successive locations
while being accurate enough to position the robot within the range of
the embedded instrument, typically within a few tenths of nanome-
ters. This paper describes not only the fundamental principles of
the locomotion method and mechanisms but the main constraints,
challenges, and environmental conditions that must be taken into
account in the implementation of such a system. Preliminary exper-
imental results show the validity of this approach.

KEY WORDS—nanorobotics, nanometer scale, locomotion,
miniature robots, piezoelectric, piezoceramic

1. Introduction

Robots may take various forms, and ideally they must be well
adapted for the environment and the tasks being targeted. This
basic principle also holds true in one aspect of nanorobotics,
which is related to the conception of robots especially de-
signed to operate at the nanoscale. The idea of using a fleet
of miniature instrumented mechatronic systems in the form
of robots for operations at the nanoscale is relatively recent
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(Martel et al. 1999). Research in this field, although promis-
ing, is still in its infancy compared to previous efforts per-
formed in the field of microrobotics (Fukada and Ueyama
1994; De Ambroggi, Fortuna, and Muscato 1997; Rembold
and Fatikow 1997; Ferreira, Fontaine, and Minotti 2000; Juhas
et al. 2000, 2001). This interaction at the nanoscale is typi-
cally achieved by embedding a high-speed scanning probe
microscope (SPM) tip or probing system, such as a scanning
tunneling microscope (STM) or an atomic force microscope
(AFM).

Mechanochemical or mechanosynthesis (Drexler 1981;
Farell and Levinson 1985; Merkle 1993), where mechani-
cal means are used to assemble atoms and/or molecules to
construct new molecular structures, is one obvious example
where robots may play an important role as a complementary
process to other techniques used in nanotechnology. Other
possible applications in a much shorter term are those where
SPMs are presently used; these include, but are not limited
to, surface sciences and metrology where high-speed nan-
otopography of a surface is essential in cases where surface
finish is crucial, the investigation of surface deposition, etc.
In other applications, the high spatial resolution of an embed-
ded instrument such as the STM may provide an important
complement to other imaging systems, such as the scanning
electron microscope (SEM).

It is expected that the standard robotic-based manufac-
turing model where the whole task is divided into many
subtasks executed in a pipeline fashion will not yield the
highest throughput for many applications at the nanoscale.
This is particularly true when considering the complexity and
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difficulty of completing many subtasks at such a scale. The
lack of predicting the exact time required to execute a par-
ticular subtask may cause a major bottleneck in the pipeline
and hence decrease substantially the overall throughput of the
system.

The proposed model is very different from other mi-
cro/nanofactory approaches (Breguet, Schmitt, and Clavel
2000) including the use of an SEM as the main platform
(Aoyama and Fuchiwaki 2001). Unlike other approaches, the
aim of the proposed platform is to maximize the throughput
of operations performed at the nanoscale.As such, the method
relies on a platform (Martel et al. 2001b, 2001c, 2002; Martel
and Hunter 2002, 2004) where a fleet of mesoscale (∼32× 32
× 30 mm3) autonomous wireless instrumented robots called
NanoWalker robots (Martel et al. 1999, 2000a, 2000b, 2001a,
2001d), capable of nanometer-scale operations, are available
to execute a given task. The system proposes a task-oriented
approach where the general information about the task to be
executed by the platform is communicated between a user and
the central computer through a special graphical user interface
(GUI) appropriate for the task. Then, the central computer as-
signs each associated subtask to a particular robot according
to several factors such as the type of instrument embedded
onto the robot, its availability, and its location. The level of
miniaturization of each robot without affecting the perfor-
mance of each unit is also a key concept here since it allows
us to increase the density of robots per surface area, yielding
an increase of the overall throughput of the platform. This
higher density of robots also increases the possibility to have
at any given time a robot available to continue a subtask com-
pleted by a previous robot armed with a different tool and may
help to lower the average travel distance between successive
working locations for each robot.

2. Actuation System

The efficiency of the locomotion system embedded onto each
robot is important in this particular context in order to mini-
mize travel time. During travel, no useful work is being done
at the nanoscale, which contributes to lowering the overall
throughput of the platform. Hence, minimizing the time of
travel is one of the critical aspects necessary to achieve the
highest possible throughput for operations performed at the
nanoscale. On the other hand, the locomotion system must
allow for small step increments not greater than a few tenths
of nanometers in order to position the robot within the scan-
ning range of the embedded instrument. As such, locomotion
methods for miniature robots at the nanoscale typically differ
from the locomotion mechanisms that have been proposed at
the mesoscale and microscale.

At the nanoscale, piezoceramic actuators have been inten-
sively used in the recent years in high precision translation sys-
tems and in precise robotic applications. The small deflection

Electronics
Computer
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Converter

Fig. 1. Computer-aided design (CAD) representation show-
ing the piezolegs as part of the NanoWalker robot (top)
with a picture of the mechanical frames where the three
legs are mounted in a pyramidal fashion (left) and the main
components of a piezoleg beside a US penny (right).

amplitudes coped with the high resonant frequencies allow
fast displacements with small step sizes required for accurate
positioning. For instance, piezoceramic bimorph actuators
have been used in the MINIMAN series of robots (Fahlbusch
et al. 1999; Schmoeckel and Wörn 2001) using a stick-slip
locomotion technique (Breguet, Pernette, and Clavel 1996).

In our actual implementation, each robot relies on three em-
bedded piezoceramic actuators in a tubular form as depicted
in Figure 1 to travel across the platform. The three piezotube
actuators embedded onto each robot are mounted in a pyra-
midal fashion with the apex pointing upward, allowing faster
locomotion speeds compared to previous methods.

2.1. Piezoceramic Legs

Piezoceramic actuators in tubular form are used to imple-
ment the legs of the robot. The tube consists of four exter-
nal quadrant electrodes and an inner ground electrode. By
applying voltage signals to the quadrant electrodes, bending
and/or stretching in the form of contraction or extension of
the piezotube can be achieved. Hence, bending in theX-axis
and/orY -axis, as depicted in Figure 2, and stretching along
the Z-axis (longitudinal axis along the piezotube) offer the
required flexibility for adequate motion.

Typically, to improve the overall linearity and to maxi-
mize the amplitude of deflection within the constraints of
the embedded electronics, a symmetric-voltage mode is used.
The symmetric-voltage mode consists of two voltage signals
(+Vy + Vz) and (–Vy + Vz) equal in magnitude and oppo-
site in sign that are applied to reciprocal electrodes on the
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Fig. 2. Deflection and stretching of a piezoleg (not to scale).

piezoleg. Due to a corresponding electric field that is gener-
ated across the wall of the piezotube, a deflection of magnitude
δy in the Y -axis for instance is obtained. The magnitude of
such deflection can be computed as

δy = k × Vsy, (1)

Vsy =
(+Vy + Vz

) − (−Vy + Vz

)

2
. (2)

In eq. (1),k is the piezoconstant andVsy is the applied symmet-
ric or bipolar voltage for theY -axis (see Figure 2). In eq. (1),
the piezoconstant is defined as

k = 2
√

2d31L
2

πdh
. (3)

In eq. (3),L is the length of the piezotube,d is the tube inner di-
ameter,h is the wall thickness, andd31 is a standard piezoelec-
tric coefficient.Angular deflections in theX–Y plane can also
be achieved with proper voltage levels applied to theX- and
Y -electrode pairs. Contraction or extension of the piezoleg is
achieved by applying voltage levels with the same polarity to
all four external electrodes simultaneously. This is referred
here to as the stretching mode. The amplitude of contraction
or extension of the piezotube in the stretching mode can be
computed as

δz = −d31L

h
Vz. (4)

The minus sign in front of the piezoconstant is arbitrary chosen
such that a positive value will indicate that the leg termination
or “foot” is moving upward toward the+Z-axis.

As depicted in Figure 2, deflection and stretching can be
combined simultaneously. When such combination occurs,
we refer to it here as the combined mode (Martel, Saraswat,
and Hunter 2000c) for convenience. As depicted in Figure 2,
the deflection of the leg in combined mode results in a horizon-
tal projection vector denotedδs whereδs > δs∗ for extension
andδs < δs∗ for compression. Similarly, a smallerδs can be
achieved in the combined mode (instead of using the bending
mode only) if minδs∗ is used with compression. On the other
hand, the vector of the maximum horizontal projection, in the
combined mode represented by the vectora − c′ in Figure 2,
is typically smaller than the vectora − c in Figure 2, being
the maximum horizontal projection in the bending mode, i.e.,
maxδs∗ > maxδs under normal conditions.

2.2. Actuation Voltage Levels

Piezoactuators typically require relatively high voltage lev-
els to operate and this is a major constraint in miniaturiza-
tion. Most of the electronics embedded onto each miniature
robot and particularly the digital electronics will operate at
a relatively low voltage, typically of the order of+5 VDC
and+3.3 VDC. Although some embedded analog electron-
ics in the present implementation would need voltage levels
up to±15 VDC, the actuation voltage levels for the piezoac-
tuators on the present implementation can reach maximum
levels of±150 VDC. Since most of the power of the embed-
ded electronics requires relatively low supply voltage levels,
two DC/DC converters are used to convert in our particular
case the+5 VDC to ±150 VDC levels for actuation of the
piezolegs.

As shown in eqs. (1) and (4), larger deflection and/or
stretching amplitudes can be achieved with higher voltage
levels. As the size of the robot decreases, the length of the
piezoactuator decreases as well and according to eqs. (3)
and (4), this will reduce the deflection and stretching ampli-
tudes accordingly. Hence, a reduction of the length of the legs
could be compensated with higher voltage levels. However,
as shown in Figure 3 by the size of the DC/DC converters,
voltage or power conversion takes most of the space in the
actual implementation of the miniature robot and for a given
energy that must be delivered to the piezoelectrodes in a very
short time period; actual technologies make further miniatur-
ization very difficult. Furthermore,±150VDC is presently the
maximum practical voltage level that can be safely applied to
these piezotubes (assuming piezoceramic such as PZT-5A) to
avoid depolarization or loss of piezoeffects, and it is already
too high if the legs are implemented with some other types of
piezoceramic materials, such as PZT-5H for instance.

According to eqs. (3) and (4), besides the selection of
a piezoceramic with higher value ofd31—such as the use
of PZT-5H (if voltage levels in the implementation are lim-
ited to lower values) to increase the amplitude at the cost of
added hysteresis, which is not a real concern for this type of
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DC/DC Converters

Piezo-legs

STM

Fig. 3. CAD representation showing the space occupied by
the voltage level converters with respect to the piezolegs.

locomotion—deflection and stretching amplitudes can also be
increased by decreasing the wall thickness of the tube. This
is possible but limited by the manufacturing process of the
piezotube. Furthermore, since the piezolegs are supporting
the whole structure of the robot, reducing the wall thickness
may yield a structure too weak to support the weight of the
robot.

It is also possible to increase the amplitude of deflec-
tion by using a bimorph piezoceramic structure or to imple-
ment a structure with mechanical amplification often used
in other miniature robots. These approaches would unfortu-
nately lower the force generated by the actuator, a factor not
suitable in our case for reasons explained later.

2.3. Pyramidal Actuation Structure

The proposed actuation structure relies on three legs to min-
imize the size of the robot. Because of the additional drive
electronics and the voltage conversion circuitries required for
each leg, it is essential to minimize the number of piezolegs
in order to achieve the highest level of miniaturization of the
robot. Three legs, as depicted in Figure 3, provide the mini-
mum number of contact points to guarantee static stability of
the structure, a similar approach to the triangular of support
in ants (Zollikofer 1994).

The drawback of such tripod structure is that it becomes
unstable during the displacement of the robot as opposed to a
four-legged structure that would maintain at least three con-
tact points with the surface at any given time. This instability
is managed in part by an onboard digital signal processing

(DSP) system. The fact that microelectronics can be imple-
mented in a very small form factor allows us to embed suffi-
cient computation to control and correct sufficiently for such
instability.

Piezoactuation systems for microrobots of this type typi-
cally rely on a stick–slip method of motion. During the stick
phase, the force of the piezoleg does not exceed the static
friction force and the structure of the robot is displaced due
to the bending of the legs. This stick phase is followed by
the slip phase, where the legs make an abrupt movement fast
enough to not cause a large movement in the reverse direction.
In this case, the coefficient of friction between the extremities
of the legs or “feet” and the walking surface has to be low
enough to allow the slip phase to occur. In this particular ap-
proach, the legs are typically mounted vertically or 90◦ from
the walking surface. In such a configuration, the step size is
determined by the amplitude of deflection of the piezolegs. To
achieve faster displacement speeds, the new structure has the
legs mounted as a pyramid at 45◦ from the floor with the apex
pointing upward. Unlike the previous methods, the proposed
method uses the static force of friction to build up an initial
force and then creates a large acceleration of the legs. With
a 45◦ angle, step sizes larger than the maximum amplitude
of deflection of the piezolegs (see eq. (1) and the experimen-
tal results at the end of this paper) can be achieved, yielding
faster displacement rates (especially in the directions A090◦,
B090◦, and C090◦ because of the reciprocal pushing action of
two reciprocal legs; see Figure 4) than can be achieved with
the previous methods.

2.4. Control of Motion Vectors

For convenience, the three-legged configuration is represented
by a special coordinate system (Martel, Saraswat, and Hunter
2000c), which is shown in Figure 4. With this representation,
the direction of motion is always referred to one of the three
legs. For instance, the direction denoted A090◦ indicates an
angle of 90◦ counterclockwise from theX-axis of leg A (A-
leg). For the push component in the push–slip walking method
described later in this paper, the concept of a pressure zone
is introduced. The pressure zone (as depicted in Figure 4) is
defined as a region where a deflection using bending forces
only of the corresponding leg will lead to an increase of the
pressure between the leg and the walking surface on a fric-
tionless surface. The pressure is maximum when a deflection
is made toward the apex (center of the robot), i.e., with an
angle of V(–135◦). In practice, the stretching forces acting on
the longitudinal direction of the leg can also be used to cre-
ate pressure for pushing action during the push–slip motion,
and such a region will expand from the apex under various
coefficients of friction.

For convenience, leg A of the robot is the reference leg and
coordinates on the horizontal plane based on such a reference
can also be denoted H000◦ ≡ A000◦ to H359◦ ≡ A359◦. As
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Fig. 4. Coordinate system for the three-legged locomotion
architecture.

depicted in Figure 4, each leg has also its ownX-, Y -, andZ-
axis. For instance, theX-axis for leg A is denoted Ax. Vertical
motions are also referred to as a vertical angle as depicted
in Figure 4. When only vertical and horizontal directions are
being referred to, the notations+H-axis, –H-axis,+V-axis,
and –V-axis are also used for convenience here to represent
V(0◦), V(180◦), V(+90◦), and V(–90◦), respectively.

For proper motion, a fundamental law for this configura-
tion is to create resultant bending force vectors that are not
directed toward any pressure zones while acting toward the
direction of the desired motion. For example, if a motion in
the H090◦ direction is required, leg A can be deflected to-
ward A090◦ while legs B and C are deflected in a direction set
between electrodes B1–B4 and C1–C2, respectively. This par-
ticular approach typically gives good results when the force of
friction is very low, since initially the friction will act against
the motion of the legs.

On the other hand, with an increase of the force of friction
and/or a decrease of the maximum slew rate achievable by the

onboard electronics (due to constraints imposed by the level
of miniaturization), the force of friction acting against the legs
can initially be used to provide a pushing action. When this
pushing action is integrated onto the method of motion, we
refer to it as a push–slip method. A strategy to compensate
for an increase of the coefficient of friction between a robot
and the surface is to rotate the resultant force vector from B2
and C4 (to compensate for the lack of friction) by increasing
the pressure with the surface (in the direction of B090◦ and
C090◦, respectively) with sufficient level of friction. A small
compression can also be used for the front leg (e.g., leg A) in
order to minimize a force component reciprocal to the direc-
tion of motion. Similarly, the initial forces of friction acting
against legs B and C would create a reciprocal pushing ac-
tion on the back legs, allowing the robot to move toward the
direction A090◦.

Other approaches are also possible. For instance, a larger
force of motion can also potentially be achieved by rotating
the resultant force of motion of legs B and C toward H270◦

(approximately between electrodes B1–B2 and C1–C4, re-
spectively). Motion in any directions (including clockwise
and counterclockwise rotational motions), as demonstrated in
the experimental results section of this paper, can be achieved
with various combinations and directions of the force vectors.

We recall that a pushing action can be based on reciprocal
friction forces and/or pressure forces as defined in this paper.
Initially, if we consider the case where only the forces of fric-
tion are used to create the pushing forces, the generation of a
bending force using B2 and B4 electrodes to push the robot
toward A090◦ while maintaining B1 and B3 at 0 V, a bending
horizontal component forceFB ≤ maxFs can be created, as
depicted in Figure 5. This bending force creates a reciprocal
pushing force of the same magnitude and denotedFsB that
increases through the static phase up to a maximum ampli-
tude designated maxFs . If the static coefficient of friction is
too small to cause an adequate motion, more pressure can be
exerted using one of several possible approaches. One sim-
ple solution is to apply a small voltage level to the electrode
pair B1–B3. This will cause a small deflection of the piezoleg
toward B270◦ resulting in a small corrective force compo-
nentFc. This corrective force component causes the resulting
bending force to shift anticlockwise to a new resultant force
FBc. This is shown in Figure 5. In turn, this new resultant force
creates an opposite pushing forceFsBc, decreasing the ampli-
tude of the pushing force on the A090◦ axis compared toFsB .
Another yet more efficient approach is to create an additional
bending force toward B090◦. This bending force can act in a
manner such that a clockwise rotation of the resultant bending
force can be observed. A bending force of the same magni-
tude as that used with the B2–B4 electrode pair would also
likely generate a pushing forceFst . When combined withFsB ,
it would provide the resulting pushing forceFpB , as shown in
Figure 5. This pushing force is not directly oriented toward
A090◦, and henceFst could be reduced toF ′

st
with a reduction
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Fig. 5. Example of pushing forces adjustment in the horizon-
tal plane

of the symmetrical voltage applied to the B1–B3 electrode
pair in order to orient the pushing forceFpBc toward A090◦.
Depending on the coefficient of friction, the magnitude of
FpBc can be increased further by increasing the pressure us-
ing stretching (extension) and/or bending of the piezolegs.
Similarly, leg C will in most cases be controlled in the same
fashion to double the pushing force exerted on the robot to
yield a more efficient motion.

Due to the geometry (e.g., diameter of the feet, angle of
the piezoleg, etc.), the resulting pushing force will reduce
significantly when the leg enters the kinematic state if we
assume lower kinetic friction forces as it is typically the case
and will be null if the pushing legs are entirely lifted. To
create sufficient forces while achieving accurate direction of
displacement, we use a simple method that we refer to here as
the zero-lag motion, where all bending and stretching forces
of all the three legs are synchronized.

3. Fundamental Issues

3.1. Friction

Unlike previous approaches, the performance of the proposed
method of motion is extremely sensitive to friction between
the feet of the miniature robot and the walking surface. The
conventional and simple macro-model of static friction force

FS and a kinetic friction forceFK are stated as

FS = µSFN ; FK = µKFN. (5)

Here,µS andµK are the static and kinetic coefficients of fric-
tion, respectively, andFN is the normal force. To achieve the
maximum displacement speed, the motion system should op-
erate not only at resonant frequency for maximum amplitudes
of deflection of the legs, but the initial force generated by the
piezoleg prior to motion must be maximized. In other words,
the static coefficient of friction must be set to a specific value
such that the resultant static friction force would ideally be
slightly inferior to the maximum force that can be generated
by each piezoleg.

It can be seen that a change in the mass of the robot will
have an impact on the fabrication and the material used for the
feet and/or the walking surface in order to tune or adjust the
coefficient of friction accordingly. Practically, this is very dif-
ficult to achieve due to several constraints that are briefly ex-
plained later. Furthermore, the kinetic friction forceFK must
be minimized since it generally contributes to decrease the
speed of motion of the legs. The relatively small diameter of
the spherical feet with an angle of 45◦ contributes to lower
the impact of the kinetic force of friction. At a smaller scale
corresponding to the amplitude of the steps, the real mod-
els of friction forces are far more complex than the simple
model expressed in eq. (5). Among several models, elasto–
plastic friction models, for instance, are more accurate, and
other factors such as the pre-sliding effects must also be taken
into account. It is known that for small displacements such as
the deflection amplitude of a single piezoleg for the miniature
robot, pre-sliding can be the dominant friction phenomena
(Armstrong-Hélouvry, Dupont, and Canudas De Wit 1994).
In our particular method of motion, the initial force of the
leg to perform each step is created during the stick phase.
However, what is classically referred to as static friction is
now known to be a regime known as stiction that can extend
over several micrometers of motion. Stiction corresponds to
the existence of a breakaway displacement, such that for all
motion of the friction the interface consists entirely of elastic
displacements. Because in solid mechanics the stiction con-
dition is analogous to the existence of an elastic region on a
material’s stress–strain curve, careful attention must be paid
to the choice of materials used for the walking surface and the
feet of the robot.

3.2. Material Properties

As mentioned in the previous section, the choice of the mate-
rials for the feet of the robots and the walking surface must be
selected to provide a stiction force ideally slightly inferior to
the maximum force that can be generated by each piezoleg.
This will depend on several factors including, but not limited
to, the normal force or the mass of each robot and the stress–
strain relationship of the materials used for the feet and the
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floor. The resonant frequency of one implementation of the
piezolocomotion system is∼ 4 kHz or 4000 steps per second
(see Section 5.3) and results in relatively high impacts be-
tween the feet and the surface at the end of the phase of each
step. Although fast displacements are made with step sizes
of the order of a few micrometers, when closer to the target
location, step sizes of the order of a few tenths of nanometers
are required. In such a case, defects and/or damages caused by
such impacts may prevent step size accuracy at the nanometer
range. Hence, not only the surface must be polished in a con-
trolled fashion and be extremely flat with minimum defects,
but the hardness of the material (presently we use stainless
steel 404) used for the feet and the walking surface is also
a critical factor. Because the feet of the robot are easier and
much less costly to replace after a relatively long wear time,
the hardness of the walking surface is selected typically to
be slightly higher than the hardness of the feet. Another crit-
ical property is the resistance to oxidation and corrosion that
would otherwise significantly modify the properties of fric-
tion, and hence would affect the performance of the motion
system.

3.3. Power

Because of the too long latency in communication with an
external computer, many real-time tasks must be executed by
the electronic system embedded onto each robot. The result is
that these high-performance miniature robots consume of the
order of a minimum of 15–20 W of power on average. In order
to maintain the small size of these robots and due to the lack of
adequate power sources small enough to deliver the required
energy and power density, the power is delivered through the
feet of the robots when in contact with the floor. The resulting
“power floor” (Martel 2004), as shown in Figure 6, is presently
made of electrically conductive bands of stainless steel 440C
insulated by a thin non-conductive layer of granite, providing
adequate electrical insulation and mechanical/thermal prop-
erties. A gap exists between each stainless steel bar and the
granite. The width of each gap is maintained to a minimum to
allow the robots to transit and to minimize the impact on the
motion of the robots, while being large enough to compensate
for the thermal expansion of the material within the range of
ambient temperatures used in the cooling chamber. The error
in motion created through this discontinuity is larger but not
critical, since it is corrected prior to the final positioning at a
working site.

The width of the bands is selected such that at least one
foot of each robot will be in contact with a positive band and
at least one foot will be in contact with a negative or ground
band, in order to allow electrical current to flow through the
embedded electronics of each robot. Hence, in addition to the
material properties mentioned in the previous section, the ma-
terials must also have good electrical conductivity except for
the insulation layer on the power floor. Furthermore, the elec-

Fig. 6. Small version of the power floor. The holes that
appear at the surface are receptacles for special atomic grids
designed to position each robot at the atomic scale.

trical impedance also related to the contact area between the
feet and the floor must be sufficiently low to withstand the rel-
atively high power density. Past experiments have shown that
wires make accurate step sizes extremely difficult and affect
repeatability. Furthermore, with a potential fleet exceeding
100 miniature robots on a relatively small surface area, the
wires would impede the flexibility of displacements through-
out the platform.

3.4. Arcing

During motion, the feet may not touch the floor continuously
and the small gap between the feet and the floor causes arc-
ing, which due to the relatively high power involved causes
substantial erosion that modifies the shapes of the feet and the
floor, and hence makes repeatability in accurate motion very
difficult. Using an AC instead of a DC voltage level for power
would eliminate arcing, but the size of the capacitors em-
bedded onto each robot, and required to regulate the voltage
within the requirements of the sensitive embedded electron-
ics, would be too large. In order to reduce the size of the ca-
pacitors, a higher modulation frequency could be used; how-
ever, considering the amount of power involved, this would
increase the risk of excessive coupling noises on the sensitive
embedded instruments designed for nanoscale operations. To
prevent arcing, a special switching circuit or arcing control
circuit is embedded onto each robot. Prior to each step, the
onboard processor through the embedded arcing control cir-
cuit increases substantially the electrical impedance at the
power input prior to each step in order to eliminate or re-
duce sufficiently the electrical current flowing between the
feet and the floor. When in contact with the floor, the arcing
control circuit allows a high power density to be delivered to
a miniature energy reservoir in the form of a capacitor and
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the whole robot then relies on this limited energy source to
complete each step. Because of the exponential discharge of
the capacitor, increasing the voltage level at the power floor
allows more time to execute each step and add flexibility in
motion. On the other hand, since the input voltage is regulated
to specific voltage levels inside each robot, this flexibility in
motion through higher input voltage levels is paid by a reduc-
tion of the power conversion efficiency leading to more power
dissipated as heat.

3.5. Heat

The Curie temperature where piezoeffects are lost is not the
biggest concern here, but rather the limit in temperature that
can be applied to the embedded electronics. As the perfor-
mance of the robots increases with a higher level of miniatur-
ization, the surface available on each robot becomes insuffi-
cient to dissipate the heat. In our particular case, this causes an
excessive rise in temperature and limits continuous operations
for each robot to a few seconds. Using conventional heat dis-
sipation techniques such as heat pipes and/or heat sinks would
substantially increase the overall size of the robot. A solution
relies on the high heat capacity of water and uses a special
multilayer jacket (1 mm thick) installed on each robot. The
actual design dissipates heat by evaporating approximately
0.8 g of distilled water. One potential problem is that the total
mass of the miniature robot varies by approximately 1.5–2%
every few minutes, i.e., between refills. This is another factor
that contributes to increase potential errors during motion. To
maintain the weight of each robot constant and for continu-
ous operations, i.e., no refills, another approach envisioned
is to place all robots in a special cooling chamber. In such a
chamber developed especially for cooling a fleet exceeding
100 units and shown in Figure 7, the robots typically operate
in a helium atmosphere cooled using liquid nitrogen.

Helium is an inert gas, which is highly suitable for our
applications. Furthermore, helium has much higher heat con-
ductivity than air, allowing us to reduce the flow of gas sub-
stantially in order to minimize potential thermal drifts on the
sensitive instruments and to minimize the impacts on the ac-
curacy of motion of the robots. None the less, the dielectric
of helium presents some additional constraints on the design
of the piezolegs to avoid arcing.

4. Electronics

Because of the too long latency involved when relying on an
external computer, a fair amount of electronics must be em-
bedded onto the robot to provide essential functions needed to
operate such a robot in real time. Figure 8 shows the electronic
circuit (except for the DC/DC converters and interconnecting
wires) implemented with a 12-layer, 500µm thick, rigid-flex
board with components mounted on both side and designed
to be bended in a manner depicted in Figure 1.

Liquid

Nitrogen

Helium

Cooling Unit

Cooling

Chamber

Damping

Table

Frame

User

Interface

Fig. 7. Photograph of the cooling chamber. This special
chamber can support simultaneously a fleet exceeding 100
NanoWalker robots. The interior of the cooling chamber has
additional damping systems, wireless communication units,
optical positioning units, and various sensors and cables.

The circuit includes an onboard 48 million instructions per
second (MIPS) DSP (component 2 in Figure 8) with memory
(component 3 in Figure 8), a proprietary controller (compo-
nent 1 in Figure 8), and a 4 Mb s−1 half-duplex infrared (IR)
transceiver for communication with an external central com-
puter. The circuit also includes the embedded instrument in-
terface, the power distribution as depicted in Figure 9, which
includes the arcing control circuit (shown in the dotted line
box in Figure 8) and the switching electronics to drive the
three piezolegs (shown in the three thick line boxes in Fig-
ure 8) and the drive circuit including the D/A converter for the
STM scanner tube, and other miscellaneous functions such as
temperature sensors, power amplification, and the bias voltage
generation for the STM system, just to name a few.

Typically, piezoactuators are driven using some types of
amplitude modulation. This approach generally requires a fair
amount of electronics, such as a D/A converter and a power
amplifier per quadrant electrode. The quiescent current on
each power amplifier increases the continuous load on the
±150 VDC power rails. As a result, the number of DC/DC
converters as those depicted in Figure 3 would increase sub-
stantially, and hence increases the overall size of each robot.

In order to reduce the size of the robot, the same two
DC/DC converters used for the embedded instrument are used
for the locomotion system since these two applications do not
occur at the same time. To drive the piezolegs, the outputs
of the DC/DC converters are frequency-modulated through
special embedded switching circuits. Hence, series of high-
voltage pulses are used to actuate the legs. Instead of reducing
the amplitudes of deflection of the legs by reducing the voltage
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Fig. 8. Photographs of the flexible circuit board for the
embedded electronic system.

amplitudes, the drive signals are generated at a frequency be-
yond the mechanical resonant frequency of the piezosystem.
To create sufficient force for displacement, all three legs are
actuated simultaneously. The combination of frequency mod-
ulation and phase shifts on each electrodes allows sufficient
control for accurate displacements. Although the control of
such a scheme is more difficult compared to more traditional
methods, the accuracy of the motion system, which is within
the deflection range of the embedded scanning tunneling mi-
croscope (STM) tip (of the order of±70 nm for the present
design) is sufficient.

5. Experimental Data

5.1. Experimental Platform

A photograph of the experimental setup used for this study
is depicted in Figure 10. A cleaned silicon wafer was used

Sylvain Martel 12+

Power Reservoir

Voltage Regulators

Rectification Bridge

DC/DC
3.3V

5V

6.5V to 12V

Piezo-legs Switching

-

+150V -150V

±150V

+

Arcing Control

Amplifiers
Switching

+150V -150V

Leg A Leg B Leg C

Fig. 9. Simplified diagram of the power distribution system
in each robot.

Piezo-locomotion system

Fig. 10. Photograph of the experimental platform showing
the tethered piezolocomotion system on a silicon wafer with
the power amplifiers in the background.

as the walking surface in order to provide a constant static
coefficient of friction of 0.25 between the legs of the robot
and the walking surface. An underneath plate was used to
adjust the wafer in a perfect horizontal plane.

The robot used in this study was tethered with a total of
13 wires: 12 wires were connected to each of the 12 quadrant
electrodes and the remaining wire to the ground (the inner
electrode of each three legs). The wires connecting to the legs
had a very low stiffness and very low weight to minimize vari-
ations in motion throughout relatively small distances. Coax-
ial cables were used between the experimental platform and
the power amplification units (see Figure 10). The inputs of
the power amplifiers were connected to a custom breakout
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board (top right of Figure 10) through coaxial cables. The
breakout board was connected to the outputs of a custom-
made D/A board providing the 12 18-bit D/A channels with
simultaneous updates on all channels.

5.2. Methods

Various walking methodologies have been investigated so far
and the proposed push–slip method has proven to be quite
effective. The push–slip method presented here uses the phe-
nomenon of stiction as for the stick–slip motion but with dif-
ferent vectored forces.Although many variations of the push–
slip motion can be implemented by changing the angles and
amplitudes of the resultant forces and/or the synchronization
between the legs, the results described in this paper were ob-
tained by using no lag time between the deflections of the
legs.

For walking in the A090◦ direction for instance, the legs
A, B, and C were deflected simultaneously toward the A090◦,
B2B3, and C3C4 regions, respectively, and leg A was consid-
ered to be the front leg (leg A is deflecting in the A090◦ direc-
tion or forward in this particular case) while legs B and C were
acting as the back legs. In unipolar mode, such a deflection
pattern is achieved by applying a positive voltage simultane-
ously toA1, B2, B3, C3, and C4, but in the symmetric-voltage
mode, a negative voltage of the same amplitude is also applied
to the counter-electrodes of the back legs B1, B4, C1, and C2.
A ratio of –0.85 (i.e., 85% of the reference amplitude) was
used instead for the front leg. More specifically, the ratio of
voltages referred to the voltage applied to A1 (denoted VA1)
applied to the various electrodes was as follows: A1 = 1.0
VA1; A2 = 0.05 VA1; A3 = –0.85 VA1; A4 = 0.05 VA1; B1 =
–0.5 VA1; B2 = 1.5 VA1; B3 = 0.5 VA1; B4 = –1.5 VA1; C1
= –0.5 VA1; C2 = –1.5 VA1; C3 = 0.5 VA1; C4 = 1.5 VA1.

Although efficient walking motions have been observed,
we do not know at this point if these ratios are optimal un-
der these conditions, and further experimentation will be re-
quired. The A1 counter-electrode A3 was set with a ratio of
–0.85 instead of –1.0 to compensate for the geometry of the
piezotube. The ratio of electrodes A2 and A4 were set to 0.05
instead of 0.0 to cause some small extension in the –Z-axis
when leg A moves forward. A larger ratio would cause too
much extension and increase the pressure between leg A and
the walking surface prior to any motion, i.e., when the static
force of friction is acting. For the back legs, unlike the front
leg, the intended deflections occurred in the pressure zone.
For leg B for instance, the deflection force toward B270◦ (di-
rection of maximum pressure) was 1/3 the deflection force
toward B180◦ (edge of the pressure zone, i.e., minimum pres-
sure). Hence, the resulting deflection force was expected to be
toward B210◦.With the pressure force combined, the direction
of the resulting pushing force was expected to rotate clockwise
further. A tangential force acting toward B090◦ when motion
occurs had to be considered as well. This tangential force was

the result of the normal force acting on a leg (which typically
is 1/3 the total normal force of the robot) and the angle of the
leg with the walking surface. When walking in the direction
of A090◦, B090◦, or C090◦, the total resultant tangential force
is null because of the 60◦ angle between the longitudinal axis
of the two back legs and A270◦ resulting in a tangential force
acting in the opposite direction to the tangential force of the
front leg. In such a case, the tangential force of the front leg
A adds directly to the force of forward motion where, in the
case of the back legs, the B and C tangential forces reduce in
the opposite direction the force of pressure exerted to the B3
and C3 quadrants.

The resulting vector for the pushing force on the back legs
was therefore dependent upon the resultant force of pressure
(the force applied on the B3 or C3 quadrant minus the tangen-
tial force of the back legs) and the deflection force exerted on
the B2 and C4 quadrants.

The waveform used consists of a periodic triangular shape
with the peak at 33% of the period. During the rising edge of
the signal, the front leg deflects forward (A090◦) while legs
B and C exert a pressure on the walking surface while push-
ing at the same time. This phase causes a momentum forward
and, at the same time, the fall period occurs, canceling the
deflections on the three legs. Past experiments have shown
that using deflection force on the leg in this case really helps
to achieve better motion. For instance, the fastest robot mo-
tion was achieved when leg A was deflected forward when
pushing on the back legs was performed. A pushing action on
leg A acting at the same time as pushing on the back legs pro-
duces motion at lower speed in the intended direction, and not
using leg A at all produces even slower motion in the A090◦

direction.

5.3. Proof of Concept

A proof of concept has been demonstrated using three four-
quadrant 12.5 mm long (PZT-5A) piezoceramic tubular ac-
tuators on a prototype that weighed 8 g. Synthetic rubies at
the extremities of each leg were used to provide the contact
with a silicon wafer. The silicon wafer had a static coefficient
of friction of approximately 0.25 (oxidation layer removed)
between the legs and the surface. The results showed a max-
imum displacement speed of 200 mm s−1 when actuated at
approximately±40 V and using 4000 steps s−1 where step
sizes were estimated at approximately 50µm. Rotation and
displacement in a straight line have been achieved as shown
in Extensions 1 and 2, respectively. Furthermore, step sizes
of approximately 30 nm were achieved; however, due to the
stiffness of the wires connecting the piezoactuation system to
the electronics, repeatability at such a scale was only feasible
on a very short distance and was very difficult to maintain due
to the high sensitivity of the system.

As such, to avoid such errors, our design goal was to embed
the required electronics to make the robot entirely wireless.
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With the electronics depicted in Figure 8, the total mass of the
new wireless version is estimated at 32 g. For convenience
and to understand the effect of an increase of the mass of
each robot, larger values of 88 and 136 g were used in the
preliminary experimentation phase.

5.4. Results

The results presented here are based on a prototype of the
robot as shown sitting on the wafer in Figure 10.The prototype
has been made different from that used for the proof of con-
cept to allow us to increase its mass, which was very difficult
to do with the previous prototype (Section 5.3). The second
piezoactuation system was built with three legs made from
piezoceramic tubes (PZT-5A/EBL #2) of 19 mm in length,
3.175 mm outer diameter with a wall thickness of 0.254 mm.
As for the other system, the legs were metallized on the outer
and inner surfaces with the outside metal coating sectioned
into four quadrants and used as axial segmented exterior elec-
trodes. A 3.175 mm diameter ruby ball terminated each leg.

Figure 11 shows the step sizes that were achieved with
various voltages applied to the electrodes using the push–
slip method as described earlier. TheX-axis lists the bipolar
voltages used on electrode A1, with the voltages on other
electrodes governed by the aforementioned voltage ratios. For
instance, 60V would mean +30V on theA1 electrode and 85%
(0.85 ratio) of –30 V on the reciprocal electrode A3.

The data obtained suggest that there are threshold volt-
age levels below which the robot will not move. This thresh-
old effect is due to the fact that the static friction causes a
force threshold that needs to be overcome before the robot
can move. The data also indicate that these thresholds are
dependent not only on the mass of the robot but also on the
frequency at which the legs are moving. The graphs of voltage
versus step size for push–slip motion also suggest that there is
a resonant frequency of approximately 1.31 kHz in this par-
ticular experimental version where the fastest motions and the
larger step sizes are observed.As shown in Figure 11, increas-
ing the total mass by a factor of 1.54 decreases the maximum
step sizes at resonant frequency proportionally, i.e., by a fac-
tor of 0.65 in this particular case. For instance, at±50 V and a
total mass of 136 g, the displacement speed at resonance at ap-
proximately 1300 steps s−1 was measured at 11 mm s−1, which
corresponds to a step size of 8.4µm, showing that there is a
somewhat linear correspondence when compared to 12 and 20
µm with 136 and 88 g, respectively. From the results depicted
in Figure 11, it is shown that the step size can be changed with a
variation of the voltage amplitudes applied (amplitude modu-
lation) and/or the frequency (frequency modulation). It is also
shown that depending on the type of surfaces, a minimum fre-
quency is required to achieve motion. In our particular case,
a minimum of±40V was required at 571 Hz (or steps per
second) to get any motion. A slight increase in the frequency
had a significant impact on the minimum voltage required for
motion.
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Fig. 11. Step sizes at various voltage levels for the tethered
piezolocomotion system with masses of 88 and 136 g.

6. Discussion

The results suggest that a larger voltage produces larger steps
sizes at a given resonant frequency. A problem in such a
wireless miniature robot is the maximum current available
to charge and discharge the capacitance of the electrodes (see
eqs. (6a) and (6b) for an estimation of the current requirement
in terms of electrical admittance to charge the electrodes as-
suming that the load is entirely capacitive for simplification)
of piezoactuators at a frequency equivalent to the mechanical
resonant frequency of the system. This can be problematic
from an implementation point of view, especially if the reso-
nant frequency is relatively high.

The mechanical resonance of the floor could also play a
significant role during motion, but tuning the frequency us-
ing this approach is not an obvious task. The static friction
force is expected to play a major role and we believe that fast
accelerations can be created by maximum piezoforces (i.e.,
the maximum static force of friction being slightly inferior to
the maximum blocking force of one piezoleg in the bending
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mode).As such, the increase of the coefficient of friction in the
new power floor (Figure 6) could be exploited to create more
force on each leg and potentially decrease the voltage levels
applied on the leg to increase the current available to charge
and discharge the electrodes at the mechanical or structural
resonance. On the other hand, decreasing such voltage would
reduce the scanning range of the embedded instrument and
this may become a major constraint for positioning and for
the tasks to be performed.

Furthermore, it is not entirely clear at this time if we can
easily exploit the coefficient of restitution of the floor. For the
results provided in this paper, the coefficient of restitution was
null whereas for the new power floor (Figure 6) the coefficient
of restitution is approximately 0.95.

IeB = VP

XCB

= VP 0.28π2Kε0

√
D2 + d2

√
Y/ρ

LNe ln (D/d)
(6a)

IeS = VP

XCS

= VP π2Kε0

√
Y/ρ

Ne ln (D/d)
. (6)

In eq. (6), the largest voltage swing is (±VP ) < (±VD) where
VD is the depolarizing voltage.Y andρ are theYoung’s mod-
ulus and the density of the material, respectively, andD is
the outer diameter of the piezotube. LargeY and smallρ are
typically suitable for locomotion.K is the dielectric constant
of the piezomaterial,ε0 = 8.85× 10−12 Farad m−1, andNe is
the number of symmetrical outer electrodes of lengthL per
piezoactuator.

7. Summary

We have briefly described the fundamental principles of a lo-
comotion system which is part of the development of a minia-
ture wireless autonomous robot designed to execute sophis-
ticated tasks at the molecular and atomic scales. The robot
can perform several thousands of steps per second with step
sizes as small as a few tenths of nanometers. The mechanical
structure allows an STM tip to be installed. Since the main
purpose is to bring an instrument in the form of a miniature
robot to the samples, very high precision in movement and
positioning is needed in order to move the robot within the
limited range of an integrated instrument such as the STM.

The mechanical structure of the robot is built upon a tri-
pod design. The base is made up of three piezoceramic tubes
arranged in a conical shape with the apex pointing upward.
The end of each tube closest to the surface is capped with a
conducting ball for power delivery to the robot. The legs are
equidistant to each other, and are at an angle of 45◦ to the
surface. Each tube has four axial segmenting electrodes ar-
ranged as four 90◦ quadrants along the tube or leg. Resting on
top of the three legs is a platform on which the electronics and
an instrument are attached. Motion of the robot is achieved
through bending and stretching of the three legs through ap-
plied voltages to the different quadrants of each tube. The fric-

tion and the properties of the walking floor are very important
parameters.

Since 15–20 W of power is provided to the high-
performance embedded electronics of each microrobot
through the legs when in contact with the floor, arcing causing
fast erosion of the floor and the legs becomes a real concern.A
special circuit embedded onto each robot has been developed
to compensate for this problem, but this causes constraints on
the time available to perform each motion step.

Preliminary results indicate successful motion of the
miniature robot using 4000 steps per second with step sizes
varying from a few tenths of nanometers to a few microme-
ters. To achieve a higher level of miniaturization, the typical
method of modulation for piezoactuators has been replaced
by a series of high-voltage pulses, similar to the method of
activation used in insects. It was also found that friction plays
a great role and that the properties of the surface of the legs
in contact with the floor and the floor itself must be chosen
according to several factors. Furthermore, it was found that
the effect and the theory of friction at that scale are not very
well defined, and this brings uncertainties in the prediction of
motion, especially at the nanometer scale.

8. Conclusions

The development of piezoactuation systems for instruments
in the form of miniature robots designed for nanoscale op-
erations has many technical challenges. Furthermore, in this
paper we have demonstrated that, at such a scale and pre-
cision, the development of the locomotion system is highly
inter-disciplinary and any decisions in the design phase may
affect other components of the system. Hence, in the con-
text of an autonomous system, especially when designed for
applications at the nanometer scale, the development of a lo-
comotion system for wireless miniature robots cannot be done
independently but by identifying, characterizing, and consid-
ering the effects of various parameters not necessarily being
part of the robot on the locomotion itself. As the resolution of
the locomotion increases, it becomes more sensitive to these
parameters, which add substantial constraints on the choice
and design of a final autonomous platform, requiring substan-
tial additional research effort.

Appendix: Index to Multimedia Extensions

The multimedia extension page is found at http://www.
ijrr.org.
Table of Multimedia Extensions
Extension Type Description

1 Video Rotation using 4000 steps s−1

(NanoRotate)
2 Video Displacement at 200 mm s−1 using

4000 steps s−1 (NanoFast)
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