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Introduction

During the last decade, the need of systems with micro/nanometers accuracy and fast dynamics
has been growing rapidly. Such systems occur in applications including 1) micromanipulation
of biological cells, 2) micrassembly of MEMS/MOEMS, 3) micro/nanosensors for
environmental monitoring, 4) nanometer resolution imaging and metrology (AFM and SEM).
The scale and requirement of such systems present a number of challenges to the control system
design that will be addressed in this workshop.

Working in the micro/nano-world involves displacements from nanometers to tens of microns.
Because of this precision requirement, environmental conditions such as temperature, humidity,
vibration, could generate noise and disturbance that are in the same range as the displacements
of interest.

The so-called smart materials, e.g., piezoceramics, magnetostrictive, shape memory, electro-
active polymer, have been used for actuation or sensing in the micro/nano-world. They allow
high resolution positioning as compared to hinges based systems. However, these materials
exhibit hysteresis nonlinearity, and in the case of piezoelectric materials, drifts (called creep) in
response to constant inputs In the case of oscillating micro/nano-structures (cantilever, tube),
these nonlinearities and vibrations strongly decrease their performances.

Many MEMS and NEMS applications involve gripping, feeding, or sorting, operations, where
sensor feedback is necessary for their execution. Sensors that are readily available, e.g.,
interferometer, triangulation laser, and machine vision, are bulky and expensive. Sensors that
are compact in size and convenient for packaging, e.g., strain gage, piezoceramic charge
sensor, etc., have limited performance or robustness. To account for these difficulties, new
control oriented techniques are emerging, such as[d the combination of two or more
‘packageable’ sensors , the use of feedforward control technique which does not require
sensors, and the use of robust controllers which account the sensor characteristics.

The aim of this workshop is to provide a forum for specialists to present and overview the
different approaches of control system design for the micro/nano-world and to initiate
collaborations and joint projects.
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Main aspects of the control issues in the micro/nano-world

Micky Rakotondrabe, Member, IEEE and Philippe Lutz, Member, IEEE

Abstract—In this paper, we present a summary of
the main properties and difficulties when performing
the characterization, the measurement, the identifi-
cation and the control of systems dedicated to the
micro/nano-world.

I. INTRODUCTION

Microworld (resp. nanoworld) is exclusively the world
of objects, structures and products of which the vol-
ume is cubic micrometre (resp. cubic nanometre). Well
known examples of them are the so called NEMS or
MEMS/MOEMS (Nano or Micro Opto Electro Mechan-
ical Systems). The MEMS market was forecasted to
grow significantly between 2005 and 2015. Their main
principal applications are pressure and inertial sensors,
read/write heads for hard disks, optical displays, mi-
crospectrometers and adaptive peacemakers [1]. The
need of manipulation and characterization of biological
objects in medical application leads the researchers in
the fields of MEMS to take it in interest [2][3][4].

To characterize, measure, control and manipulate ob-
jects in the microworld, problems that are unusual in
conventional tasks arise. These problems are due to the
specific complexity and characteristics of the microworld
(adhesion forces), the fact that this complexity is not
yet well mastered, and the lack of convenient technology
and sensors that would give the same peformances for
microworld than recent technology and sensors give for
macroworld.

This paper presents the different characteristics when
performing the characterization, the measurement, the
identification and the control of systems dedicated to the
micro/nano-world.. The aim is to rapidly situate in this
domain the readers that are novice and to remind the
problematic for others.

II. THE NEED OF ACTIVE MATERIALS

Positioning or manipulating a micro-object requires a
very high accuracy, micrometric or submicrometric. To
reach such a performance, instead of using hinges, one
uses active materials to develop microactuators, micro-
robots, micromanipulators and microsystems (Fig. 1-a).
The main reason is that imprecision due to mechanical
clearances are minimized. In addition, it makes possible
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to have one bulk structures that are easily embarkable.
As example, Shape Memory Allow (thermal and mag-
netic SMA) [5][6][7], Electrostatic [8], Piezoelectric [9][10]
and thermal bimorph [11] materials have been success-
fully used to design microactuators and microrobots.
Fig. 1-b shows an example of a microgripper based on
piezoelectric material.

hinge based ] )
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Fig. 1. (a): hinges based systems are replaced by active materials
based systems. (b): a piezoelectric microgripper made up of two
piezocantilevers [9].

III. THE NEED OF NEW MOTION PRINCIPLES

In order to reach the necessary accuracy required in
the microworld applications, active materials are used.
Moreover, some of these materials -such as piezoelectric
materials- offer a large bandwidth. Because of the limited
deformation of the materials, the range of displacement
of the microactuators and microrobots are also limited.
In some applications, like microassembly tasks, long
displacements are sometimes required. For these cases,
new principles of displacements based on active materials
microactuators have been proposed: step-by-step motion
principles. Step-by-step micropositioning systems can be
ranked into two: those based on the inch-worm motion
principle and those based on the inertial-drive motion
principle. For both, active materials are still used and
very high resolutions can be obtained.

Inch-worm systems usually use at least three active
material based microactuators. In the example of Fig. 2,



the three microactuators A, B and C works in expan-
sion/contraction inside a tube-shaped support. A step
Ax can be got by six successive states of the whole
system. Each of these states is obtained by suitably sup-
plying the different actuators (see Fig. 2). By repeating
the sequence, the micropositioning system performs a
long displacement.

support
C
B
A [N B I I|AX
(a) (b) (0 (d) (e) () ()
\Y
AU[ 1
:_/_\ supply voltage for A
- — >tls]

| |
! | supply voltage for B
I

Fig. 2. The inch-worm motion principle.

Inertial-drive motion principle generally uses two tech-
niques: the stick-slip and the impact-drive techniques
[12]. For both, a saw-tooth voltage input is used. How-
ever, the difference lies in the mass in contact with the
support. For stick-slip systems, this mass is smaller than
the mass to be moved (Fig. 2-a) while it is greater
for impact drive systems (Fig. 2-b). The principle is
similar for the two techniques. Fig. 2-c presents a stick-
slip system made up of the body to be moved and two
microactuators. To obtain a step Az, a low slope voltage
is first applyed, afterwards the amplitude is brusquely
reset to zero. When repeating the sequence, the system
will move setp-by-step. Fig. 4 pictures a stick-slip microp-
ositioning system that can perform linear and angular
motions. Its resolution (step) ranges between 70nm and
200nm while its speed can reach 2mm/s in the linear
motion [13].

Because of the step-by-step behavior of inch-worm and
inertial-drive systems, it is possible to control them by
two modes.

o The coarse positioning: the system, which moves
step-by-step, is controlled to cover a large range of
displacement [14].

e The fine positioning: the system only works
within a step in order to achieve a very high accu-
racy. Classical controllers can be used for that [13].

It is also possible to combine the two modes of motion
by using only one synthesized controller [15][16][17].
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Fig. 3. The inertial-drive principles: (a) stick-slip, (b) impact-
drive.
Fig. 4. A stick-slip micropositioning system based that can

perform linear and angular motions on its support [13].

IV. THE NONLINEAR BEHAVIOR OF THE
MICROACTUATORS

Active materials, such as piezoelectric and Shape
Memory Alloy materials, exhibit nonlinearities when
used in certain conditions. These nonlinearities, which
are usually the hysteresis and the creep, indeniably in-
fluence the repeatability and the accuracy of the microac-
tuators. While the effects of these nonlinearities can be
efficiently rejected by using feedback controllers [18][19],
the lack of convenient sensors leads researchers to use
feedforward (or open-loop) controllers [20][21][22]. For



nanopositioning, a survey of recent control techniques
is illustrated in [23]. Fig. 5 pictures the hysteresis and
the creep of a piezoelectric cantilever dedicated to mi-
croassembly/and micromanipulation tasks. As shown in
the figure, the hysteresis is a characteristic in the input-
output transfer while the creep is defined as the drift that
appears when a constant input is applyed.
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Fig. 5. Nonlinear behavior of a piezoelectric cantilever dedicated
to micromanipulation/microassembly tasks [22].

V. THE NEED OF VISUAL FEEDBACK SYSTEMS

Because of the smallness of the objects, it is impossible
for a human operator to directly visualize the scene. This
is why camera-microscope-screen systems are usually
used in micromanipulation/microassembly tasks. They
permits a visual feedback furing a teleoperated task [25].
In some cases, a virtual reality technique is coupled
with camera-microscope-screen system in order to well
reconstruct the environment and the phenomena of the
microworld [26].

Camera-microscope systems are also of great interest
in automated micromanipulation/microasembly systems.
Indeed, these tasks are very sensitive to the environment,
especially to the dusts (whoses sizes are comparable to
the manipulated micro-objects), the air-flow, the humid-
ity and the temperature [27]. One solution is to use
a controlled environment station [28] but if a camera-
microscope system is present for visual feedback, it can
be used to complete the automation of the station. Many
algorithms and studies have been brought in this aim for

microworld applications [29][30]. Fig. 6 pictures a micro-
manipulation station equiped with a camera-microscope
system [31].

Fig. 6. A micromanipulation station equiped with a camera-
microscope system [31].

VI. THE HIGH SENSITIVITY TO NOISES AND
DISTURBANCES

Systems working in the microworld are known to be
very sensitive to noises and disturbances. Indeed, the
order of magnitude of the specified displacements (less
than 100pm) are similar to that of the displacement due
to noises/disturbances. They are often due to environ-
mental disturbances (thermal variation, vibration, air-
flow, humidity variation). As example, Fig. 7 illustrates
the significance of the noise in a recorded signal cor-
responding to the position of a micromanipulator and
using a strain gauge measurement [32]. In the reference,
the accuracy of the measured signal (nearly 3pm) is
considered to be bad whereas the specified accuracy
should be sub-micrometric. Hence, filtering techniques
have been used to improve the quality of the signal.
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Fig. 7. The significance of the noise in micromanipulators signals
[32].



TABLE 1

Sensor types currently used in many microworld applications.

overshoot

settling time

Sensor type Advantages

Drawbacks

Triangulation lasers
band pass

High precision and resolution, good

Quite expensive, large sizes, limited
measurement ranges.

Interferometers
and high range

Very high resolution, high accuracy

Very expensive, large sizes

Strain gages Reduced sizes, cheap

Fragile, noisy output signal

Integrated capacitive
nient sizes

High sensitivity, high precision, conve-

Nonlinear

Piezoelectric

High band pass, high precision

Nonlinear, no static measurements

Piezomagnetic

Nonlinear, dimensions

Image processing

Large measurement range

Expensive, bulky

VII. CONCLUSION

Many tasks in the microworld require very high perfor-
mances such as nanometric resolution, micro/nanometric
accuracy, millisecond response time, etc. To reach these
specifications, the use of convenient sensors is indispens-
able. But until now, sensors that have suitable sizes,
high accuracy and high dynamics do not exist neither
un industry nor in research. Table I resumes the sensors
used for the measurement of force and displacement in
many microworld applications.

The development of accurate, high band pass and eas-
ily integrable sensors needs to be developped. In parallel,
the research advances in control techniques design for
micro/nano-world has to be continued.
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Force control for nanohandling inside
Scanning Electron Microscopes

Daniel Jasper

Abstract— This work describes a new approach for measur-
ing the applied force during nanohandling operations making
use of a newly available position tracking technique. With
special target patterns structured on the tools, the applied
force can be measured using the scanning electron microscope
without requiring additional cabling. The concept is proven
by appying force to a carbon nanotube with a customized
electrothermal gripper. Furthermore, the exceptional update
rate and resolution of the sensor suggest that simple control
algorithms are sufficient to apply precise forces in the nN-range.

I. INTRODUCTION

In addition to reliable microrobot positioning [1], [2],
applying a controllable amount of force during a nanohan-
dling or -assembly operation is essential for the reliability
of the operation itself as well as the resulting product. E.g.,
excessive force generated by a nanogripper could damage
the handled object and thus make the resulting product
unusable. Insufficient force on the other hand can lead to
improper gripping and thus misalignment or loss of the
object. Integrating force sensors into micro- or nanotools,
however, is difficult. Due to the required small size, possible
force sensing mechanisms such as piezoresistive feedback
are noisy, have a limited dynamic range, could be influenced
if hit by the electron beam of a scanning electron microscope
(SEM) and require tedious wiring.

Due to the required visual feedback, most nanoscale
operations are currently performed in an SEM. With the
approach presented in [3], it is possible to obtain highly
dynamic position information using the SEM as position
sensor. Simultaneously tracking a fixed point and the end
of a well-known bending structure such as a cantilever or a
gripper jaw, the applied force can also be measured with a
high update rate and high resolution. Thus, it is possible to
integrate precise force sensors into virtually every nanotool
used for SEM-based nanohandling without complicating the
tool’s manufacturing process or requiring additional cabling.

This works describes the implementation of the SEM-
based position tracking approach and the first prototype of
a force-sensing gripper. First results obtained with this grip-
per are presented. Preliminary tests with an electrothermal
microgripper handling a multi-walled carbon nanotube have
shown that a simple PID controller is sufficient to control
the exerted force. The patterns required for position tracking
could easily be created on the gripper using electron beam-
induced deposition [5]. A comparison to a cantilever with
piezoresistive readout has shown the approach’s advantages
in terms of noise and accuracy.

II. IMPLEMENTATION

In order to effectively utilize the approach described in
[3], a custom scan generator was required. A scan generator
actuates the scanning coils of the SEM with two analog
voltages and captures the detectors signal. The newly built
scan generator allows for a real-time scan of arbitrary lines
and thus offers the flexibility to move the electron beam with
the exact pattern required for tracking multiple target patterns
with a very high update rate.

The scan generator was built using a field programmable
gate array (FPGA) for the digital signal generation. Thus,
it can quickly be adapted to changing requirements of the
tracking algorithm. The digital signals are then converted
using high-speed digital-to-analog converters (DACs). The
output of the SEM’s detector is digitized using a high-speed
analog-to-digital converter (ADC) and fed back into the
FPGA for further evaluation. Currently, all of the acquired
data is then sent to a PC, but it will also be possible
to perform the calculation of the tracking algorithm using
dedicated hardware on the FPGA in order to improve the
performance and response time.

In comparison to the tracking algorithm described in [3], a
simplified scanning pattern was used (see Fig. 1). Basically,
just one horizontal and one vertical line scan are used to
determine a pattern’s position. There are two downsides to
this approach. Firstly, only the x- and y-position of the
pattern can be calculated, the rotational degree of freedom
is not measured. Secondly, because the pattern is not contin-
uous, the electron beam needs to perform rapid movements
leading to a short delay for beam settling. The downsides
are not critical for force measurements. The tracked pattern,
however, can be simplified to a single circular area, which
can easily be created using point-shaped electron beam-
induced depositions (EBiD). Several of these point-shaped
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Fig. 1. Simplified scanning pattern to position of a circular target.
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Fig. 2. Force-sensing gripper with applied EBiD patterns.

depositions are created on the tips of an electrothermal
microgripper [4] as shown in Fig. 2. For force measurements,
the patterns (1) and (2) are used. With the additional pattern
(3), the current gripper opening can be monitored.

Pattern (1) was applied to a gripper jaw that is attached
to the silicon substrate with a rectangular silicon beam of
150x5x4 yum3. The spring constant k for this cantilever can
be calculated with:

E w-h?
4

with Young’s modulus E (approx. 169 GPa for silicon),
width w, height i and length [. Pattern (2) is applied to a
rigid structure also connected to the silicon substrate and
can thus be used as a fixed reference. The bending of the
cantilever can now simply be monitored be measuring the
distance of the two patterns.

k ~ 4 N/m,

III. RESULTS

As a first characterization measurement, the tip of a multi-
walled carbon nanotube (CNT) was pushed against the force-
sensing gripper jaw (see Fig. 3). The measured distance of
the two reference points can be seen in Fig. 4. In 1 um steps,
the CNT was increasingly bent against the gripper until it
flipped to the other side (one step after Fig. 3b). Then the
same movement was preformed into the opposite direction.
As can be seen, the measured force increased linearly with
a maximum displacement of the gripper jaw by 12nm.
Using the spring constant derived above, this corresponds

Fig. 3. Pushing a CNT against a gripper jaw: a) unloaded and b) maximum
force before flipping to the other side.
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Fig. 4. Force measurements when pushing a CNT against a gripper jaw.

to approximately 60 nN. The noise on the measured value is
roughly 2nm corresponding to 8nN for the given silicon
beam. However, several tradeoffs have to be considered.
Firstly, there is a tradeoff between speed and resolution.
In order to get the noise level down to 2nm, a 10-fold
average filter was used. Thus, the update rate of a sensor
with that resolution is limited to 100Hz. Using the full
update rate of 1kHz leads to approximately 10 nm resolution
(40nN). Secondly, the stiffness of the silicon beam has to be
chosen carefully. If it is too soft, the gripper cannot generate
sufficient force, while the resolution is limited, if it is too
hard.

IV. CONCLUSION

This work proves the concept of a new approach to force
control. Firstly, a custom scan generator can be used to track
small patterns generated using EBiD. The tracking exhibits
a high update rate (up to 1kHz) with high resolution (down
to 2nm). Differentially measuring two of such patterns on
a known structure, force measurements can be conducted.
Thereby, nanotools can be enhanced with force sensors
without the need of cabling. The resolution obtained with
the first prototype was 8 nN but can be enhanced using softer
bending structures.
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Controlled Optical Trapping for Nanoparticles

Jason J. Gorman, Member, IEEE, Thomas W. LeBrun, and Arvind Balijepalli,

Abstract— Optical trapping is a technique in which optical
forces are used to manipulate particles ranging in diameter
from 20 pm to 20 nm. It has been used extensively in biophysics
research, including the characterization of the mechanical
properties of DNA, as well as in the measurement of physical
properties of nanoparticles. Controlling the position of a
trapped particle when performing measurements such as these
is critical to their success, where positioning resolution on the
order of nanometers is typically required. However, Brownian
motion caused by the thermal interaction between the
surrounding medium and the trapped particle limits the open-
loop positioning resolution, thereby necessitating the use of
feedback control. This presentation will examine the closed-
loop control of optically trapped nanoparticles for the
suppression of Brownian motion. An overview of several
control schemes will be presented including a method which
minimizes Brownian motion while limiting the maximum
control activity. Experimental control results demonstrate a 73
% reduction in the maximum amplitude for the Brownian
motion of an optically trapped silica sphere with a diameter of
0.97 pm over a range between 10 Hz and 6.4 kHz.

I. INTRODUCTION

PTICAL trapping is a technique in which focused light,

typically from a laser, is used to impart forces on
microscopic objects, providing an efficient method for
localizing and manipulating particles with dimensions from
20 um to 20 nm. The single-beam gradient force optical
trap, which is the most common approach for optical
trapping and is also the approach discussed in this
presentation, was first reported by Ashkin et al. [1]. Since
then, a number of variations on this approach have been
developed for specific applications in biophysics, colloidal
science, and nanotechnology (see Visscher, Gross, and
Block [2], Ashkin [3], and Grier [4] for an overview). In
particular, optical trapping has been critical in the
measurement of force and displacement characteristics of
motor proteins in various biological processes [5-8].

One limitation in utilizing optical trapping in many
applications is the Brownian motion exhibited by a particle
within an optical trap. An optical trap can be approximately
modeled as a potential well with finite depth. A particle
inside the trap experiences thermal noise due to constant
bombardment by the molecules that comprise the fluid,
resulting in random motion of the trapped particle.
Furthermore, if the thermal energy of the particle is large
enough, the particle will reach the top of the potential well
and escape from the trap. The Brownian motion of the

J. J. Gorman®, T. W. LeBrun, and A. Balijepalli are with the
Manufacturing Engineering Laboratory, National Institute of Standards and
Technology, Gaithersburg, MD 20899 USA (“corresponding author, e-mail:
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particle inside the trap limits the precision at which
biophysical measurements can be made and nanoscale
structures can be assembled.

Interestingly, control systems have been a part of optical
trapping research since the early stages of development, as
seen in the optical levitation experiments by Ashkin and
Dziedzic [9]. Other researchers have followed suit in their
integration of control systems and optical trapping, resulting
in several variations on controlled optical trapping [5-8],
[10]-[17]. However, with the exception of Simmons et al.
[10], the presented controllers do not have the necessary
bandwidth to suppress Brownian motion at a useful level
over the entire bandwidth of the particle motion.
Furthermore, the control theoretic aspects of this problem
have only been considered by Ranaweera and Bamieh [13],
[15] and Wulff, Cole, and Clark [14], [16], [17].

In this extended abstract, a closed-loop control approach
for optical trapping which can dramatically reduce this
limitation by suppressing the Brownian motion within the
frequency band of interest in many trapping experiments is
discussed (for further details see [18, 19].) Additional
modeling and control approaches will also be presented as
part of the “Control Issues in the Micro/Nano-World”
workshop.

II. SYSTEM DESCRIPTION

A schematic of an optically trapped particle is shown in
Fig. 1. When the optical forces (scattering and gradient
forces) are balanced, the particle has an equilibrium position
located near the focal spot of the trapping laser. The particle
can be manipulated in the XY plane by scanning the trapping
laser, thereby changing the position of the focal spot. The
trapping force can be modeled as a nonlinear spring that
connects the particle to the trap position. Therefore, when
the trap moves, the particle will also move. The control
approach described here uses this interaction to impart
forces on the trapped particle in order suppress the particle’s
Brownian motion.

A block diagram representation of the dynamics along the
x axis for an optically trapped particle is shown in Fig. 2 (the
y axis dynamics are similar). The position of the trap, x,
directly influences the position of the particle, x. In this case,
X, is controlled using an acousto-optic deflector (AOD),
which can scan the trap laser with a bandwidth up to 30
kHz. A controllable function generator provides a radio
frequency (RF) signal proportional to the desired scan angle
of the AOD, which is then amplified and supplied to the
AOD. The dynamics of this scanning hardware can be
neglected in the bandwidth of interest, and can be modeled
by a simple proportional gain.
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Fig. 1 Diagram of an optically trapped particle. The gradient forces, F,,
push the particle to the center of the trap while the scattering forces, F,
push the particle along the optical axis. When the gradient forces are greater
than the scattering forces the trap is stable.
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Fig. 2 Block diagram of the trapping instrumentation

The position of the particle is measured in the XY plane
using back focal plane detection (see [2]). This is a laser-
based method that images the particle onto a quadrant
photodiode, and can measure the position of the particle
with nanometer resolution. The output of this sensing system
is a voltage proportional to position. Returning to Fig. 2, it
can be seen that the frequency command input to the
function generator, u,, is the control input, and the detection
system signal, v,, is the system output. The goal of the
control design discussed in the next section is to suppress
the particle Brownian motion by closing the loop between
these two variables.

III. CONTROL DESIGN

The closed-loop control diagram for this system is shown
in Fig. 3, where r, is the desired particle position (usually
zero), I', is the thermal noise input, G,(s) and G,(s) represent
the dynamics of the trapped particle, and G.(s) is the
controller. In this case, an analog proportional-integral-
derivative (PID) controller is used with gains K, K;, and K,
respectively. Using a linearized first-order model of the
trapped particle, and the PID controller, the transfer function
between I', and x can be written as

bs
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Fig. 3 Block diagram of closed-loop system

where a, a , and b are system parameters. The main goal of
the controller design is to maximize the suppression of
Brownian motion, both in terms of the maximum amplitude
and the root mean squared (rms) motion. The H,, and H,
norms of Eqn. (1) provide these two parameters,
respectively. They have been calculated analytically, such
that
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From Eqn. (2), it is clear that the maximum amplitude of the
Brownian motion can only be reduced by increasing K,
However, from Eqn. (3), it is shown that the rms Brownian
motion can be reduced by increasing either K, or K, As
would be expected, the integral control action does not
reduce the motion caused by thermal noise. These results
provide a clear method for tuning the control gains to
suppress Brownian motion. However, nonlinearities not
considered in the analysis can cause instabilities when the
gains are set too high.

IV. EXPERIMENTAL RESULTS

The controller discussed in the previous section was
implemented on a custom optical trapping instrument and
was used to trap 0.97 um diameter silica particles. The
optical power of the trapping laser during these experiments
was 130 mW. A number of different gain combinations were
tested and the power spectra for the output of the position
detection system were recorded. From these power spectra,
the maximum amplitude (~ H,) and rms motion (~ H,) of
the trapped particle were calculated. These results are shown
in Table I, and the power spectra for P and PD control are
shown in Figs. 4 and 5.

These results confirm the analysis from Eqns. (2) and (3).
The maximum amplitude of Brownian motion does decrease
with increasing K, as seen in Fig. 4. Additionally, K, can be
used to reduce the rms motion compared to a proportional
controller (see Fig. 5). The PD controller results in a 73 %
reduction in the maximum amplitude for the Brownian



Table T
H, and H, norms of particle Brownian motion for various PID gains
Case Gains "erx " ||Gr)_x )
1 Open Loop 0.0282 0.0395
2 K,=16 0.0109 0.0286
3 K, =100 0.0115 0.0267
4 K,=13.6 0.0090 0.0248
5 K,=19.6 0.0077  0.0220
6 K,=100,K,=35" 00119  0.0232
7 K, =19.6,K;=2000 0.0077  0.0242

— Open-Loop
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Fig. 4 Proportional control: Brownian motion amplitude for several values
of K,

——Open-Loop
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Fig. 5 Comparison between proportional (P) and proportional-derivative
(PD) controllers

motion over a frequency range between 10 Hz and 6.4 kHz.
These results demonstrate the effectiveness of closed-loop
optical trapping when the controller is designed to have
sufficient bandwidth to counteract the thermal noise. In the
presentation, other control approaches that utilize additional
control inputs, including the laser power, will also be
discussed. Additionally, the effects of using different beam
steering and modulation hardware on the closed-loop
dynamics will be addressed.
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Precision-Driven Hybrid Control for 3D Microassembly

Dan O. Popa, Aditya N. Das

Abstract— In recent years, several research groups around
the world have demonstrated 3D assembly and manipulation
tasks in the micro and nano domain, performed semi-
autonomously or autonomously with the help of precision
robots. Notable applications include the assembly of MEMS
and NEMS sensors and actuators, micro and nano robots, and
biological samples. In virtually all cases, research has focused
on the feasibility of using top-down automation to perform the
required tasks with the required precision. However, the type
of control strategy employed in such cases is both part-specific,
as well as assembly station specific, and does not take into
account important quality factors that are routinely employed
macro domain automation. In recent work, we introduced
quantitative metrics (the High-Yield Assembly Condition,
HYAC), leading to rules for selection of precision robots in
microassembly cells (Resolution-Repeatability-Accuracy Rules,
RRA). In this presentation, we make use of such metrics and
rules to formulate a precision-adjusted hybrid controller. The
controller is used as a decision framework to select efficient
control strategies during microassembly. We will present
several benchmark simulations and experimental examples
indicating that the use of such a controller can lead to high
yields, faster speeds, and to the use of fewer sensors during top-
down automated microassembly.

1. MICROSCALE ASSEMBLY

NLIKE semiconductor integrated circuits (ICs), newer

microsystems combine sensors, actuators, mechanical
structures, electronics, and optics on a single substrate. In
such a diversified system, heterogenecous manipulation of
components become unavoidable as structural complexity of
MEMS grows. In an effort to find a solution to reduced
yields and speeds in manufacturing at the micro-scale,
research initiated in 1990s has sought to understand top-
down aspects of micromanipulation, sensor-based precision
control of robots, self alignment effects using compliant
micro structure designs, and so on.

Several papers describe and classify the architecture and
algorithms used in high precision robotic cells for the
purpose of directed microscale assembly [1-6]. Multi-scale
assembly methods can be classified based on throughput
(serial or parallel), deliberate intervention (deterministic or
stochastic), type of end-effectors (contact, non-contact) or
level of human intervention (manual, teleoperated or
automated). Many examples of the use of microgrippers to
manipulate compliant microparts can be found, including

Manuscript received March 1, 2009. The authors are with Automation
and Robotics Research Institute, The University of Texas at Arlington, TX,
USA. (e-mail: popa@uta.edu)

passive grippers [3], thermally, electrostatic, or piezoelectric
actuated microgrippers [7], the use of adhesive forces for
micromanipulation [8], or active surface manipulators [9].

Out-of-plane manipulation of micro-sized parts using high
precision robots offers flexibility to integrate different
materials, have comparatively simpler design and smaller
real-estate, and use reconfigurable modular structures.
However automated microassembly also requires adressing
control and planning related challenges [13]. Higher volume
production of miniaturized devices requires the successful
operation at required throughput and yield across multiple
scales of tolerance, part dimension and workspace
limitations.

In this presentation we focus on the supervisory control of
automated deterministic serial microassembly. Typically,
sequential microassembly requires a high precision
micromanipulator and motion control; either by off-line
programming with calibration or by on-line sensory
feedback control. The later can be accomplished via a
microscope or a force sensor integrated with the gripper, or
both. However, the price paid in assembly speed is
considerable, resulting in low assembly throughputs. On the
other hand, open loop control does not necessarily ensure
high assembly yields, especially in case of complex and
sequential processes.

A hybrid controller is proposed to take advantages of both
precision control methods. The use of hybrid control is a
widely adopted in macro scale for a variety of control
applications [10, 11], but relatively few applications use it at
small scales, with the notable exceptions of vibration
suppression [12]. We present experimental results indicating
that the hybrid controller achieves 35% more accuracy than
pure open loop control, while the assembly throughput is
60% faster that pure closed-loop control.

II. MICROSCALE ASSEMBLY

A. Microspecrometer Assembly with u?

Manufacturing of a complex and heterogeneous
microsystem involves several steps such as design,
fabrication, assembly, packaging, testing etc. Generally
these processes are established in a highly unrelated manner,
but this can lead to low yields later on. Whereas at the
macro scales, automation is often undertaken after, and often
benchmarked against manual assembly, deterministic
automation at the MEMS scale requires a more holistic
approach. This means that the designs of the assembly cell,
part and end-effectors should be considered simultaneously,



and that by doing so, we can automate assembly operations
in a realistic manner by ensuring higher process yield, lower
cycle time and lesser sensor overhead.

As a case study for the proposed controller we consider the
automated assembly of a microspectrometer, a complex
MOEMS (micro-opto-electo-mechanical-systems) sensor for
wide range spectrum analysis and gas detection applications
[14].

A microrobotic system - “4°” has been configured at
ARRI’s Texas Microfactory Labs to carry out general
microassembly tasks (Figure 1). It consists of three robotic
manipulators with 19 DOF, four high magnification
microscopes to provide stereo vision for tele-operated as
well as visual servoing [15].

Figure 1: 1* microassembly system at ARRI’s Texas microfactory 7

Automated microassembly of the microspectrometer using
the 4’ poses unique challenges, because multiple
heterogeneous micro-components need to be assembled with
a tight mechanical as well as optical alignment. Compliant
part and socket designs are used to snap-fit several 2%D
silicon MEMS parts onto the substrate. The microparts are
fabricated on SOI (silicon-on-insulator) wafers using DRIE
(deep-reaction-ion-etching).

As seen in figure 2, automated assembly of the
microspectrometer using z° involves: (i) grasping of four
MEMS part from the parts die using passive jammer, (ii)
maneuvering the parts through collision free paths planned
by the path planner, (iii) releasing the parts onto their
designated compliant sockets on the device die. Additionally
two spherical lenses and one beamsplitter cube are also
aligned and assembled on the device die. To ensure high
yield we formulate an assemblability criterion and
categorize various uncertainties that are associated with
microparts and fixtures throughout the microassembly
process.

B. High-Yield-Assembly-Condition (HYAC)

Assume that a microassembly process ‘P’, carried out to
assemble a specific microsystem. ‘P’, can be further divided
into individual subtasks P; P,..., P, where ‘n’ is the

14

number of continuous operations involving a single robot, a
single part or a single tool:

P=3F. (1)
i=1

Figure 2: 3D rendering of assembly configuration of microspectrometer; (a)
vitual p* robotic assembly setup (b) close-up view of the micropart (mirrors,
grippers, lens holders) and device dies (assembly sockets), (c) diagram of
assembled 22D MEMS parts and off-the-shelf optical components on the
spectrometer substrate. (d) Actual microspectrometer assembly [14]

Success of the designated assembly process can be
represented as:

n
SR =18(P), @)
i=1
where ‘S’ is the success factor of the assembly/bonding
process (a Boolean value). From equation (2) it can be
inferred that the manufacturing success requires all subtasks
to succeed.



We can treat subtasks ‘P;’ as a combination of two types
of positioning operations at the microscale: controllable and
uncontrollable. Controllable operations ‘P;"’ refer to spatial
manipulation of components using robots. This type of
manipulation will be considered to be actively controllable
within certain tolerance bounds with Gaussian statistics.

On the other hand, uncontrollable operations ‘P,~b ’ refer to
change in component position based on the material
properties and interaction forces at the microscale. Friction
based interference fitting, pneumatic grasping, surface
tension, capillary stiction, adhesive bonding etc are some of
the examples of uncontrollable operations. They depend on
surface properties of the microparts and can act both in favor
and against the assembly. We assume such operations to be
uncontrollable in the sense that the assembly system will not
actively correct their errors. However the effects can be
predicted through appropriate models, and can be neglected
in certain instances (for instance if passive grippers and
snap-fastener connectors are used) [16].

Given a particular assembly task with allowable tolerance
distribution ¢,°, and the error distributions in locating part
and robot positioning given as o, and a5 respectively, 99%
of yield in assembly can be ensured if:

0'12>0'22+0'32 . (3)

The assembly tolerance distribution ¢,° originates from
the design of parts and joints as well as errors in fabrication
steps. During assembly, parts and fixtures need to be located
accurately to deploy the inverse kinematic model for the
robotic manipulators. Locating a fixture depends on the
workspace identification and sensor precision, errors in
which contribute to part error distribution ¢,°. And finally
the robotic links and joints in the manipulator work within a
certain accuracy which is affected by motion profile and
travel distance. Additionally resolution of a robotic
manipulator also factors in correct positioning of the end-
effector. Error distributions in these precision parameters of
the robotic manipulator jointly constitute the positioning
error 032_ There are other factors affecting the yield of
microassembly such as dynamics of the robots, effect of
contact sensing etc. However, for sufficiently quasi-static
conditions for the robots and for non-contact sensors such as
vision sensors, we will limit the governing factors for high
yield assembly to the above three distributions.

In the High Yield Assembly Condition (HYAC), all error
distributions are assumed to be Gaussian, and a step-through
description for calculating the variances of equation (3) can
be found in [18]. The HYAC is therefore a quantitative way
to predict or evaluate the individual success factor ‘S’ of
assembly. Therefore, in equation (2) S = / if HYAC is true,
and S = 0 if HYAC is false for a specific assembly subtask.
Furthermore, note that in the inequality for HYAC:

i. o/’ is “measurable” but not “correctable”.

ii. ‘%’ is “measurable” and “correctable” in some cases,

but this requires additional sensors or better fixtures.
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iii. ‘o5’ is both “measurable” and “correctable”;
assuming the robot precision can be improved
through control.

In the next sections, the goal of hybrid control will be to
satisfy the HYAC and consequently make § = 1. A
controller will be chosen such that ‘cy’’ is minimized,
depending on the complexity of the assembly task.

C. Repeatability-Resolution-Accuracy (RRA) rules

The complexity index (CI) of a subtask, denoted as ‘Q’, is
defined as a binary value used to classify an assembly
subtask as high-yield or low-yield based on associated robot
and sensor precisions as well as allowed assembly tolerance
budget. A high-yield subtask is executed with faster open
loop control, while a low-yield subtask is carried out with
more accurate active feedback closed loop control. Denote:
B Sgn(d22 + 632 — 0-12) (4)

2 .

The precision metrics for the robotic manipulators such as
accuracy, repeatability and resolution will determine the
values of the complexity index for individual subtasks. First,
we slightly redefine conventional precision metrics as
follows:

Accuracy. The robotic system is commanded to place the
end-effector at a designated position in 3D-space which may
involve translation and/or rotation in R®. A fixed sensor (an
optical microscope, in this case) is used to determine the
error between actual and desired position of the end-
effector. The error distribution with respect to the sensor
gives the measure for accuracy, o,

Repeatability: The robotic system has been commanded
to place the end-effector alternatively between two
predefined but arbitrary points in 3D-space (corresponding
to two respective joint coordinate vectors) one of which is
measured through a sensor. The error distribution with
respect to the sensor gives the measure for repeatbility, o,

Resolution: We define the resolution of the manipulator
system as the minimum increment that the manipulator can
execute, 0,4

In a hybrid microassembly system, the assembly tasks can
be accomplished by a control structure that will be selected
among the following cases:

e Controller 1 (open-loop, uncalibrated): A nominal

model, robot control using joint sensing only.

e Controller 2 (open-loop, calibrated): A calibrated

model, robot control using joint sensing only.

e Controller 3 (closed-loop): Robot control using a

heteroceptive sensor and a robot-sensor model.

In [17], we formulated a set of simple decision rules for
selecting appropriate controllers that can accomplish
microassemblies with a high yield guarantees. The so called
Resolution-Repeatability-Accuracy (RRA) rules state that:

Qo) = 1



1. Select controller 1 only when Q(O'm,) =1..
2. Select controller 2 only when €)(0,,,) =1.

3. Select controller 3 only when (o, ) =1.
III. HYBRID CONTROL FOR MICROASSEMBLY

The complexity index ‘Q’ is used for control loop
selection during execution. The hybrid control diagram is
shown in figure 3. The state space model shown in figure 5
is a modified version of standard output feedback control
system. In the modified model the feedback ‘K’ is selectable
through the complexity index ‘@2’ by introducing it as an
input along with ‘7(n)’, which is the “precision-adjusted”
path-planning input.

Figure 3: Precision adjusted hybrid controller for microassembly

The new input to the system is represented as;
nl=[rln] Qln]l", (15)
where ‘Q’ is the complexity index. The simplified discrete
state space model is given as follows:
x[n+1]= (4 - BQ[n]K)C )x[n] + Br|n]
yn]=cxln]

In equation (16) Q = 0 reduces the control to open loop
and Q = 1 selects the closed loop control.

The precision adjusted hybrid controller has been
implemented in real time for microspectrometer assembly
and some of the experimental results are shown in this
section. First, we examined for cycle time in the
microassembly. Two cases are considered;

i.  Open-loop control case, using 3-point calibration, in
which the cycle time is the sum of [calibration time]
& [distance/speed of robot].

ii. Closed-loop control case using a visual servoing
scheme in which the cycle time is the sum of
[Jacobian identification time] & [servo time].

The in open-loop, the cruising speed of the robot was kept
uniform at 1mm/s which would take, on an average, 40s to
50s to pick up a MEMS part from the parts die and assemble
it on the device die (as shown in figure 2) through pure open
loop control. If we add the time for calibration, which takes
around 50 to 60 seconds, the open loop controlled assembly
can be done within 90 to 100 seconds which is reasonably
good.

However, in actuality, open loop control does not provide
enough accuracy for longer/complex paths and alignments
with tight tolerances. We examined for the efficiency of the
hybrid controller in terms of overall accuracy and process

(16)
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time, as shown in figure 4. The motion has been executed
using (i) open loop — calibrated control, (ii) closed loop
control and (iii) proposed hybrid controller. As seen in
figure 4, for 10 actual assembly attempts of micromirrors
using each of the three control structures, the hybrid
controller gives 35% better accuracy than the open loop
controller, while its throughput is 60% faster than a closed-
loop controller.

Typical value for the assembly tolerance ‘o;” was 3.3um.
6 out of 10 assembly attempts failed in the open loop case,
where as the hybrid control managed to achieve a higher
accuracy and thus succeeded in assembling all 10
microparts. Closed loop control also succeeded in
assembling all 10 parts however it took a much longer long
time (2.5 slower).

Comparison of accuracy in different control structures

I I
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— <= Closed loop control
Open loop control

N

[}
T
1
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[ ]
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Figure 4: Comparative analysis of precision adjusted hybrid controller with
open loop and closed loop control (results from 10 microassembly attempts
in each case are shown)

IV. CONCLUSION AND FUTURE WORK

Manufacturing of microsystems can be approached either
through monolithic fabrication methods or through
microassembly. Although stochastic microassembly can
theoretically achieve much larger throughputs within small
time in comparison to serial deterministic assembly, it is
difficult to use it to construct complex, 3D devices. On the
other hand, serial microassembly can, but it requires careful
tuning to improve the assembly yield and throughput



simultaneously. In this paper, we propose a precision
adjusted hybrid controller in order to improve the yield and
speed of microassembly. The assembly complexity is used
to dynamically select an open or closed loop control mode
via a hybrid controller. Several experiments conducted for
the assembly of a microspectrometer, show that the hybrid
control provides 35% more accuracy than open loop control,
while the throughput is 60% higher than closed loop control.

Future work include further characterization and
refinement of the controller, including formal performance
guarantees, and a study of tradeoffs between real-time
change in tolerances, cycle time and yield, and dynamic
reconfiguration of the system for other microassembly tasks.
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Towards the mechanical and control-oriented optimization of
micromechatronic systems for robust control

Mathieu Grossard, Nicolas Chaillet, Mehdi Boukallel, Arnaud Hubert and Christine Rotinat-Libersa

Abstract— This work presents a new method developed for
the optimal design of piezoactive compliant micromechanisms.
It is based on a flexible building block method, called FlexIn,
which uses an evolutionary approach, to optimize a truss-
like planar structure made of passive and active building
blocks, made of piezoelectric material. An electromechanical
approach, based on a mixed finite element formulation, is used
to establish the model of the active piezoelectric blocks. From
the first design step, in addition to conventional mechanical
criteria, innovative control-based metrics can be considered
in the optimization procedure to fit the open-loop frequency
response of the synthesized mechanisms. In particular, these
criteria have been drawn here to optimize modal controllability
and observability of the system, which is particularly interesting
when considering control of flexible structures. Then, a planar
monolithic compliant micro-actuator has been synthesized using
FlexIn and prototyped. Finally, simulations and experimental
tests of the FlexIn optimally synthetized device demonstrate
the interests of the proposed optimization method for the
design of micro-actuators, microrobots, and more generally for
adaptronic structures.

Index Terms— Actuator design, balanced gramian, compli-
ant mechanisms, controllability, microgripper, microrobotics,
observability, piezoelectricity, topology optimization, vibrations
control.

I. INTRODUCTION

N many applications including Micro Electro Mechanical

Systems (MEMS) [1], [2], [3], [53] smart structures [4],
[5], [54] surgical tools [6], [7], etc, compliant mechanisms
have already been used. They are single-body, elastic
continua flexible structures, that deliver the desired motion
by undergoing elastic deformation, as opposed to jointed
rigid body motions of conventional mechanisms. When
considering small scale systems (e.g. for microrobotics use),
there are many advantages of compliant mechanisms.

To improve such active compliant micromechanisms
performances, it can be useful to optimize them from
the first designing step, taking into account versatile
microrobotic criteria [19] . A global systematic design
approach is presented in this paper, where topology
optimization of the piezoactive structure, as well as that of
its frequency response, is used to design compliant smart
mechanisms. This method is based on the flexible building
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block method called FlexIn ("Flexible Innovation"). It
considers a planar compliant mechanism as an assembly of
both passive and piezoactive compliant building blocks, and
uses a multi-objective genetic algorithm to optimize these
structures. To complete the panel of purely mechanical
criteria, innovative control-based metrics have been newly
proposed in FlexIn. These criteria are useful tools to ensure
the efficient control of the flexible structures afterwards.

Firstly, we will briefly review the underlying idea of
the FlexIn methodology for the optimal design of smart
compliant mechanisms.Secondly, a topology design strategy
is drawn to take into account, in the optimization algorithm,
accurate model-reduction and control of flexible structures.
In addition to purely static mechanical criteria, two new
control-oriented metrics are simultaneously used to optimally
synthesize a compliant piezoactuator.

II. FLEXIN: A COMPLIANT MECHANISM STOCHASTIC
DESIGN METHODOLOGY

We briefly present the flexible building block method,
which has been implemented for the optimal design of
micromechanical planar mechanisms in a software called
FlexIn (developed with M atlab®). It uses a multi-objective
evolutionary algorithm approach for the optimal design of
smart compliant mechanisms made of an assembly of ele-
mentary passive and active compliant building blocks, chosen
in two specific libraries. Detailed descriptions of the method
can also be found in [27], [28], [29], [30], [31].

A. Compliant building blocks

Two libraries of compliant elements in limited number are
proposed in FlexIn. These bases are composed respectively
of 36 passive and 19 piezoactive block elements, made of
beams assembly (Fig.1). They are sufficient to build a high
variety of topologies.

B. Principles of the method and design parameters

The purpose of FlexIn is to optimally design realistic
compliant structures. The specification of a planar compliant
mechanism problem considers specific boundary conditions:
fixed frame location, input (actuators), contacts and output
(end-effector). Different types of actuation principles can be
used: either external or internal force/displacement actuators
defined at particular nodes of the mesh [28], or integrated
piezoactive elements taken from the active library above [29],
[31]. The design method consists of searching for an optimal
distribution of allowed passive and active building blocks,
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Fig. 1. Passive (black) and piezoactive (grey) libraries of compliant building
blocks, for planar compliant mechanisms synthesis using FlexIn.

as well as for the optimal set of structural parameters and
materials, in order to obtain relevant monolithic compliant
structures. The location of fixed nodes, contacts, and that
of the actuators and/or piezoactuated blocks can also be
considered as optimization parameters.

C. Multi-criteria genetic algorithm

Many fitness functions are available in FlexIn, thus allow-
ing the optimal synthesis of devices within a wide schedule
of conditions.

« Several static mechanical fitness can be specified for the
optimization problem: free displacement and blocking
force at the output port, geometric advantage (GA)
i.e. ratio between output and input strokes, mechanical
advantage (MA) i.e. ratio between output and input
forces, etc.

e Various dynamic control-oriented metrics have been
newly implemented in FlexIn to meet specific control
requirements for microrobotics devices [26]. Obviously,
the design strategy depends on the metrics chosen,
which must be based on the real needs for the device
use.

D. Electro-mechanical FE model of the piezoelectric struc-
tures

1) Elementary piezoelectric beam: In FlexIn, it is as-
sumed that the compliant mechanisms are undergoing struc-
tural deformations, mainly due to the in-plane bending of the
beams constituting the blocks. Thus, the models of the blocks
are obtained considering Navier-Bernoulli beam type finite
elements. Structural parameters of each rectangular block
are height, width and thickness. Material characteristics of
each block are parameterized by Young’s modulus, Poisson’s
ratio, yield strength, density, and piezoelectric coefficients for
the piezoactive blocks. To allow the calculation of different
optimization criteria, FlexIn uses the FE model of each
block of the libraries. To obtain the FE formulation of
the piezoelectric blocks, a model of a piezoelectric beam
is first needed. We consider that the piezoceramic beams
constituting the blocks are perfectly bonded to electrodes at
their lower and upper faces (Fig.2). Exploiting the transverse
effect of piezoelectricity, longitudinal deformation S1; along
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L dimension is generated under the transverse electric field
Es.

34 92
Electrode qjl L L
I &
| Ny -
oy
[ b

+ Polarization

2 /h/x

PZT

&

Fig. 2. Thickness-polarized piezoelectric beam transducer with electroded
surfaces, and orientation in the material reference frame (e1,e2,e3). ¢1
and 2 denotes the electric potential of the electrodes.

2) Calculation of the active block FE model matrices:
The active blocks present some various topologies, as shown
in (Fig.1). Their advantage is that they can furnish multiple
coupled degrees of freedom (dofs), thus generating more
complex movements with only one building block. The mass,
stiffness and electromechanical coupling matrices of each
piezoactuated block are obtained by the assembly of mass,
stiffness and electromechanical coupling matrices of beams,
which are expressed in the global coordinate system.

3) FE model of piezoeletric structures: The mass, stiff-
ness and electromechanical coupling matrices of each block
are calculated numerically, considering every combination of
the discrete values allowed for the structural optimization
variables, i.e. material and size of the blocks. Thus, the
calculation of the different matrices of each valued-block
is done one time only at the beginning of the optimal design
problem (before running the genetic algorithm), which saves
running time.

During the optimization, candidate structures are generated
by the genetic algorithm. The conservative dynamic be-
haviour of a structure is described through its mass, stiffness
and electromechanical coupling matrices, obtained by the
assembly of the matrices of all the blocks constituting the
structure. This assembly is done during the optimisation
process at each generation and for each individual.

III. USEFUL MEASURES FOR EVALUATION OF
INPUT-OUTPUT TRANSFER PERFORMANCES OF FLEXIBLE
SYSTEMS

A. New criteria for control-oriented design of compliant
structures with FlexIn

The two significant design tasks in flexible structure
control are the identification of the dominant modes to
build an appropriate reduced model, and the control strategy
design.

1) Reduced model: Since the dynamic model of a flexible
structure is characterized by a large number of resonant
modes, accurate identification of all the dominant system



dynamics often leads to very high order model. Thus, a
model reduction is required.

In FlexIn, a first criterion has been drawn to optimize
the reduced-model accuracy of the systems, while limiting
spillover effects. Given a set of structures to optimize,
the optimal structures are chosen as the ones guaranteeing
the highest joint controllability and observability for all
the modes in the bandwidth of interest, while providing
the minimum joint controllability and observability of the
neglected modes (Fig.3). This criterion will enable the rise
of structures with accurate reduced model, based on a few
highly dominant modes, allowing the easy identification and
computation of state model.
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Fig. 3. Desired form of the open-loop FRF.

2) A pseudo-collocated active structure: There are a
number of difficulties associated with the control of flexible
structures (amongst them, variable resonance frequencies and
highly resonant dynamics).

For some specific class of flexible structures, which can be
modeled as collocated resonant systems, active damping con-
trollers (PPF, IFF....) have proven to offer greater robustness,
performance, and ease of implementation relatively to tra-
ditional techniques. They are often focused on damping the
dominant modes [40]. Although the flexible structures rarely
present natural collocated designs, an other optimization
criterion, based on the modal expansion of SISO systems
transfer function, has been established in FlexIn to force the
structures to have an actuator/sensor collocated behaviour in
terms of frequency response function (Fig.4).
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Fig. 4. Poles (x) and zeros (o) locations of a collocated system: (a)
undamped, (b) lightly damped (Figure is symmetric towards Real axis).

These two new criteria, when used simultaneously, provide
a great deal of information concerning the closed-loop device
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performances that are achievable with this particular open-
loop frequency configurations. In FlexIn, an evaluation func-
tion was implemented to be used in the optimization process
in order to obtain systems designs with collocated type
open-loop transfer function, forcing the resonances (poles)
and antiresonances (zeros) alternating in the reduced model.
Inspired by [40] and [46], these criteria concern all the modes
contained in the frequency spectrum of the first £ dominant
modes, where the alternative is desired. (In our application
case k is set to 2.)

B. Multiobjective optimal synthesis of a monolithic compli-
ant piezoactuator

The concepts presented previously have been applied to
the design of a microgripper actuator, considering a multi-
criteria optimization problem, with both static mechanical
(stroke and force at the output node of the structure) and
the two new control-oriented fitnesses.

Actuation electrodes
patterns
(hefu/right arms)

Fig. 5. 3D CAD model of the piezoeletric device with top face electrode
patterns. Viery (resp. Viign¢) is the controlled input for actuating the left
(resp. right) arm.

Fig. 6. Photo of the prototyped piezoelectric monolithic device, obtained
by laser cutting and made of a single piezoelectric material PIC151 from
PI Piezo Ceramic Technology [48]

From the set of pseudo-optimal solutions generated by
FlexIn, one solution, whose topology is presented on Fig.5
and Fig.6, is studied here in more details. Actually, active
blocks are those which will be bonded with electrodes,
exploiting the inverse piezoelectric effect, while passive



blocks will be made in the same piezoelectric material but
without electrodes. When actuated under 100V, the gripper
produces high stroke 6, = +10.69um and blocking force
F, = 0.84N at the fingertip. Morevover, its frequency
response function shape is the one intended (Fig.7) : the
authority control on the two first resonant modes is more im-
portant than the following modes, and alternating pole/zero
pattern is preserved in that spectrum of interest.

80,
o

» l\/\\‘\w .
100 r"”\}v\r\ _

Magnitude

-150)

-200'

w0 s w 19
Froquancy iHzi

' w w 10 0
Freauency (Hz

Fig. 7. Bode diagram of the structure between input (voltage u, in V') and
output (deflexion d., in pm) simulated by FlexIn.

IV. CONCLUSIONS

A new concept of optimal design method for smart com-
pliant mechanisms has been presented. This method, called
FlexIn, can consider a smart compliant mechanism as an
assembly of passive and active compliant building blocks
made of PZT, so that actuators are really integrated in the
structure.

Complex multi-objective design problems can be solved
by FlexIn, taking advantage of versatile criteria to synthesize
high performance microrobotic flexible mechanisms designs.
In addition to classical mechanical criteria, currently en-
countered in topology optimization (i.e. force and displace-
ment maximization), FlexIn considers now simultaneously
efficient control-based criteria.
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Robust Vision-Guided Multi-probe Microassembly

John Wason and John T. Wen
Center for Automation Technologies & Systems (CATS)
Rensselaer Polytechnic Institute
Troy, NY 12180

Abstract—In this workshop presentation, we will present
the control algorithm development and experimental results
for the 3D assembly of sub-millimeter parts using multiple
sharp probes and vision feedback. Current approaches to
microassembly emulates macroassembly strategies by using
micro-grippers to handle parts and sometimes force sensors
to guide insertion. However, grippers and force sensors are
fragile. The ability to manipulate parts is further constrained
by the limited range of motion of micro-robotic manipulators.
We will show that the probe based approach is more robust and
versatile to handle micro-parts. With vision feedback, repeat-
able and reliable 3D part manipulation has been achieved. Our
experimental testbed consists of two 6-DOF actuated probes,
an actuated die stage, and vision feedback. The kinematic
relationships for the probes, die stage, and part manipulation
are calibrated for kinematics-based planning and control. The
effect of adhesion forces on probe-part and part-stage contacts
is investigated in order to achieve grasp stability and robust part
manipulation. Vision routines are developed to allow features
to be located in three dimensional space through stereo vision.
By combining pre-planned manipulation sequences and vision-
based manipulation, repeatable spatial (in contrast to planar)
manipulation and insertion of a sub-millimeter part has been
shown.

I. INTRODUCTION

Modern silicon fabrication technologies have provided the
ability to create electro-mechanical devices at the micro-scale
using techniques originally designed for the fabrication of
integrated circuits. While the understanding of the behavior
of these devices has advanced significantly, a reliable method
for assembling parts still does not exist [1]. Currently, most
devices are designed to be monolithic, and do not require
assembly. This approach has made significant advances, but
the resulting monolithic devices are severely limited in func-
tionality when compared to spatial devices that have been
assembled from multiple parts. This research investigates
the possibility of spatial microassembly using multiple sharp
probes instead of using grippers or other exotic methods such
as probabilistic assembly or electric force fields. The initial
problem posed was to simply insert a small (sub-millimeter)
part into a slot. The part needs to be lifted, rotated out of
plane, and inserted. Figure 1 shows a photo of the part before
it is picked up and after it has been inserted. This simple
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task is intended to be a first step toward assembling complex
spatial structures involving multiple parts.

Previous work on microassembly has primarily focused
on the use of micro-grippers. Unfortunately, the parts being
handled adhered to the manipulators even after they were
opened. This is because the physical effects that are im-
portant on the macro scale, such as friction, gravity, and
inertia, become insignificant on the micro scale compared
to a set of adhesion forces. These forces are thought to
consist of electrostatic attraction, Van der Waals force, and
fluidic forces [2]. Micro-grippers also demonstrated poor
performance due to their fragility. They are made out of
exotic materials such as bimorph metals or piezoelectric
ceramics [2], or are silicon MEMS devices themselves [3].
Contact force and alignment have to be tightly controlled,
or the manipulator can be damaged. These two main issues
have limited the adoption of micro-gripper based assembly
techniques.

Several examples of microassembly techniques not utiliz-
ing micro-grippers have been investigated. These techniques
include electrostatic fields [4], chop-stick like microhands



[5], random self assembly [6], and simple contact manipu-
lators that include probes and flat surfaces [7], [8]. These
manipulation strategies attempt to overcome the inherent
difficulty of using MEMS actuators to achieve part manipu-
lation. The assembly method described in this paper belongs
to the simple contact class of manipulation techniques. Two
actuated sharp-tip (10 pm diameter) probes and a stationary
probe are used to achieve spatial assembly of MEMS parts.

The overall goal of our research is to demonstrate the
feasibility of using the proposed 3-probe system to produce
a flexible and robust microassembly workcell. Because of
the inherent limitations on fabrication and design techniques
of MEMS devices, the resulting technique will need to be
tolerant of deviations of the source materials and errors that
occur during the assembly itself. The resulting system will
also have to capable of being quickly adapted to different
assembly tasks; design iteration and evolution occurs rapidly
in the fast paced production environment of microfabrication.
The single part insertion task described in this talk is
intended to be a first iteration proof of concept that part
handling with sharp-tip probes is an effective means to satisfy
these goals.

II. VISION

The primary means of feedback for our microassembly
system is image processing based machine vision. The vision
feedback system is based on two high-resolution feedback
camera augmented with stepper motors to provide automated
zoom capabilities. One camera is configured as an over-
head camera, while another camera provides a side view
approximately 20 degrees off horizontal. The two cameras
are calibrated to each other by perturbing the die and locating
reference marks. By using the two cameras it is possible to
locate a 3D point anywhere in the workspace.

The use of vision feedback instead of other sensing
technologies used in previous work has many advantages.
The primary advantages of vision sensing are robustness,
the richness of information, low cost, and lack of hysteresis.
Vision systems are robust in that they are easily handled.
Other sensors have shown to be extremely fragile — even a
minute amount of force can cause damage to or destruction
of the device. Vision sensing provides a complete view of
the workspace and has the potential to provide extensive
information on the state of the system. The cameras in use
on the system are low cost but provide resolution below a
micron. Finally, there is no hysteresis in the vision system.
Force sensors tend to have a large amount of hysteresis, or
can be affected by motion.

Feature detection of items on the die has not been straight-
forward due to the scale of the items being identified. Small
dust particles tend to collect on the surface and have a wide
statistical variation. The dust is unavoidable, as breaking the
parts free from the tethers generates debris that adheres to
the surfaces. This debris triggers standard feature detectors,
reducing their effectiveness. Instead, a template matching
scheme is employed that is based on the direct convolution
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method that is often used in this type of problem. Templates

are initialized from knowledge of the shape of the item
being tracked and are rotated and convoluted to determine
the best match. The convolution is done through the use
of Fast Fourier Transform, and rotation is accomplished
by regenerating the template from the template definition
information.

III. INSERTION PROCESS

The single part microinsertion task considered in this
research is intended to be an iterative step toward multiple
part microassembly. A silicon part measuring 300x300x25
micrometers is shaped to fit vertically into a slot as shown
in Figure 1. The microassembly system needs to grasp and
lift the part off of a flat surface on which the part is lying
and then rotate it out of plane to the vertical position. Once
rotated, the part is aligned with a slot and inserted. An
automated insertion process has been developed utilizing
vision feedback. The part is initially placed on the die surface
manually by the operator. The rest of the insertion process
including part location, grasping, manipulation, insertion,
and release are all fully automated. The manipulation has
shown to be very robust. With the current system an entire
insertion process takes around 8 minutes, but this can be
reduced by the use of faster cameras and image processing
software. Figure 2 shows snapshots of the insertion process.
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pre-aligned (g) Part inserted
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Fast and Precise Micropipette Positioning System based on
Continuous Camera-Robot Recalibration and Visual Servoing

Leonardo S. Mattos and Darwin G. Caldwell
Italian Institute of Technology

Abstract— Micro-biomanipulations rely on fine motion
control and precise tool positioning for the execution of delicate
operations on biological structures. Appropriate control is
typically enabled by the use of micromanipulators; however,
manual execution of biomanipulations is difficult, requiring
extensive operator training (up to 1 year) and meticulous work
under fatiguing conditions. Automation can be an alternative
to improve such operations. In this case, challenges such as
interface design, system integration, acquisition of feedback
data, and the design of control systems have to be dealt with.
Here we address a new strategy to deal with the later problem,
proposing the creation of a fast and precise pipette positioning
system based on continuous recalibration of mapping functions
and visual servoing. Trials show this system effectively
eliminates precision problems related to tool position drifts and
robot speed limitations imposed by vision systems.

EXTENDED ABSTRACT

ICRO-biomanipulation typically deals with the

positioning, injection and delivery of foreign material
into microscopic and very delicate biological structures,
such as cells and early embryos. These structures often have
dimensions smaller than 100um, although large variations
exist between different cell types or different kinds of
embryos. Nevertheless, the standard biomanipulation tools
are glass pipettes with fine tips, which are attached to
microinjectors that provide precise fluid control. Due to the
very small size and transparency of biological structures,
biomanipulations are performed under inverted microscopes
with special optics and high magnifications (e.g. up to

400x). In addition, tool positioning is controlled through
micromanipulators, =~ which  are = mechanical/electro-
mechanical devices that scale down the operator’s

commands, offering control resolution compatible with the
structures being manipulated.

The common  characteristic ~ between  different
biomanipulation operations is that they all require very
precise pipette positioning and high motion resolution.
These can be achieved manually wusing modern
micromanipulators; however, the operations are still
difficult, requiring meticulous control, long biomanipulation
sessions and extensive operator training, e.g., typically 2-
hours long microinjection sessions and up to one year of
training for the case of embryo microinjections [1].
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Fig. 1. Block diagram of the micropipette positioning system.

Therefore, robotics may provide a solution to increase the
speed, consistency and efficiency of the operations. At the
same time, robotic techniques can reduce the training time
for new operators. For example, experiments with a
teleoperated system developed for the injection of stem cells
into early mice embryos have shown that previously
untrained operators were able within three microinjection
sessions (6 hours) to achieved success rates comparable to

that attained by experienced manual microinjection
operators [2].
Process automation can offer further benefits.

Automation can produce fast biomanipulation systems,
enabling batch operations with high-throughput, high
consistency and high efficiency [3]. In addition, automated
systems can nowadays be built from high-end commercial
equipment, including high-precision motorized
micromanipulators and motorized microscopes, which are
generally flexible and applicable to a number of different
operations [4]. However, challenges have to be overcome
before actually implementing a successful automated
biomanipulation system.

The first challenge for automation in this area consists of
the design and development of interfaces for the integration
and control of the biomanipulation equipment [5]. Then,
there is the need to obtain feedback information for
automatic control, which calls for a robust vision system
capable of recognizing the biological structures and the
micromanipulation tools [6][7][8]. Finally, there is the
problem of actually controlling the biomanipulation system
using the obtained feedback. This has traditionally been
solved through visual servoing systems [7][9][10] or through
the definition of mapping functions from the image space to
the task space [11][12][13]. Here we concentrate in this
later problem, i.e., in creating a new strategy for fast and
precise control of the micromanipulation robot.
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Fig. 2. Tool position drift observed during 75 minutes. The
micromanipulator was turned off during this experiment and the data labels
show the room temperature in Celsius.

Visual servoing enables very precise tool positioning with
sub-pixel resolution in image space. However, it is totally
dependent on image processing algorithms, which should
provide the motion controller with the coordinates of tools
and targets. Errors in the localization algorithms can
produce erroneous (and potentially disastrous) robot motion
commands, so they should be minimized. This is a difficult
task due to noise and occlusions observed in a typical
biomanipulation scenario. In addition, the processing of
high-definition video images is computationally expensive,
so small search windows are used to speed up the
computations. This “trick” can result in limitations on the
maximum allowable robot speed, which may be kept low to
ensure the tool does not leave the search window between
consecutive video frames. Maximum robot speed may also
be limited to allow for proper imaging of the tool since fast
motions cause its image to become blurred. Therefore, our
first goal in this research was to augment a traditional visual
servoing system to enable fast motions, while maintaining its
positioning precision and the robustness of the image
processing algorithms.

The use of mapping functions between coordinate frames
is another method that can be wused to automate
biomanipulations. In this case, target coordinates defined in
image space are transformed into task-space coordinates,
which are then wused for “blind” control of the
micromanipulation tool. This method does not suffer from
processing limitations, but it requires meticulous calibration
of the camera-robot system [13][14] or the experimental
definition of a look-up table relating both coordinate frames
[12]. However, drifts in tool position can affect even the
most precise calibration or look-up table. These may be
caused by temperature variations, mechanical vibrations, or
by step miscounting on encoderless joints driven by stepper
motors. For example, our system suffered from tool position
drifts, as Fig. 2 shows. Hence, the second goal of this
research was to develop a strategy to compensate for the
effect of drifts in the system and enable fast “blind” robot
positioning based on the camera-robot mapping functions.

The proposed strategy for creating a fast and precise
pipette positioning system consisted of combining the two

Commands
FFeedback

Fig. 3. Control program interface and the biomanipulation setup.

techniques described above, as shown in Fig. 1. In our
system, fast motions were achieved through camera-robot
mapping, and precise positioning was realized by visual
servoing.  This effectively eliminated the robot speed
limitations imposed by the image processing system while
maintaining the precision and robustness of the visual
servoing system.

The micromanipulation system used in this research was a
conventional biomanipulation setup similar to those
currently in use at many neuroscience research laboratories.
It included an inverted microscope (Leica DMI6000B), a
high-definition video camera (AVT Guppy F-080C), two
motorized micromanipulators (Eppendorf TransferMan
NK2) and a desktop computer for remote control of all
system devices. A picture of the system is shown in Fig. 3
and more details about its configuration can be found in [4].

Here, the camera-robot mapping was initially estimated
through a quick and simple calibration procedure, which
involved requesting the user to click on the tool tip seen on
the live video for five different robot locations.
Computation time was kept low by assuming zero image
distortion by the system optics and perfect parallelism
between the camera plane and the robot’s X-Y plane.
Therefore, the mapping was approximated to a coordinate
transformation between 2-D spaces, simplifying the
determination of the translations, rotations and scaling
factors required to map points between the two frames. The
average positioning error resulting from the use of this
mapping was measured to be 5.65um over 300 targets
defined in a 400um x 300pm area. In this case the
maximum robot speed was set to its peak value, i.e.
7500um/s, and the achieved positioning speed was 48
targets/minute.

In addition to enabling very fast positioning, the camera-
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Fig. 4. Evaluation of the final system’s tool positioning precision.
Measurements were based on 300 targets defined within a 400pm x 300pum
area. In this case, the system precision was set to +2 pixels on both X and
Y axes and the resulting average positioning error was 2.02 pixels
(0.81pum).

robot calibration was also used for defining a small search
window for tool localizations on the video images. In this
case, robot coordinates obtained from the controller where
mapped to the image space and used as the center point of
the tool search window. This new strategy helped to speed-
up tool localizations by limiting the pipette search to a
guaranteed region of interest (gROI). It also eliminated
gross localization errors due to noise or false matches on
other objects in the images, thus increasing the robustness of
the vision system.

The implemented tool localization algorithm was based on
cross-correlation template matching. Its output was used as
the feedback information for a visual servoing system, which
provided precise tool positioning using a PID (proportional-
integral-derivative) control loop. This controller was tuned
for stable operation throughout the entire field of view of the
camera, presenting a 2.6s rise time, 3.2s settling time, and a
maximum observed over-shoot of 2.4%. Experiments with
this tuned controller demonstrated an average positioning
speed of 8.4 targets/minute.

Visual servoing evaluation experiments over the same 300
targets defined within a 400pm x 300um area resulted in an
overall average positioning error of 0.84um. This error was
within the expected range for the given precision setting,
which considered the target reached when the position errors
on both X and Y axes were less than 2 pixels (or 0.8pum for
the specific magnification wused during the trials).
Additionally, this very small error makes the positioning
system appropriate to the manipulation of cells with
dimensions down to 10um.

Another use of the tool localization information gathered
from the vision system relates to solving the tool drift
problem observed in our system. In this case, tool
coordinates in image space (acquired from the vision
system) were paired to tool coordinates in task space
(acquired directly from the robot controller) to build up new
calibration data points. These points were then used for
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continuous online recalibration of the camera-robot mapping
parameters, which effectively eliminated the impact of tool
drift on the mapping precision.

The final system achieved its goals and realized fast and
precise pipette positioning by combining the use of camera-
robot mapping, continuous mapping recalibration, and visual
servoing.  System evaluation demonstrated an average
positioning speed of 13.4 targets/minute and an average
positioning error of 0.81um over the same 300 test targets
previously used (see Fig. 4). These results show that the
developed system was successful in making good use of the
fast motion capabilities of the micromanipulation robot
while maintaining the precision of visual servoing
techniques.
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Control of an Active Handheld Instrument for Microsurgery and
Micromanipulation
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Abstract—*Micron” is a fully handheld manipulator that
enhances accuracy in microsurgery and micromanipulation by
active compensation of the physiological hand tremor of the
user. To sense the motion of the device in six degrees of
freedom, a set of four LEDs is tracked by orthogonally placed
planar photodiodes. Three LEDs are affixed to the tip
manipulator, and the fourth is mounted on the tool handle,
which is also the base of the manipulator. The LEDs are pulsed
at different rates, and a frequency-domain multiplexing scheme
is used to track each light source separately with roughly
micron precision at 2000-Hz sampling. The sensory
information is used to enable feedback control of the tip
manipulator, which is a 3-dof parallel mechanism driven by
Thunder® piezoelectric actuators to provide accuracy
enhancement in a workspace approximately 0.6 mm x 3 mm x 3
mm.

I. INTRODUCTION

ECENT years have seen several approaches to

improvement of accuracy during retinal microsurgery,
including telerobotic systems [1, 2] and the steady-hand
approach [3, 4]. This paper presents a description of the
control system of “Micron,” an active handheld manipulator
designed to enhance accuracy in microsurgery and other
micromanipulation by compensation of the hand tremor of
the user.

II. SYSTEM DESCRIPTION

The major system components of Micron are the
handpiece/manipulator combination, custom driver and
signal conditioning electronics, two position-sensitive
detector (PSD) “cameras,” and a PC with data acquisition
cards and Labview real-time control software. Optical
measurement determines the six-degree-of-freedom pose of
the handgrip and tool. A feedback loop running at 2
kilosamples/sec servos the tool tip to a computed goal
position.

The Micron concept has demanding position measurement
requirements because low-latency, high-resolution position
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feedback is required for closed-loop control of the high-
bandwidth manipulator. The position measurement
subsystem optically tracks the pose of the tool and hand grip
at 2 kHz with micron resolution over a 4-cm workspace,
using two PSDs, signal conditioning electronics, infrared
light-emitting diodes (IR LEDs) and LED driver, a data
acquisition card, and signal processing software.

A PSD is a specialized large-area photodiode that makes
an analog position measurement of the centroid of a light
source. A lens focuses the IR light onto the PSD. A long-
pass IR filter excludes much ambient light, reducing
interference and shot noise. We refer to this lens/filter/PSD
combination as a camera, though it does not capture an
image. Each camera allows measurement of LED position
in two degrees of freedom. Each PSD measures multiple
LED positions simultaneously using frequency domain
multiplexing [5]. The LEDs are modulated at distinct
frequencies between 8 kHz and 20 kHz.

Two separate PSD cameras allow each light position to be
triangulated in three dimensions. The tool pose is recovered
from the positions of a triad of LEDs mounted on the tool
holder. The handle pose is reconstructed from the tool pose
using only one additional LED mounted on the handle. This
can be done because the manipulator has only three degrees
of freedom.

The piezoelectric actuators require high voltage (-240 V
to 480 V) but minimal current (1 mA peak). They are driven
by a custom bidirectional current source. Driving by current
rather than voltage has two advantages: linearity and safety.
It has long been known [6] that hysteresis and nonlinearity
in piezoelectric actuators can be greatly reduced by
controlling the total charge stored in the actuator rather than
the applied voltage. Charge control schemes must provide
some way to keep the output voltage from drifting in the
inevitable presence of leakage currents and other errors. In
Micron this is achieved by a voltage feedback loop that
estimates the current error by slowly servoing the voltage
drift to zero.

The current handpiece houses the manipulator and LEDs
in a 50-mm diameter housing mounted on the front end of
the handgrip (Fig. 1). Although the present prototype is
bulkier than desired, the indented star-like shape of the
housing allows the tool to be held within 15 mm of the
microscope sightline without obstructing the operator’s
view. The grip itself contains only wiring. The LEDs are
visible through windows in the housing.



Fig. 1. Two views of the exterior housing of Micron, showing the handgrip
and the three-pointed star-shaped manipulator, with the four LEDs that are
used for optical tracking.

The manipulator has a 3DOF parallel configuration. The
requirements for the manipulator include high bandwidth,
accuracy to several microns, close to 1 mm axial range of
motion, 2-3 mm transverse range of motion, and
compactness sufficient to fit within a handheld tool. An
important enabling technology for the present prototype is a
unique piezoelectric bender actuator (Thunder TH-10R, Face
Technologies) that uses a laminated metal construction to
give a range of motion exceeding that of all-ceramic bender
(bimorph) actuators while generating newtons of force and
having a stiffness consistent with high control bandwidth.
Each leg of the manipulator consists of two actuators
mechanically connected in series in a face-to-face folded
configuration. Due to the actuator kinematics, this generates
approximately 600 microns of motion, which is three times
the range of motion of a single actuator. Each actuator
assembly is rigidly fixed to the base plate and connected to
the star-shaped output plate by a polypropylene
monofilament flexure. The flexure allows free motion of the
actuators and output plate, absorbing both bend and shear
displacements.

A flex-circuit is used to make the connections between
the cable and the electrical components. A clear bore
through the handgrip and manipulator allows end-effector
leads such as wires, tubes, and optical fibers to pass through
the handle.
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Fig. 3. Small-signal model including cancellation filter.
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Fig. 4. Frequency response of Micron active handheld accuracy

enhancement system.

The manipulator’s response, G(s), is relatively flat at low
frequencies, and is dominated by a resonance at 174 Hz (Fig.
2). With the present PID controller it is necessary to set the
loop bandwidth well below the resonance so that there is
adequate gain margin at the resonance. Although small
amounts of derivative gain help to stabilize the system at the
resonance, the system dynamics at and below the system
bandwidth (52 Hz) are dominated by the integral gain.

In the Micron active error compensation scenario, the
manipulator generates a motion which, added to the hand
tremor, D(s), comprises the overall tip motion, Y(s). The
controller, C(s), compensate for the manipulator dynamics,
G(s), in order to drive the tip to the desired position, R(s).

To generate the desired position for tremor suppression, a
low-pass filter is used, leading to the small-signal model
depicted in Fig. 3. Micron thus exhibits a band-stop
response (Fig. 4); of necessity, gain is unity at low
frequency, as the tip follows gross handle motion, and
reverts again to unity at high frequency, due to finite
cancellation bandwidth. The position of the low corner of
the stop-band is set by the cancellation filter, Q(s), according
to a tradeoff between tremor suppression and response time.
The high corner is set by the loop bandwidth, which is (as
noted above) determined by the highest integral gain
consistent with stability, set by the control algorithm and the
dynamics of the manipulator. This high corner is not
desirable, and pushing it to higher frequency is a goal of
future development.

A consideration for the use of the system is that the
frequency response is being introduced into the operator’s



eye-hand feedback loop, so the low frequency part of the
response affects the operator’s subjective “feel.” If the
response is too fast or poorly damped, it may feel twitchy or
bouncy.

The handle light position is used to generate the position
in world coordinates of the center of the workspace.
Because this is where the tip would be in a conventional
rigid tool this point is used as the nominal tip position,
which is then passed through the cancellation filter to give
the compensated goal position in world coordinates.

Although the true inverse kinematics is nonlinear, due to
the small angular deflection, a linear approximation works
well. The link lengths are set as commanded by the
controller output; then, on the next cycle, the resulting actual
position is again read by the optical tracker, closing the
feedback loop. This feedback minimizes all of the effects
that disturb the tip from the desired goal position: hand
tremor, inexact inverse kinematics, and contact forces
encountered by the manipulator.

The controller operates in the manipulator space,
primarily so that it can recover gracefully when the
manipulator saturates due to reaching the limit of its travel.
Manipulator saturation due to large rapid hand motion is a
significant problem in handheld experiments. Firstly, it
prevents error cancellation; secondly, it opens the feedback
loop, revealing undesirable dynamics, especially integrator
windup in the controller, C(s). This problem is a subject of
current research in the project.

III. RESULTS

Fig. 5 shows an example of the tremor suppression
performance of the system, comparing compensated and
uncompensated the measured frequency response of the
ASAP-micron system. In this case the user was attempting
to hold the tool motionless, so any tip motion is undesirable.
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Fig. 5. A sample of recorded hand tremor, both with and without
compensation. The tremor was played back through a P-611 NanoCube™
nanopositioner (Polytec PI) in place of the user’s hand, to allow repeated
testing.
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