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Abstract — Traditional force reflecting teleoperation focuses on master and slave systems
that have approximately the same workspace volume. This paper addresses force
reflecting teleoperation in which the workspace of the master is many orders of
magnitude greater than the workspace of the slave. In addition, the forces experienced in
the remote environment are one to two order of magnitude below human tactile
perception. The two primary contributions are a new approach to force reflecting
teleoperation which seamlessly transitions between position and velocity control and
experimentally measured assembly forces of micro gears. In addition, we introduce a

new approach to micro-force-guided assembly with preliminary results.

I. BACKGROUND

Micro-machines are machines that straddle the size range between
microelectromechanical system (MEMS) and conventional machines. Micro-machines
are not MEMS devices per se even though they may include MEMS components, or may
be fabricated in part using similar techniques (such as deep x-ray lighography (LIGA),
stereolithography, ion milling) [1]. Thus, micro-machines can take advantage of the best
of MEMS and conventional fabrication techniques. While there is a wide array of micro-
machining technologies that can produce sub-millimeter to micron sized parts, there is

presently no technology that provides automated or assisted 3-D assembly of machines
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based upon small parts [2]. Figure 1 shows the basic technologies available for
mechanical assembly. Manual labor is the preferred method of assembly when
production rates are low and part sizes are large. As demand increases, assembly
migrates towards automation. This general trend does not hold as parts sizes begin to fall
below the millimeter threshold. In this regime, assembly is based on manual labor
limiting the production rate as well as increasing cost. As part sizes reduce further into
the micron scale, manual assembly is not possible without the assistance of microscopes
and tweezers. Furthermore, no method of assembly exists as parts fall between the
micron and nanometer scale. Studies have shown that in a wide variety of industries,
assembly costs account for approximately 40 to 50 percent of the total production cost
[3]. This figure is expected to be dramatically higher for micro-machines where parts

are, in general, extremely inexpensive and labor and assembly time is high.
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Figure 1: Production rate related to scale

It can be formally shown that, as the parts scale down in size, the conventional
physics associated with mechanics and assembly break down [4]. Gravitational forces

become insignificant in comparison to surface and adhesion forces, making trivial tasks,
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such as picking up and releasing a part, impossible with traditional methods [5,6]. New
concepts and innovative approaches to micro-assembly are needed to provide rapid, cost
effective assembly of complex micro-machines. Self-assembly is clearly one of the more
impressive approaches to the construction of micro components but, so far, requires
formations of systems fabricated using the same technology [7]. The focus of this paper
is on the development of systems that are flexible in terms of the part selection and
technologically feasible today. We begin by focusing on human-assisted micro-
assembly. First, we describe a new approach to force reflecting micro-teleoperation.
Next, we describe the impact scale has on assembly forces. As an example, we provide
experimental results on the assembly of gears with sub-micron clearances. We conclude
with a description of a new approach to force guided micro-assembly with preliminary

results.

II. TELEOPERATOR CONTROL

One of the challenges associated with micro-teleoperation is the scaling between
the human hand and micro parts. Assembly of micro- and millimeter sized parts requires
fine position resolution, below the micron range. In addition, parts may be spread over a
relatively large surface area, such as a 20 cm diameter wafer. As with macro assembly,
force reflection is essential. In this section, we describe an approach to micro-
teleoperation that we have developed to overcome this disparity between relatively large

workspace volume and fine motion resolution with force reflection.
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Figure 3: Slave micro-manipulator

Figure 2: Master workspace

Figure 2 shows the master workspace for our micro-teleoperation system. There
are two video monitors: one showing an overview of the remote workspace and a second
showing a closeup of the task. The master robot is a Phantom haptic interface. The slave
micromanipulator is shown in Figure 3. There are two components to this system. The
first is a 3-axis table with a 50 cm x 50 cm x 10 cm workspace with 0.1 micron position
resolution. In addition, we have added a voice coil to the vertical axis to achieve higher
bandwidth and nanometer vertical positioning resolution. Motion scaling from the
human to the micro-teleoperator is presently 1000:1. Thus, 10 cm of motion by the
human results in 10 microns of motion on the slave. Likewise, force amplification from
the micro-environment permits normally undetectable forces to be experienced by the
operator. Part pick-up and release is achieved through controlling a vacuum across a
micro-tube attached to the end of the micro-manipulator. The end of this tube is visible
in Figure 4. Finally, a video microscope system provides 330x vision amplification to the
operator. One of the desired attributes of this system is that all of the components are

commercially available.
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In micro-assembly, there are conflicting requirements. Fine motion control with
force reflection is required to assemble parts. In our case, the clearance between gears
and posts, shown in Figure 4, is less than 1 micron. This is far below positioning
resolution of the hand so some form of motion de-amplification and force amplification is
required from human to machine. However, parts may be spread over a much larger area.
For example, parts from one wafer may need to be combined with parts from a second

wafer.

Figure 4: Micro-Gears

Fine motion control in teleoperation is generally achieved through position
control with de-amplification from the master to the slave. However, the higher the
resolution of the position control, the smaller the remote workspace. Clearly, there is a
trade-off here between fine position control and range of motion. Our objective is to
establish a teleoperation methodology that enables a seamless transition between position
control for fine motion control with velocity control to expand the reachable workspace.
The approach, shown in Figure 5, consists of constraining the master manipulator with a

compliant box.
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Figure 5: Teleoperation methodology

The vector X is the tip position of the master robot and A is the position amplification
from slave to master workspace. Clearly, inside the boundary of the virtual box (X, ), the
resistance felt by the operator (F, ) is the mass (M,) and viscous damping (B,) as well as

the remote force experienced by the slave robot (F,). However, when operating at the

boundaries of the virtual environment, there is an additional resistance due to the virtual

compliance (Ky).
ih = Mv).(_.m +Bv§m +Ais +%Kv (Sgn(im - i0) +1)(§m - i0) (1)

Equation (2) describes the position command to the slave robot (X, ).
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The vector X, is the position of the centroid of the box in the slave robot space. When

operating the master inside the virtual box, the centroid is stationary. The master robot

provides position commands to the slave with force reflection from the slave environment
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to the master. However, we introduce a new relationship between the deformation of the

virtual box and the centroid velocity (ic ), Equation (3).

X =%Kc (sen(x, - X)) +1)X,, - X,) (3)

C

The centroid of the box is stationary unless the box is deformed. As the operator deforms
the box, the centroid moves in the direction of the deformation and with a velocity
proportional to the deformation of the box. The gain, K., controls the velocity sensitivity
of the box velocity. Enclosing the master with a virtual box serves two purposes: first,
the virtual box provides a haptic constraint to the master workspace as well as a
mechanism for seamlessly transitioning between position and velocity control while
maintaining force reflection. So, it should be clear that the relationships between
Equations (1-3) provide a simple methodology to transition seamlessly between position
and velocity control while maintaining force reflection capabilities. To clarify, the box
acts somewhat like a natural indexing for teleoperation. Instead of indexing a
teleoperation system by pushing a button to disable commands to the slave and
reconfigure the master, the index is set by pushing around a virtual fixture.

Clearly, when operating inside the virtual box, the impedance model in Equation
(1) provides a direct correlation between the human force and the amplified environment
force. An interesting question is what occurs during contact with the remote environment
when the master robot is outside the virtual box, when the system is effectively in a
velocity control mode. By virtue of Equation (1), a constant human applied force on the

virtual wall produces a constant velocity for the centroid, X,. This constant centroid

velocity, commanded to the slave through Equation (2), effectively produces a reaction

force, when in contact with the environment, that integrates with time when applying a

-



Submitted to IEEE’s Transaction on Robotics and Automation

constant deformation to the virtual fixture. Thus, the spring of the virtual fixture provides
a force that is proportional to the master robot position while the compliant remote
environment will provide a force that integrates with respect to time. While not as
natural as the case in which operation is within the virtual box, contact can be established
and the centroid rapidly transitions to a point in which the environment constraint is

within the virtual box.

II1. DIRECT COMPARISON OF FORCES

In the previous section, we described an approach to force reflecting micro-teleoperation.
It is now advantageous to explore the impact scale has on forces experienced during
teleoperation and assembly. Of the mechanical forces, we consider the gravitational
force and compliance. For the latter case, we assumed that the stress in the material was
0.01% of the yield strength of the material. Of the molecular forces, we included
adhesion, van der Waals and electrostatic force with the contact condition. Further
details regarding the estimation of these forces are covered in the literature [8]. Figure 6
shows the resulting comparison of forces. It is clear that all of the forces decay with
decreasing size, some more rapidly than others. Clearly, gravity is the most sensitive
with a cubic relationship, followed by both compliance and electrostatic forces which
decay with the square of scale, with surface adhesion and van der Waals being the least
sensitive decaying with a linear relationship to scale. Above the millimeter range, gravity
and compliance are the dominant forces. However, below the millimeter range, van der
Waals and electrostatic interactions experience forces in the same order of magnitude as
gravitational loads and rapidly dominate at scales below the 10s of microns to

nanometers.
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Figure 6: Comparison of scale dependent forces
Figure 7: Measured assembly force
One of the primary interests in this research is the magnitude of the assembly force.
What is the dominant effect during assembly? Figure 7 shows preliminary experiments
on the assembly of millimeter sized gears. The experiment, inserting the gears onto their
complimentary posts, is a micro-version of the peg-in-the-hole problem. The hole
diameter is 500 microns with one micron of clearance. The gears, shown in Figure 4,
experience assembly forces in the 10’s of grams which is approximately in the same
order of magnitude as the compliance forces shown in Figure 6. In this range, forces are
rapidly approaching the limit of conventional force measuring sensing technology. In
addition, we have only accounted for a single direction of force. We will now show how
this technology can be extended by two orders of magnitude and multiple degrees of

freedom.

IV.FUTURE APPROACH: MICRO FORCE GUIDED ASSEMBLY

So far, we have only explored the vertical forces experienced during micro-assembly.
Conventional force guided assembly relies on the measurement of all forces and moments

experienced by the part during assembly. This generates a difficult problem when
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attempting to scale to micro-assembly. The size of the force transducer may be many
orders of magnitude greater than the size of the part. This makes it extremely difficult to
design a sensor that can exist between the part and the manipulator, further complicated if
additional sensors, such as vision or motion, are required as well. Recently, Asada
described a new approach to force guided assembly based upon measuring the correlation
between a displacement perturbation of the part and measured reaction force [9]. The
correlation function provides an equivalent stiffness matrix measurement. Traditionally,
this stiffness has been based upon computing the derivative of the measured interaction
force, which provides a very low signal to noise ratio. By shifting to a correlation
relationship between the displacement and force, the stiffness computation is composed
of an integration, as opposed to derivitive, operation subsequently providing a very stable
stiffness measurement. This approach has some attractive scaling possibilities in terms of
micro assembly. Fine positioning systems, such as piezoelectric and moving coil
actuators that are already in use on most micro assembly systems, generally have high
bandwidth and are ideal candidates for controlled displacement (in the sub micron to
nanometer range) at high frequency (from hundreds to kHz). One of the key issues is
whether the force sensors can detect extremely faint reaction forces (milli- to
micrograms). The wafer in Figure 4 that contains the gears and posts weighs
approximately 10 grams. Thus, it is quite feasible to have conventional 30-gram load
cells, distributed around the wafer as in Figure 8, bear the load of the wafer and external
assembly loads without saturating the sensors. From a packaging perspective, it is
exceedingly difficult to locate the sensor directly between the part and manipulator.

However, by locating the force sensors between the part and ground, we are no longer
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limited by the physical size of the sensor. However, there is still an issue regarding
sensitivity of the force sensors. In the experiments conducted so far, forces are near the
limit of conventional force measuring technology. In general, these sensors have a
sensitivity of 30 mg (or 0.1% full scale). Another issue is the discrimination between the
excitation force and external forces due to other stimuli such as random disturbance or

transient forces.
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Figure 8: Conceptual design of micro force measurement

An elegant solution to these limitations of conventional sensors is to exploit the harmonic
content of the excitation. Asada’s methodology for force guided assembly is based upon
establishing a periodic perturbation force. For micro-assembly, this force will likely be
in the milli- to micro-gram level. Our approach to measuring this harmonic perturbation
force is to use lock-in amplification techniques. Such an approach to signal processing
uses nonlinear feedback to “lock in” on a specific frequency of a signal. The output of
the amplifier is a signal proportional to the magnitude of the signal at a specific
frequency. Such approaches have found use in detection of amplitude modulated (AM)

signals, spectral synthesis, tracking Doppler shifted signals, LVDT signal conditioners,
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precision phase comparators to name a few [10]. It is quite possible to provide
amplification of a single tone, buried in random noise, in excess of 100 dB. So the
advantage of the lock-in amplifier is two-fold. First, the amplification will permit the
use of conventional strain based force measurement for milli- to microgram force levels.
Second, the lock-in amplifier will focus only on the single frequency content of the
perturbation, leaving the system immune to outside random disturbance forces.

To verify, we coupled a piezo actuator with a 30 gram load cell, shown in Figure
8. This experimental setup includes a high bandwidth, fine positioning piezo stack to
serve as the micro-manipulator, load cell, and a laser nanosensor. For force
measurements, the Transducer Techniques GSO-30 has a 30 gram load capacity and 360
Hz bandwidth. The laser nanosensor (LNS 18/60) has a range of 120 mm, 0.1 mm
resolution, 50kHz bandwidth, and 130mV/mm sensitivity. A piezo stack, P-244.40 from
Physik Instruments, has an unloaded stroke of 60 mm, 0.6 nm position resolution, and 5
kHz bandwidth. The LNS served as a redundant position/force measurement between the
actuator and load cell. For our series of experiments, the piezoelectric actuator had a
fixed frequency of 100 Hz. The amplitude was varied until the signal-to-noise ratio of
the lock-in amplifier dropped below 5. Figure 10 shows the results. The response of the
amplifier/load cell is quite linear. The lowest discernable signal from the output of the
lock in amplifier was 0.996 mg. This is an improvement by a factor of 30 over
conventional amplification techniques. Furthermore, this force sensitivity falls within our
micro- to milligram target force specification. The gain in our test case was 30,120. It is
possible with further refinements on the amplifier to increase this gain to over 100,000.

Furthermore, modifications to the configuration in Figure 7 could facilitate the use of
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more sensitive load cells, in the range of 10-gram full scale. The combination of these
two refinements suggests a sensitivity of approximately 0.1 mg. More importantly, the
configuration in Figure 8, coupled with the lock-in amplifier tuned to the perturbation
frequency, makes it possible to use a conventional device to accurately measure the full
force/moment reaction force due to assembly and use this information for force guided

assembly of micro components.

Force output signal from lock-in amplifier
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Figure 10: Force data from lock-in amplifier

Figure 9: Lock-in test setup

V. CONCLUSIONS

Miniaturization has introduced many new challenges to the robotics research community.
In this paper, we describe one approach to teleoperated assembly of miniature
components. One of the primary contributions is a new teleoperation methodology that
permits seamlessly transitioning between position and velocity control while maintaining
force reflection from the slave micro-manipulator to the master robot. While we have

focused on applications in the micro-assembly, this methodology is easily extended to
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macro systems. In addition, we provided experimental data correlating assembly forces
to the models published elsewhere in the literature. The assembly forces experienced in
this study is near the limit of conventional strain measurement technologies.
Furthermore, the physical size of the manipulation system makes it difficult to locate a
force measurement sensor at the manipulator/part interface. To address this issue, we
discuss the possibility of remotely measuring part interaction forces and the feasibility of
force guided assembly through a perturbation/correlation methodology coupled to lock-in
amplification. Future research is focusing on measuring the complimentary directions of
forces directed towards automated force guided assembly.
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