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Abstract

This paper investigates a new aspect of fine motion planning for the micro-domain. As parts approach 1-10 um or
less in outside dimensions, interactive forces such as van der Waals and electrostatic forces become major factors
which greatly change the assembly sequence and path plans. It has been experimentally shown [1]{2] that
assembly plans in the micro-domain are not reversible, motions required to pick up a part are not the reverse of
motions required to release a part. This paper develops the mathematics required to determine the goal regions for
pick up, holding, and release of a micro-sphere being handled by a rectangular tool.

1. Introduction

In recent years, the world economy has seen expansive market growth in the area of MEMS (Micro-Electro-
Mechanical Systems). It is predicted that the MEMS market could reach more than $34 billion by the year 2002.
Today, commercially available MEMS products include inkjet printer heads and accelerometers for airbags. These
products require little or no assembly because a monolithic integrated circuit process is used to develop the devices.
However, future MEMS products may not be so fortunate. Monolithic integration is not feasible when incompatible
processes, complex geometry, or different materials are involved. For these cases, new and extremely precise
micromanipulation capabilities will be required for successful product realization.

The robotics community has been investigating the technical issues associated with micromanipulation. At this
point, most precision assembly is performed using teleoperated robotic systems. For example, Miyazaki [1] and
Kayono [2] meticulously picked up 35 polymer particles (each 2 microns in diameter) and stacked them inside a
scanning electron microscope (SEM). Mitsuishi [3] developed a teleoperated, force-reflecting, micromachining
system under a SEM. On a larger scale, Zesch [4] used a vacuum gripper to pick up 100-micron diamond crystals
and deposit them to arbitrary locations. Sulzmann [5] teleoperated a microrobot using 3D computer graphics
(virtual reality) as the user interface.
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(a) (®)
Figure 1. Micro domain problems: (a) Part adheres to one finger when the gripper opens. (b) Pneumatic probes
require reversible pressure to “blow” the part away from the probe, thus releasing it.

As discussed by [6][7], the relative importance of the interactive forces in microassembly is very different from that
in the macro world. Gravity is almost negligible, while surface adhesion, electrostatic, and van der Waals forces
dominate. Figure 1 illustrates typical problems associated with manipulation in the micro domain. It is typically
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easy to pick up parts, but very difficult to release parts because of these interactive forces. To some extent these
problems can be reduced by cleaning parts and grounding contact surfaces. It may even be possible to design the
microgrippers such that these forces are reduced [6]. But these forces can not be neglected, and an assembly plan
must take these effects into account.

In the “lights out” micro-machine factory of the future, an engineer would develop a set of part and assembly
models in a CAD package, and a computer program would generate the required tooling, fixturing, assembly
sequence, path plan, and fine motion control parameters. Figure 2 shows the elements of a simple planning system.
Bidirectional arrows are used to denote feedback between the elements. This feedback may be implemented as
iterative trials from the search space of the task. More complex planning systems may have more interconnects
between elements, but for simplicity of illustration Figure 2 will suffice. After the engineer designs the components
and subassemblies, end-effectors and fixtures would be designed and then tested by an assembly planning module
which would test geometric constraints between the components, end-effectors, and fixtures. The resulting
assembly plan would be passed to a fine motion planning module which would modify the goal regions based on
limitations in sensing and control. Finally, this modified motion plan would be sent to a motion planning module
which would generate the final gross motions between goal and pre-image regions while avoiding obstacles in the
environment.
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Figure 2. Flow diagram of planning system for automated assembly of MEMS.

Much research has been performed in assembly and path planning for the macro world [18], and it would be
beneficial to directly apply this research where possible. In fact, the same flow diagram used in Figure 2 applies to
the macro-world. So which elements need to be modified for the micro-domain? We believe that the assembly and
motion planning modules in Figure 2 are unchanged in the micro-domain. The geometric constraints of the
assembly planner will apply to the micro-domain as well as the free space path planning of the motion planner.
However, fine motion planning and precise motion will differ from the macro-world cases, particularly when
contact is involved. For example, the interactive forces in the micro-domain cause an assembly sequence not to be
reversible. As pointed out in [1] (see Figure 3), reversing the motion used to pick up a part will generally not
release it. The specification of goals is different and must be correctly modeled. In this paper, we investigate how
motion planning changes based on the interactive forces in the micro-domain.

In the next section, we provide background on the interactive forces which affect fine motion planning in the micro-
domain. The following section uses these results to automatically generate a fine motion plan which is similar to
that which was generated by a human operator in [1]. The paper concludes with remarks and suggestions for future
research.
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Pick-up Release

Figure 3. In [1], the blunt end of a gold plated probe was used to pick up 2 micron diameter polymer particles and
stack them inside an SEM. To release the particles, the probe was moved so that the edge of the probe contacted
the particle, thus decreasing the contact area and reducing attractive forces.

2. Interactive Forces

In this section, we describe two dominant interactive forces in the micro-domain: van der Waals and electrostatic.
As mentioned in [6][7], surface tension also plays a dominant role in non-clean-room environments. In this paper,
we will assume that the parts to be assembled are clean and that the humidity is low enough that surface tension
effects can be neglected.

Throughout this section, we will consider the forces between a sphere and a rectangular block of different
dimensions. The sphere represents the object being picked up, and the block represents the tool used to pick up the
object. Previous works [6][7][8] have typically only considered the interactions between two spheres or between a
sphere and an infinite half space. Unfortunately, these simple models can not be used to explain the motion
sequence demonstrated in [1][2], where a tilting of the tool during part release is used to reduce the attractive forces
to the object. In this paper, we strive to understand how to model this interaction and how this model can be used to
plan assembly motions.

2.1. Van der Waals Force

Van der Waals (sometimes called London’s or dispersion) force is caused by a momentary dipole moment between
atoms resulting from interaction between electrons in the outermost bands rotating around the nucleus. This
moment exists even for atoms which do not contain a permanent polarization. While the average distribution of
electrons is uniformly distributed about the nucleus, the outermost electrons of one atom are inducing a dipole on
the other atoms which in turn induce a dipole on still more atoms. An easy-to-read overview of van der Waals
forces is given in [9].

The end result is that the interaction energy between two atoms or molecules is proportional to the inverse of the
sixth power of distance between the molecules.
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where 7 is the distance between the molecule centers and A is a constant. This constant depends on temperature
and material properties such as the distortion polarization, permanent dipole moment, and ionization energy.
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Figure 4. Notation for (a) two spheres, (b) sphere and half space.

Hamaker [10] computed the non-retarded interaction energy and force between two macroscopic spheres (see
Figure 4a). The energy of interaction between two particles containing » atoms per cm® is given by
2
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where V] and V3 are the volumes of the first and second particles. Integrating the volume of two spheres, Hamaker
found that the energy is given by
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where R, and R, are the radii of the two spheres, C is the distance between centers, and H = 72n? A is the

Hamaker constant. The subscript vdwoo stands for van der Waal between two spheres. The corresponding force
between two spheres is determined by taking the partial derivative with respect to C.
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By letting R, go to infinity, Hamaker also determined the non-retarded energy between a sphere and an infinite

half space. It is given by
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where d is the distance from the wall to the edge of the sphere. The subscript vadwo| stands for van der Waal
between a sphere and a half space. The corresponding force is
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As pointed out in [16], the energy of the approximation (1) changes from an inverse sixth to an inverse seventh
power law at separations greater than 10nm to 50nm. This retardation is explained when accounting for the time of
travel of the polarization field as it travels from one atom to the next. As the distance increases, the time of travel
approaches the lifetime of the instantaneous dipole of the original molecule. Instead of the induced fields being
additive, they become subtractive, and the energy and force of interaction is reduced. Lifshitz [11] first explained
this phenomena, and others have gone on to develop very detailed (and computationally intensive) models which
include this “screening” effect between dipoles [12-15].




While these more detailed models are more accurate, they are difficult to compute for more complex particle
shapes. Therefore, in this paper we have chosen to compute the non-retarded energy and force between a sphere
and a rectangular block. This provides an upper bound on the interaction forces which will exist in
experimentation. More importantly, this upper bound gives us a qualitative feel for how van der Waals forces
affects motion planning as described in the next section.
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Figure 5. Notation for computing van der Waals energy between a sphere of radius R] and a rectangular block
centered at (xp, Yo, Zo) and of dimensions (a, b, ¢). They direction at origin O is into the page.

The derivation of energy between a sphere and a rectangular block follows that of Hamaker [10]. The energy of a
particle p outside of the sphere is determined by integrating van der Waals energy inside the volume of the sphere
with respect to the coordinates of p (see Figure 5).
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where R is the radius of the sphere and R is the distance from the center of the sphere to particle p. For a 2 micron

diameter copper sphere, E,, changes versus distance (either radial or tangential) as shown in Figure 6. Notice how

energy decreases drastically versus radial distance as compared to the tangential distance. The same decrease in
energy is seen over a radial change of 10 Angstroms as is seen over a tangential change of 1000 Angstroms.
For 2 micron diameter sphere
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Figure 6. Van der Waals energy between a 2 micron diameter copper sphere and a copper atom. Hamaker's
constant for copper is 32.4676x1 0-20 J. The minimum distance between the sphere and the atom is 4 Angstroms.




The total energy between the sphere and a block is determined by integrating E , inside the block’s rectangular

volume.
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The subscript vdwob stands for van der Waal between a sphere and a block. This expression is a difficult integral
to evaluate symbolically, so we have opted to evaluate it numerically using Gauss-Legendre integration. Using 40
abscissa points, this integration is exact for all polynomials of degree 79 orless. The van der Waals force along the
X, ¥, and z axis is given by
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This triple integral is also computed numerically using Gauss-Legendre integration.
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Figure 7. Van der Waals force between a 2 micron diameter copper sphere and a 1 um3 copper rectangular block
as the block is moved radially away from the sphere. For copper, the Hamaker constant is H=32.4676x1 0-20
Joules.

Figure 7 shows the van der Waals force between a 2 micron diameter copper sphere and a 1 pm? copper block as the
block moves away from the sphere in the x direction. As a comparison, the van der Waals force between a sphere
and a half space as given in Equation (6) is also shown. Note that the van der Waals force between the sphere and




block is less than that between a sphere and half space when the two objects are touching. As the block moves away
from the sphere, the sphere/half space and sphere/block forces are approximately equal when the objects are very
close. As the block moves further away, the van der Waals forces for the sphere/block are less than for the
sphere/half space. These results are intuitively correct. It should also be noted that the gravitational force ona 2
micron diameter sphere of copper is 3.678093x10"” N. So the van der Waals force is the dominant force for
separations less than 0.5 microns.
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Figure 8. Van der Waals force between a 2 micron diameter copper sphere and a 1 um3 copper rectangular block
as the block is moved tangentially away from the sphere.

Figure 8 shows the van der Waals force between the sphere and the block as the block is translated tangentially to
the sphere in the z direction. Notice that the force remains relatively constant until the corner of the block reaches
the edge of the sphere. At this point the force is one-half of the force when the block is centered on the sphere. As
the block moves further along the tangential direction, the force decreases dramatically since the block is no longer
in contact with the sphere.

Van Der Waals Forces between Sphere and Block

van der Waals Force {micro-Newtons)

S 6 15 20 25 30 35 40 45
Angle between sphere and block edge (degrees)

Figure 9. Van der Waals force between a 2 micron diameter copper sphere and a 1 um3 copper rectangular block

as the block is rotated around the sphere.

Figure 9 shows the van der Waals force between the sphere and the block as the block is rotated with respect to the
sphere. This is computed by moving the block in the x and z directions simultaneously so that a corner of the block
is always touching the sphere (4 Angstroms away). Again, the force of interaction drops off as the block rotates to




45 degrees. From Figures 8-9, we can see that the minimum in-contact van der Waals force occurs when the block
is touching the sphere on it’s edge at 45 degrees. Because van der Waals force is very short range, this position of
minimum in-contact force changes very little as the dimensions of the block change. As will be seen in the path
planning section, this position of minimum in-contact force may be used to plan the release position of a grasp.

2.2 Electrostatic Force

Now let us look at the second interactive force: electrostatic. We will only consider the electrostatic force between
two conducting particles with a thin dielectric layer to insulate the two. As pointed out in [7], dielectric oxide layers
of up to 1nm are possible after several days in air at room temperature. Again, we will compute the forces between

a sphere and a rectangular block.
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Figure 10. Notation for computing electrostatic force between a sphere of radius R| and a rectangular block
centered at (Xo, Yo, 20) and of dimensions (a, b, ¢). They direction at origin O is into the page.
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For a conductor, the electric field inside of the sphere and the block will be zero, and all electrostatic charge will
reside on the surface (see Figure 10). Using Gauss’s law, it can be shown that the electric field between a particle p
and the sphere is given by [16]
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r is the distance from the center of the sphere to the particle, 7 is the unit vector from the center of the sphere to the
particle, R, is the radius of the sphere, o is the charge density of the sphere, and &, is the permittivity of air
(8.85x10"2 C%(Nm?)). The infinitesimal force on a charge on the block’s surface is given by

dF = E 0y da, 1)
where o, is the charge density of the block and da, is the infinitesimal area of the block’s surface.
The force in the x direction on the side of the block closest to the sphere (see Figure 10) is
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Similarly, the forces in the y and z directions on the side closest to the sphere are
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In these expressions, the inner integral can easily be integrated analytically, but the outer integral is more complex,
so it has been computed numerically. Similar expressions can be found for the forces exerted on the other five
sides of the block. The total forces are given by
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Figures 11 and 12 show the force of electrostatic attraction for a 2 micron diameter sphere and a 1 pm’ rectangular
block, both with surface charge densities of 25x10 C/m? As reported in [2], the breakdown strength of air is
limited to a maximum charge density of about 30x10 C/m? at atmospheric pressure. As the block moves away
from the sphere in the x and z directions, the electrostatic force decreases. Because of symmetry, the force in the y
direction is zero. Notice that the electrostatic force does not drop off as quickly as the van der Waals forces. This
is because the electrostatic force is a longer range force. Figure 13 shows the electrostatic force as the block is
rotated with respect to the sphere. Again, the force of interaction drops off as the block rotates to 45 degrees.
Similar to van der Waals forces, the minimum in-contact force occurs when the edge of the block is at 45 degrees to
the sphere. However, since electrostatics is a longer range force, the minimum in-contact force is not at 45 degrees
if the dimensions of the block change. For example, if the x dimension (a) is larger than the z dimension (c ), then
the minimum in-contact force will occur at less than 45 degrees.

These results will be used in the next section to determine the goal regions for picking up and releasing a sphere
with a rectangular block gripper. ‘ »
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Figure 11. Electrostatic force between a 2 micron diameter sphere and a 1 ,um3 rectangular block as the block is
moved radially away from the sphere. The surface charge density of both the sphere and block are 25x1 06 C/m2.

Minimum separation is 4 Angstroms.
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Figure 12. Electrostatic force between a 2 micron diameter copper sphere and a 1 pm3 copper rectangular block

as the block is moved tangentially away from the sphere. Minimum separation in the x direction is 4 Angstroms.
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Figure 13. Electrostatic force between a 2 micron diameter copper sphere and a 1 ,um3 copper rectangular block

as the block is rotated around the sphere. Minimum separation is 4 Angstroms.

3. Path Planning

Considerable research has been performed in motion planning and is summarized in [18]. As mentioned in the
introduction, we believe that much of the work developed for the macro-world will directly apply to the micro-
domain except where performing fine motion control. One example where macro-world fine motion planning is not
acceptable in the micro-domain is compliant motion. While [19-22] showed that compliant motion may be used to
expand the acceptable motion control uncertainty for peg-in-hole insertions and other placement tasks in the macro-
world, this is not desirable in the micro-domain. First, compliant motion in the micro-domain generates particles on
the rubbing surfaces which further complicate the assembly. Second, the friction cone on micro-surfaces will be
enlarged because of the dominant van der Waals and electrostatic forces mentioned in the previous sections.

Another example of where macro-world fine motion planning needs to be modified for the micro-domain is fine
motion vision planning as described in [23]. In the macro-world, simple geometric optics have been used for fine
motion planning where vision is used as a feedback sensor. In the micro-domain, the size of the parts approach the
wavelength of light, and complex nonlinear optics is needed to predict the effects of Fraunhoffer diffraction on the

10




image processing [24]. This result will require that all fine motion control must occur in the very narrow depth of
field of the microscope optics. This is an area of future research.

In this section, we will investigate how the force relationships presented in the previous section affects fine motion
planning with force sensing. In particular, we will concentrate on the simple pick-up and release of a spherical
particle with a rectangular block shaped tool. For simplicity, we will only consider motion planning in the x, z, and
@ space as shown in Figure 14.

Figure 14. Steps to pick up and release a sphere with a flat-tipped tool assuming only van der Waals forces and no
electrostatic forces. Between steps 4 and 5, a rolling contact is assumed.

The static forces acting on the sphere at the various stages of pick up and release are the force of gravity Fg, the
force of surface attraction Fyg, and the force of tool attraction Fy,. To pick up the part, the force of tool attraction
must be greater than the gravitational force and the force of surface attraction. To hold the part, the force of tool
attraction must be greater than the gravitational force. Finally, to release the part, the force of tool attraction must
be less than the gravitational force and the force of surface attraction. In summary,

Fyu>Fg+Fy to pick up part
Fiy > Fy while holding part : (16)
Fyu<Fg+Fgy to release part

For ease of illustration, assume that both the sphere and the tool tip are made of copper, and there is no electrical
charge on either the sphere, tool, or assembly surface. In other words, electrostatic forces are negligible. Initially,
the sphere is resting on a surface of a different material. If the resting surface were also of copper, we would not be
able to pick up the sphere with a flat tipped tool. The force of gravity acting on the sphere is given by

4
F, =§7rRl3pg (17)

where R; is the radius of the sphere, p is the density of the material, and g is the gravitational acceleration. Fora2

micron diameter sphere of copper, F, = 3.678093x10°'> N. The force of attraction between the sphere and the
surface is given by Equation (6). In certain cases, the equivalent Hamaker constant for two different materials is

given by
Hyy = H{H, (18)

where H, and H, are the Hamaker constants for the individual materials. If the resting surface is made of a
aluminum ( H, = 3.43774x10"®° Joules), then the composite Hamaker constant is H;, = 10.5648x10™ Joules.
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Assuming a 4 Angstrom separation and the same 2 micron diameter copper sphere considered in the previous
section, the van der Waals force between the copper sphere and the aluminum surface is Fgz=0.110 uN. Assuming
that the tool has the same dimensions as the 1 um® copper block considered in the previous section, the force of tool
attraction is Fyg = 0.116 uN when the tool is centered over the sphere. When the tool is moved so that one edge is
on the surface of the sphere, the force of tool attraction becomes Fyz = 0.059 uN. When the tool is tilted at 45
degrees, the force of tool attraction decreases to Fyg = 0.025 uN.

For the values of Fyg, Fg, and Fgq mentioned above, the tool will be able to pick up the sphere by centering the tool
over the sphere. As seen in Figure 8, the force of tip attraction stays fairly constant over the width of the tip
(approximately 1 um). Because the gravitational forces are so small, the tool will be able to hold the sphere even
when in the minimum in-contact position (the edge of the probe is at 45 degrees to the sphere). To release the
sphere, the tool must be moved to the edge of the sphere. In this particular case, the tool will not have to be tilted to
further reduce Fy,. In other cases where the surface material changes or the size of the sphere and tool change, the
tool may have to be tilted to further reduce Fy,4.
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Figure 15. Release, pick up, and holding goal regions in configuration space are determined from the interactive
forces in the micro-domain.

In general, Equation (16) together with the equations for attractive forces described in the previous section can be
used to classify the various goal regions in configuration space [25]. Once the pick-up, holding, and release goal
regions are determined, normal assembly and path planning routines can be used to determine assembly sequences
and collision-free path plans. Figure 15 shows a one-dimensional plot of attractive tool force versus the
configuration g. In the example above, configuration g is a three-dimensional space including the x and z position
and orientation of the tool. A planning routine must search this space while the tool contacts the part and classify
the goal regions using Equation (16). This search is not as difficult as it first appears since the dimension of the
search space is greatly reduced by the in-contact (within say 4 Angstroms) constraint between the tool and the part.
If the user-specified goal region of the sphere is chosen to be a single point on the arc and the user-specified goal
region on the tool is the bottom line segment excluding the end points (see Figure 16a), then the search space
reduces to a 1 dimensional search along a tangent line segment (as was performed in Figure 8). The line segment of
the tool must be tangent to the sphere at the user-specified goal point on the sphere; otherwise, the tool will
penetrate the sphere. '

If the end points of the tool edge are included in the user-specified goal region on the tool, the tool may freely rotate
about the end-point where the tool contacts the sphere. The range of rotation is 180 degrees minus the angle
between the tool goal region and the adjacent line segment of the tool. With the end-points are included, a 1
dimensional rotational search at both end-points will be required as shown in Figure 9. The time complexity of the
problem is O(n+2m) where n is the discretization along the tool line segment and m is the discretization in angular
rotation at the end-points.
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The dimensions of the search space increase if the user-specified goal region on the sphere is an arc segment instead
of a single point (see Figure 16b). The time complexity of the problem becomes O(n?+2mn) where the same
discretization » is used along the arc of the sphere and the line segment of the tool.

! !

(a) (b)
Figure 16. User-specified goal regions on the tool Gy and on the sphere Gs. User-specified goal region on the tool

is a line segment. (a) User-specified goal region on the sphere is a single point. (b) User-specified goal region on
the sphere is an arc.

4. Conclusions

In this paper, we took the first steps in explaining how to approach assembly planning in the micro-domain. We
believe that free-space motion planning and the geometric assembly constraints in macro-world planners will
directly apply to the micro-domain. However, fine motion planning and precise motion will differ from the macro-
world. In particular, we have shown that van der Waals and electrostatic forces will alter the goal regions for pick-
up, hold, and release tasks. In this paper, we developed the mathematics necessary to locate these goal regions for a
spherical part being manipulated by a rectangular block. We are currently in the process of developing a pre-
planner which will search configuration space when a tool contacts a part to determine the acceptable goal regions
for pick-up, holding, and release of a part.

Since this is a new area of research, much work still needs to be performed. Our future plans are to look at more
complex part and tool shapes. Evaluation of van der Waals and electrostatic forces will become significantly more
difficult as we investigate shapes other than spheres and rectangular blocks. Finite element models [17] will be
required to compute the forces between these more complex shapes. Once the goal regions are specified, realistic
termination predicates using force, time, and vision as sensing modalities need to be specified. Instrumentation that
can measure sub-micro-Newtons of force needs to be developed. Fine motion planning using visual constraints [23]
that have been modified by diffraction effects [24] at the micro-scale is also an area of research. Finally, how these
goal regions affect planning under uncertainty needs to be addressed.
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