


strategies to perform assembly tasks involving large
position uncertainties.

Chhatpar and Branicky [14] applied a hybrid
systems approach to build a general framework that allows
various search strategies to be combined at a higher-level
of planning and yet be compatible with low-level
compliance control.

Our goal in this paper is twofold.  First, to find a
formal description of the uncertainty and the requirements
for a candidate search strategy.  And secondly, to propose
various search strategies meeting different requirements
imposed by the need to achieve fast assemblies using
robots.  We use the specific task of assembling our
example transmission components to focus this
investigation.

The paper is organized as follows. Section 2
describes the example real-world assemblies and the
related uncertainty issues.  Sections 3 and 4 present our
analysis of the search space and various example search
trajectories.  Section 5 gives implementation details and
results on the simulations and actual robotic assemblies.
In Section 6 we discuss future work.

2. Motivation
Our over-arching goal is to automate the assembly of
vehicular transmission components such as the insertion of
a spline-toothed hub within a “ forward clutch”  assembly
(Figure 1).  The forward-clutch housing, shown in Figure
1(b), consists of a cylinder with five internal rings (clutch
plates), each with spline teeth about the inner radius.
These rings are each capable of sliding independently in
the horizontal plane by up to 1.6mm and rotating about a
vertical axis.  A cylindrical hub with teeth on its outer
surface, shown in Figure 1(a), is to be inserted within the
housing of Figure 1(b).  However, the clutch plates are not,
in general, aligned either radially or tangentially.  The
radial assembly clearance between the hub and a ring is
0.23mm.  Thus, the radial assembly uncertainty is more
than six times larger than the clearance required for
success.  Additionally, the hub must align with the z-
rotation of each spline ring within 5 mrads for successful
assembly, even though the tooth spacing is 160 mrads.
The uncertainty in the angular position of the spline rings
is arbitrarily large (though periodic with the tooth pitch).
Using machine vision to measure the translational and
rotational displacements of the five rings is impractical,
since the rings are stacked, occluding a good view.  In

manual assembly, the approach used is to exert a
downwards force while rotating and translating the hub,
searching for the x-y position and z-rotation for successful
assembly.

3. Discretization of Search Space
We take the search in the x-y plane to configuration space
by reducing all the dimensions by the peg diameter (i.e.
considering the peg to be a point).  See Figure 2.

The reduced radius of the hole becomes the
assembly clearance, τ.  The search area, H, is the area of
mobility of the center of the hole. From this configuration-
space viewpoint, finding x-y coordinates of the hub that
satisfy adequate concentricity with a ring (to within the
assembly clearance) corresponds to finding coordinates
that lie within a 0.23mm diameter circle located anywhere
within a 1.6mm diameter bound.  We can see that the peg
point need not sweep the entire search area.  If a point
covered by the peg fails to lead to peg-hole alignment, this
ensures that the hole center does not lie within τ/2 distance
of that point.   Thus, the search area is discretized by the
assembly clearance, i.e. for every point the peg visits it
covers a search area equaling the assembly clearance.
Strictly speaking, the peg only needs to visit a certain set A
of points, such that no point in the search area is more than
τ/2 distance away from all points in A.  This is illustrated
in Figure 3.

3.1 Generating Search Trajectories
Since we are interested in assembling the given parts using
a robot, we apply a restriction that the search trajectory be
a continuous path instead of a set of disjoint points.  Any
arbitrary continuous path that satisfies the requirement that
no point in the search area is more than τ/2 distance awayFigure 1. Forward clutch assembly
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Figure 2. Configuration Space Description

Figure 3. Discretization of the search space
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