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A Dynamic Approach to High-Precision
Parts Mating

SUSAN N. GOTTSCHLICH anp AVINASH C. KAK, MEMBER, IEEE

Abstract — The mating of tightly-fitting parts in the presence of signifi-
cant sensing, model, and control uncertainties is addressed. Using a
three-dimensional (3-D) laser range scanning system, we are now able to
locate randomly placed parts and, with the method described, mate them
even when the clearance between them is only 0.001 in. Our preliminary
experiments in peg-in-hole operations have brought to light factors that
other researchers in this area are apparently unaware of, and the possibility
that these factors may influence robotic operations has guided our overall
approach to the assembly problem. First the various sources of error
introduced in the fine motions used to execute assemblies are examined.
Then a general and still evolving approach to robotic assembly operations
is discussed. Finally, a specific instance of this approach is outlined, and
with the help of automatic error detection and recovery, the ability to mate
tightly fitting parts with a high degree of reliability is demonstrated.

I. INTRODUCTION

O ADDRESS the subject of high-precision robotic

assembly, two distinct but interrelated issues must be
considered: parts mating strategies and contact mechanics.
Parts mating strategies, consisting of robotic movements
for the execution of assembly tasks, usually involve two
types of force-guided motions: guarded and compliant. A
guarded motion is used most commonly to establish physi-
cal contact between a part and some component of its
environment. A compliant motion, on the other hand, is
typically used to slide a part along or through one or more
constraining surfaces while a force constraint is main-
tained perpendicular to the direction of motion.

Since the complete motion of a part held by a robot is
determined by all of the external forces acting upon it, and
since some of these forces are a consequence of the physi-
cal contact between the part and other object surfaces, the
issue of contact mechanics is highly germane to robotic
assembly. Considerations that arise out of contact mechan-
ics have a profound bearing on the ability of a robotic
system to recognize sensory errors and to invoke corrective
actions automatically.

A. Previous Work

Contact mechanics, which involves the examination of
impact dynamics as well as sliding dynamics, has been
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studied for a long time. Only recently, however, have
scientists begun to apply the theories of classical contact
mechanics to robotic operations. Wang and Mason [1]
have modeled the impact dynamics of robotic operations.
Rajan ef al. [2] have discussed the sliding dynamics of rigid
bodies in contact with frictional surfaces. Peshkin and
Sanderson [3] have considered the effect of sliding dynam-
ics on robotic manipulations. Hogan [4] has proposed a
control strategy that reacts stably to the transition between
constrained motion where contact is involved and free
motion.

Work on parts mating strategies has been going on for
about two decades. Several authors at the Charles Stark
Draper Labs [5]-{8] have proposed the utilization of pas-
sive compliance in parts mating applications. They used a
peg-in-hole operation to model a typical assembly task and
advocated the use of chamfers to reduce the accuracy
required to position a peg over a hole. This work led to the
development of a device called the Remote Center of
Compliance (RCC) for successful execution of peg-in-hole
type assemblies without wedging or jamming.

Soon after the use of passive compliance became feasi-
ble, people began studying the use of active compliance.
Lee and Smith [9] considered the use of active force
feedback for controlling an insertion process. Their work is
formulated in terms of conditional probabilities for vari-
ous possible contact configurations, the probability func-
tions being used for the derivation of decision rules for the
recognition of contact configurations.

The use of guarded and compliant motions for assembly
was originally proposed by Inuoe [10]. He developed a
simple algorithm for inserting a peg into a hole given
possible positional errors in the vertical direction (the
direction of insertion) and along one horizontal axis.

Lozano-Perez et al. [11] developed a theory, later ex-
tended by Erdmann [12], that utilizes active compliance to
synthesize fine-motion strategies. This theory considers
spheres of worst case errors and develops a set of velocity
vectors that a robot can follow to accomplish an assembly
task. Theoretically at least, these velocity vectors could
permit a typical peg-in-hole operation to succeed even if
the initial placement of the peg was off-center with respect
to the hole—something that would not be possible with an
RCC alone. Donald {13} further extended this work by
introducing a formal framework for error detection and
recovery. In doing so he was able to propose a strategy for
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achieving a goal even if its success could not be guaranteed
prior to execution.

B. Quverview of Work to be Presented

In this paper we begin by examining the work done by
Maples and Becker [14]. They present a classification
scheme for robot force control algorithms based on two
criteria: 1) whether the control is implemented in joint
space or Cartesian space; and, 2) the nature of the signals
employed for servoing. The motivation for the second
criterion is based on the fact that one may servo a robot
with respect to either position, torque, or velocity for
implementing force control. Maples and Becker concluded
that, of the different algorithms available for force control,
the best trade-offs with respect to the suppression of
internal disturbances are achieved by those algorithms that
use position servoing, as opposed to velocity or torque
servoing. Position servoing means that errors between the
desired forces and the measured forces are converted into
position commands; and internal disturbances means dis-
turbances generated within the robot by phenomena such
as gear cogging, friction, etc.

Following Maples and Becker, we have carried out a
position servoed implementation of force control for a
Cincinnati Milacron T3-726 robot. However, our motiva-
tion is less the rejection of internal disturbances and more
the diminution of the ill effects of external disturbances
generated by the very act of bringing parts into physical
contact, external disturbances being usually caused by
impacting and sliding motions.

Ultimately, what we really wish to accomplish is the
development of an automatic planner capable of using our
force control implementation to carry out complex assem-
blies. On account of the presence of the aforementioned
external disturbances, such a planner must of necessity be
capable of error detection and recovery, which brings us to
the work recently reported by Donald [13].

Donald has put forward a formal framework for fine
motion planning in the presence of three types of uncer-
tainties: sensing, control, and model. By using a configura-
tion space representation of these uncertainties, Donald’s
procedure identifies error detection and recovery (EDR)
regions in the space that allow a planner to recognize error
conditions and devise automatic recoveries from the errors.
Donald has proposed what he calls guiding principles for
error detection and recovery, as follows. 1) A strategy
should attain the goal when it is recognizably reachable,
and signal failure when it is not. 2) A strategy should
permit serendipitous achievement of the goal. 3) No mo-
tion guaranteed to terminate recognizably in the goal
should ever be prematurely terminated as a failure. 4) No
motion should be terminated as a failure while there is any
chance that it might serendipitously achieve the goal due
to fortuitous sensing and control events.

Practical difficulties arise when one tries to implement
the EDR framework proposed by Donald, especially if
force control is implemenied with position servoing.
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Donald handles control uncertainties by using a cone of
velocities where the actual commanded velocity must lie
somewhere within this cone. Unfortunately, velocity cones
appear to be too simplistic a representation for describing
the control uncertainties introduced by electrical and iner-
tial noise in our wrist-mounted force/torque sensor and
the external disturbances created by impacts and sliding
motions inherent to position servoed implementations of
force control.

The goal of this paper is to discuss parts mating in a
completely experimental context. We will first delineate
the external disturbances that one has to contend with
during guarded and compliant moves, especially when
such moves are implemented with position servoing. We
then discuss how we deal with the detection of errors and
automatic recovery from errors. Our discussion of error
detection and recovery is mostly within the context of
conducting peg-in-hole experiments, although we believe
that the proposed strategies are extensible to more com-
plex assembly tasks. For the peg-in-hole problem, our
mating strategies are dynamic, in the sense that all deci-
sions about what move to make next are based upon the
current position and force/torque readings. For general-
ization of our work to more complex assemblies, the
decisions would have to be augmented with a priori
knowledge of object geometries.

With our method, we are now able to insert pegs in
holes successfully at a clearance level of only 0.001 in. Our
overall strategy consists of three phases: 1) make a guarded
move of the peg to the surface containing the hole; 2)
make translational moves of the peg until the following
terminating condition is satisfied: the projection of the
bottom face of the peg onto the top opening of the hole is
contained in the latter; and 3) after successful termination
of the second phase, carry out the insertion of the peg into
the hole. Under tight tolerance conditions, we have found
the second phase to be the most challenging; the success
rate in this phase is a function of the number of allowed
EDR cycles, each cycle consisting of a test of the phase-2
terminating condition, followed, upon failure of the test,
by a translational compliant move until the satisfaction of
certain force and/or position conditions. Note that any
rotational discrepancies in the alignment of the axes are
automatically corrected during the third phase when the
robot must servo with respect to horizontal components of
torque, in addition to, of course, the horizontal compo-
nents of force. (The word “horizontal” only applies to the
case when a peg is inserted vertically into the hole.)

To give the reader an idea of the extent of the depen-
dence of the success rate of our experiments on the num-
ber of phase-2 EDR cycles, if we allow eight phase-2 EDR
cycles to be invoked, the insertion experiments succeed
about 80 percent of the time. In these experiments, struc-
tured-light-based three-dimensional (3-D) vision is used
for locating the parts initially to an accuracy of about 0.25
in. The system then uses the position/orientation data
obtained from the structured-light-generated range map to
synthesize automatically a manipulation plan that causes
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the parts to be brought to the positions /orientations from
where the force guided motions can take over for final
assembly. In this paper, we will not discuss the details of
the structured-light sensing or the generation of manipula-
tion plans; on the other hand, we will focus on the use of
force/torque (F/T) sensing for final assembly starting
from the peg being above the hole but not necessarily
perfectly aligned with it.

Although the phase-2 EDR strategy is central to the
assembly process, the EDR strategies used in the first and
third phases are also important. In the first phase, the
recognition of the termination of the guarded move can get
fouled up by inertial and other effects and may require the
force readings for verification to be taken under momen-
tarily stationary conditions. In the third phase, jamming
and wedging may cause an apparent termination of the
compliant move required for insertion; such error states
are recognized by a combination of force, torque, and
position readings.

II. POTENTIAL SOURCES OF ERROR IN
Force-GUIDED MOTION

Most work in fine-motion planning up to this point is
based on the assumption that motions can take place in a
quasi-static manner, meaning that the motions can trans-
form perfectly the present states of the assembly compo-
nents to the desired states without interacting with the
environment. In the next two subsections, we will focus in
a qualitative manner on the dynamics of the end-effector
and its interaction with a contacting surface to establish
that this assumption is not justified. Qur discussion will
not be quantitative, unlike that of Asada and Ogawa [15],
who have analyzed the dynamics of the robot manipulator
and the end effector to optimize the orientation of the tool
and the configuration of the manipulator arm for experi-
ments such as deburring.

We will discuss the different modes of impact that can
occur between mating surfaces, which can lead to unex-
pected positional changes in the part held by the end-effec-
tor as well as unexpected forces.! We will show that it is
unlikely that during a guarded motion a force constraint
can be realized precisely. Therefore, it is unreasonable to
expect that a guarded motion will terminate precisely when
the desired forces are experienced.

For reasons to be shown, it is also unreasonable to
expect a compliant motion to be capable of moving a part
while maintaining the force constraint precisely. If the
force constraint is not maintained precisely, contact be-
tween the mating surfaces may cease temporarily, leading
to a premature terminating condition. The opposite condi-
tion, which is equally likely to occur, happens when the
force normal to the direction of motion becomes too high

"When we use the word position, we will, in general, be referring to
both position and orientation. Similarly, when we use the word force, we
will be referring to both force and torque. Some authors prefer to use the
word “pose” to describe both the position and the orientation, and the
word “wrench” to describe both the force and the torque,
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due to an unexpected collision with a small surface irregu-
larity. When forces normal to the direction of motion
become too high, the part held by the robot may stick to
the surface along which it is being slid. Since the forces
applied by the end-effector are usually at one extremity of
the part, the sticking can cause unexpected changes in the
position of the part, further exacerbating the high-force
condition in some cases. In a dynamic situation, if these
forces occur at a time instant that is not coincident with
one of the sampling times, the terminating condition may
not be recognized.

A. Guarded Motion

Although guarded motion can be considered as a special
case of compliant motion, it is more efficient to implement
separately those types of guarded moves that the robot is
expected to engage in most fréquently, the resulting advan-
tage being a speedup in execution. For example, in our
assembly experiments, prior to the compliant moves needed
for the mating of the parts, we frequently want the robot
to move along one of the three world coordinate axes until
a force discontinuity occurs along that axis, or a specified
position is researched. The necessary guarded moves are
executed by moving the robot in small increments in the
desired direction until a force or position terminating
condition is satisfied.

There are two major effects that cause erroneous termi-
nating conditions in a guarded move: 1) the electrical noise
and mechanical vibration in the F/T sensor output, which
increases during the motion of the arm due to the in-
creased drive current supplied to the motors; and 2) iner-
tial effects, which depend on the placement of the F/T
sensor on the robot arm. ‘

Our F/T sensor is mounted (as most are) between the
robot tool plate and the gripper. During a guarded move,
while the end-effector is not contacting any surface, the
force exerted on the sensor is '

F=m(g+a)+ AF

= p~ part

m

where m is the combined mass of the gripper and the part
in the gripper, a is the acceleration of the mass due to
robot motion, g is the acceleration of the mass due to
gravity, and A, transforms the force F,,. experience by
the part to the force F, experienced by the F/T sensor.
Although for simple motions, such as straight up and
down, the force on the sensor due to gravity can be
accounted for, the acceleration of the mass at the exact
moment the sensor is interrogated will in most cases be
unknown. Since the inertial force due to this acceleration
can be quite large, when a force-terminating condition is
satisfied, it may not be that a constraining force is being
actually exerted on the part but rather a result of the
acceleration of the part and the gripper. To get around the
difficulties caused by inertial effects, it often becomes
necessary to take a force/torque reading under static
conditions after the termination of the move to verify the
successful completion of a goal.
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Fig: 1. Readings produced by F/T sensor while end-effector is execut-
ing free straight-line motion. Sampling interval for time axis is 20.41 ms.

To demonstrate to the reader the deleterious effects of
inertial, vibrational, and electrical noise, we have shown in
Fig. 1 a set of readings produced by the force/torque
sensor while the end-effector is executing a free straight-line
motion; the time interval between consecutive sampling
intervals is 20.41 ms. The motion begins in the center of
the plot; therefore, a before-and-after comparison of the
variability in the force readings can be made. The force
component shown in the figure is along the direction of
motion. The first large spike, located at the thirty-ninth
sample, shows the effects of inertia. Subsequent oscillation
probably represents increased electrical noise generated by
larger drive currents to the motors while the robot arm is
in motion. These oscillations can also be due to the under-
damping of the F/T sensor. Note that strain gauges used
in F/T sensors are usually mounted on flexible beams,
implying that underdamped vibrations could be excited by
step inputs.

If the variability in force readings during free motion is
as large as that shown in Fig. 1, it is quite possible that the
terminating force may be experienced in the middle of a
sampling interval. However, since the decision to terminate
a motion can only be made at a sampling instant, the
actual force when the motion is terminated may be much
larger than what is specified by the terminating condition.

When a part contacts another surface it makes an im-
pact. An impact is defined as a collision between two
bodies, which occurs in a very short period of time during
- which the two bodies exert a relatively high force on each
other [16]. The line of impact is the common normal of the
contacting surfaces of the two bodies during the impact. If
the centers of masses of both bodies are along the line of
impact, it is referred to as a central impact; otherwise, it is
an eccentric impact. When the velocities of the two bodies
are directed along the line of impact, it is a direct impact;
otherwise, it is an oblique impact. For the result of an
impact to only be a change in the contact force, it must be
a direct central impact.

When an impact is not both direct and central at the
same time, the part may slide imperceptibly along the
contacting surface. The part may also stick or reverse its
sliding direction before the impact ends [17], which can

result in the part rotating in an unpredictable direction -
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(a) Motion that will not result in direct impact. (b) Motion that
will result in direct impact.

Fig. 2.

about the point of greatest compliance; the rotation may
bring into play high forces acting on the part. Termination
of a guarded move with inadvertently high forces can
create difficulties with the initiation of subsequent compli-
ant moves.

111 effects associated with guarded motion can be con-
trolled in many ways. The directness of impact can be
controlled by specifying only those guarded moves that
travel along the line of impact (see Fig. 2). Assuming that
direct impacts are attempted, the use of proper gripping
fixtures can prevent a part’s center of mass from rotating
unpredictably, ensuring a central impact. By reducing the
incremental distance traveled between force—torque sam-
plings, the terminating force will be much closer to the
desired force, and any sliding motions will tend to be
greatly reduced. However, this has the potential of reduc-
ing significantly the speed of the motion. Finally, if some
estimate of the acceleration of the robot can be made, the
expected inertial force can be subtracted from the F/T
sensor reading.

B. Compliant Motion

As mentioned in the Introduction, compliant motion is a
motion made toward a specified goal position while main-
taining a given force constraint in a perpendicular direc-
tion. A compliant motion terminates when one of a given
set of position or force conditions is satisfied. The force
control required for compliant motion may be imple-
mented by any of a number of algorithms mentioned in
Section I-B, where it was also mentioned that one may use
either position, torque or velocity feedback to close the
primary control loop. When joint position sensors are used
in combination with a force-sensing wrist, then according
to Maples and Becker, the predominant force loop closure
strategies are 1) those that issue a torque command to
adjust forces; 2) those that issue a velocity command to
adjust forces; and 3) and those that issue a position
command to adjust forces.

The first strategy is typically implemented using a single
feedback control loop. The latter two strategies, which
have similar control architectures, generally require an
inner velocity or position control loop and an outer force
control loop. Fig. 3 depicts the difference between a
single-loop system and an inner/outer loop system. Fig.
3(b) describes our implementation of force control.
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Fig. 3. Control diagram of typical single-loop system that issues torque commands to adjust forces. (b) Control diagram of
our inner/outer loop system that issues position commands to adjust forces.

The advantage of the inner/outer loop structure of the
type shown in Fig. 3(b) is that, while the inner loop can be
used to reject internal disturbances (because it is closed on
position sensors which are co-located with the actuators
where the disturbances .originate), the outer loop can be
used to reject external disturbances because it is closed on
the F/T sensor, which measures immediately the conse-
quences of physical interactions between. the end-effector
and the workpiece. Note that another advantage of this
type of control structure is that the outer loop can be used
for driving a robot with vision-based feedback, as dis-
cussed by Khatib [18].

Before discussing the consequences of contact-related
external disturbances, we first need to expand upon the
conversion of the force error signal in the outer loop to a
position command for the inner loop. Using the notation
introduced in Fig. 3 where 8f is the force error and 6p is
the corresponding incremental position command, we can
relate the two parameters by the equation

8f=Kép (2)
where K is a stiffness constant. Equation (2) forms the
foundation of practically all systems where force errors are
converted into position commands. Given its importance,
we will first supply the reader with a plausible underlying
theoretical rationale for the equation, to be followed by a
discussion of the errors to which the resulting compliant
motion may become sensitive. Although this first-order
approximation is derivable from a spring model, we will
use impact-dynamic considerations to arrive at (2), since
these considerations, in our opinion, better represent the
phenomena underlying the mechanics involved in a com-
pliant motion and, therefore, are better able to lead to
insights regarding the dependence of K on the various
»arameters associated with an impact.

@l }r

NET MOTION
ALONG X

—

A

B

Fig. 4. Compliant motion that slides peg along table in direction X
while maintaining force in direction Z.

P X

1) Is the Model Equation 8f = K 8p Justifiable? Be-
cause the specification of force constraints is premised on
the occurrence of contact between the part in the gripper
and 1its environment, we can use impact dynamics to
examine the nature of the forces at play. The well-known
equation that relates the velocity of an object, as it collides
with a stationary surface, to the forces exerted on the
object is

ftdet=m(vz—- v1)

U

(3)

where, in our case, F is the force exerted on the part held
by the gripper, ¢, the time at the start of the impact, ¢, the
time at the end of the impact, v, the velocity with which
the part strikes the contacting surface, v, the rebound
velocity, and m the combined mass of the robot arm, the
gripper, and the part.

Consider the following situation typical of compliant
motion. The robot is commanded to move the part in
direction X while maintaining a force F‘; in a perpendicu-
lar direction, as shown in Fig. 4. Let us say that during this
move from A4 to B, the part is at positicn P, and let us
further say that, as reported by the sensor at this instant,
the measured component of the force perpendicular to line
AB is F,. For the sake of discussion, we will also assume
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that F, < F,. (If this is not the case, we will merely have to
reverse the sign of 8p in the discussion to follow.)

That F, is less than F, implies that, at the instant under
consideration, although there is contact between the part
and the flat plane, the contact is not “forceful” enough
_since the force .constraint is not satisfied. To enforce the
force constraint, the robot is commanded to move by an
increment 8p in the downward direction in Fig. 4 while it
continues to move from 4 to B. The mechanics of what
happens next can be studied with the help of (3).

Let us say that the time instant when the end-effector
pushes the part further toward the contacting surface is #;
and that time ¢, is the instant that marks the end of this
move. We will assume that the component of the incident
velocity owing to the commanded motion §p is v;. Since,
in our case, the robot is holding the part, allowing for only
infinitesimal rebound in the form of compliance, we will
set v, to zero. We may therefore write the following
expression for the average force during the impact.
- mu,

. 1 .
F,= Fdt =
=1 Yy At

(4)

where At=1t,—t,. At is equal to the interval used for
sampling the F /T sensor signals. Except for the effects of
plasticity, which we will address shortly, the force F,, will
be the increase in the force experienced by the end-effector
at the end of the first impact. Clearly, if F, + F,, does not
equal F,, the controller will cause the end-effector to be
pushed down again and a second impact will follow. If we
assume that it takes k impacts to build up to the desired
force level, we may write

-m
total Z At %vl (5 )
Since velocity integrated over time is net displacement,
which we denote by 8p, we can write

Ftotal = Atz 8p' (6)

In the absence of any plastic deformations, Fiy, iS—
although only in an approximate sense—the increase in
the force on the part as the end-effector tries to push it by
8p into the contacting surface. However, the plastic defor-
mation cannot be ignored, since there is always some
slippage between the part and the gripper. Plastic deforma-
tions of this type are to be contrasted with the elastic
deformations in the robot itself, the F/T sensor, and the
contacting surfaces. We will assume the ratio of elastic
deformation to total deformation is relatively constant;
this constant, which will be denoted by ¢, is commonly
known as the coefficient of restitution.

We will denote by F, the actual increase in the force on
the part. F, is given by the expression in (6) multiplied by
the coefficient of restitution:

F AT EFlota_l =

(7)

Since the incremental motion 8p was intended to cancel

A28”
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the force error 8f, we would want

8f=FA=—A—t—2“

dp (8)

implying
8f=K8p (9)

where K = — me /At?. Therefore, the overall conclusion of
this subsection is that (2) forms a reasonable basis for
conducting compliant moves.

In the event that the inner loop is velocity controlled, we
could instead use the equation

8f = K 8v (10)

where K = — me /At. For the case where force error is
directly converted into a motor torque, this derivation has
no relevance. Salisbury [19] has found that the expression
for the motor torque to be applied to the ith joint in this
case is given by

T,=T,;+G8T,+ Ky Cy, 186, + Vo,ngn(éi)'*’ ¢, (11)

where T ; is the commanded torque, 87; the torque error,
g, the veloc1ty, 84, the velocity error, G, the torque com-
pensation function, K, ; the velocity dampmg term, Cyy;
the instantaneous inertia, Cy ; the gravity loading, and V; ;
the friction torque. All of these quantities relate to the ith
joint.

2) Sources of Error in Compliant Motion: As is easily
seen in the previous derivation, our model for force control
is only an approximation. Perhaps the most questionable
assumption we made was to use a constant for the coeffi-
cient of restitution. Surely, in most cases, the extent to
which a deformation is plastic on the one hand and elastic
on the other depends upon the magnitude of the deforma-
tion already undergone. Therefore, as the deformation
continues, the coefficient of restitution would change,
making the problem mathematically intractable since plas-
tic deformations are hard to model and predict. The coeffi-
cient of restitution must also depend upon the nature of
materials used, a fact we and other people ignore in force
controlled motion.

Looking at compliant motion from the standpoint of
how it is implemented, note that the force is measured at
discrete sampling instances. Each incremental force is
completely determined by the force measured at the start
of the sampling period. Therefore, even if the forces on the
part changed drastically during the sample period, the
robot would not be able to react to them.

Additionally, factors such as electrical noise and me-
chanical vibrations affect F/T-sensor readings during
compliant motion. We will now illustrate the fluctuations
in the F/T sensor readings due to the mechanical vibra-
tions induced by the much faster position-controlled inner
loop during the successive position updates generated by
the relatively slower force-controlled outer loop. As was
mentioned before, our force control system is composed of
an outer force-servoed loop that issues a differential posi-
tion command to an inner position-servoed loop for ad-
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Fig. 5. Motion of peg during force-torque sampling period.
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Fig. 6. Effects of electronic noise and noise created by oscillating
motion of robot while it is in contact with rigid surface can be seen in
this plot. Data were taken with robot stationary and robot end-effector
pressing into aluminum block. Time interval between any two consecu-
tive sampling instants is 20.41 ms.

justing the forces. It is important to realize that the servo
rate of the inner loop is often much faster than that of the
outer loop. In Fig. 5, we show two points, marked 4 and
B, on the path of a part engaged in a compliant move;
these two points correspond to the time instants when the
position update commands are issued by the outer force-
controlled loop; this updating process is portrayed by the
large arrows at points 4 and B. The time that it takes to
travel from A to B represents the sampling interval for the
outer loop; during this interval, the much faster inner loop
is active and issues frequent position updates to the robot,
this fact being represented by a series of small arrows in
the figure. This updating generated by the inner loop will
lead to mechanical vibrations while the part is in transit
from A4 to B. To illustrate the magnitude of such vibra-
tions, we have shown in Fig. 6 the F/T sensor output
when the end-effector is stationary at the end of a compli-
ant move. In this situation, the only updates being issued
to the robot are from the inner loop, a situation that is
very similar to what happens between 4 and B in Fig. 5.
In Fig. 6, the part is only exerting Z-forces on the F/T
sensor. Therefore, the mechanical vibration induced by the
position updating is most pronounced in the Z-force com-
ponent, particularly because the part is in contact with a
surface below. Fig. 6 demonstrates that even in the ab-
sence of any surface irregularities, force readings, which
will most likely suffer from the aforementioned mechanical
ribrations, will affect the force control during a compliant
10tion.
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Fig. 7. This plot depicts forces exerted along Cartesian axes as robot is
executing compliant motion in ¥ direction, while attempting to main-
tain constant force in Z. Time interval between any two consecutive
sampling instants is 20.41 ms.

For such reasons, perfect surface following during a
compliant move is impossible. Moving a part along a
surface imperfectly may cause either the loss of contact
with the surface or, conversely, cause the part to exert
greater force than desired on the surface. In both cases, a
terminating éondition may be sensed prematurely. In the
latter casefhe part may begin to stick to the surface.

Our discussion in Section I1-B-1 analyzed forces and
velocities along onmly the force-controlled direction, this
assumption being more justified the slower the transla-
tional velocity from 4 to B in Fig. 4. For a- completely
rigorous analysis, the positional-constraint velocity vector
and the force-constraint velocity vector must be considered

‘together. The combined velocities result in impacts being

oblique, which may cause the part.to.slide along an unpre-
dictable direction; in general, there will be a rotation of
the end-effector about the most compliant point in the
system.

Fig. 7 depicts the forces exerted on the end-effector
while the robot makes a compliant move in the Y direction
while attempting to maintain a constant force in Z. As can
be seen in the plot, some unknown factor, which could be
an impact with a surface perturbation or simply a noise
spike in the F /T sensor output, causes a force discontinu-
ity midway through the move, and once the actual force
strays from the desired force, the robot begins an oscilla-
tory movement along the Z axis as it tries to regain the
original force threshold.

Perhaps the best way to deal with all the problems
mentioned is to decrease the distance traveled between
sampling increments. Also, some filtering could be applied
to the F/T sensor readings to reduce the noise. Addition-
ally, the stiffness factor K could be recalculated for each
separate task taking into account the materials used.

ITI.  PLANNING MOTIONS IN THE
PRESENCE OF UNCERTAINTIES

In any assembly operation, three types of uncertainties
will be present to varying degrees; sensing uncertainties,
control uncertainties, and model uncertainties. Sensing un-
certainties, primarily the result of imperfect sensing, are
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uncertainties in the measured position of a part and the
measured force acting on the part. Control uncertainties
are a consequence of control inaccuracies such as those
discussed in Section II. In our case, control uncertainties
translate into the commanded destination for the end-
effector being different from the position it actually occu-
pies in response to each command. Finally, model uncer-
tainties, arising from imperfect manufacturing processes,
are the possible uncertainties due to the finite tolerances
allowed between the design dimensions and the actual
manufactured dimensions of the features of a part. Model
uncertainties manifest themselves as errors in both the
shapes and sizes of features and parts.

Given an assembly task with a start state S and goal
state G, we would like to attain G from S. To do this, we
first introduce the concept of straight line motion goals
(SLMG’s). There is a sequence of SLMG’s, described by
the states S,Gy,--+,G,G;.1," -+, G, such that a transition
between any two subgoal states G, and G,,; can be
accomplished with a single straight line motion in the
absence of uncertainties.

Note that while the notion of an SLMG was defined in
the absence of uncertainties, its execution in practice would
require a nondeterministic plan owing to the presence of
uncertainties. Nondeterminism refers to the invocation of
one of many possible choices to reach the goal state from
the current state.

Our contention is that each SLMG must be planned and
executed dynamically, meaning that its execution must
depend on the current sensory readings about the state of
the robot in relation to its environment. If an error state is
reached during the process of achieving an SLMG, the
system should be capable of generating dynamically a
corrective plan. Therefore, our overall strategy is to use a
static planner to decompose an arbitrary assembly task
into SLMG’s using a priori known part geometry (model)
information and then depending solely on dynamic execu-
tion to carry out each SLMG.

The decomposition of an assembly goal into SLMG’s s,
of course, not unique, as illustrated in Fig. 8. Of all the
possibilities for such a decomposition, some are better
than others because they allow us to reduce sensory and
model uncertainties. For example, in Fig. 8, of the two
possible decompositions, the one drawn in solid lines re-
duces uncertainties in the Z direction at the end of the
first subgoal. Subsequently, the same decomposition at-
tempts to reduce the uncertainties in the X and Y direc-
tions at the end of the second SLMG. At this time, there
does not exist an automated procedure capable of generat-
ing the best decomposition for a given assembly goal;
development of such procedures is a part of the ongoing
research effort.

As mentioned before, the execution of each SLMG will,
in general, require error detection and recovery. It is
important to realize that we do not need to know the
sources of the errors but merely that the error states be
reliably identified. For example, a guarded move intended
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Fig. 8. Path through ADBC here illustrates uncertainty reducing se-
quence of SLMG’s. Another sequence of SLMG’s, passing through
points A, B, and C would produce no uncertainty reduction, at least in
initial phases of plan.

to bring a part into contact with a surface may terminate
prematurely due either to inertial forces exerted on the
part or a noisy force—torque reading. Regardless, a static
force measurement after the apparent termination of the
guarded motion will signal the presence or absence of a
physical contact. If the static reading indicated zero force,
for example, then clearly the part is positioned somewhere
above the point of contact, which is all that would be
needed to identify the error state.

At this time, the framework espoused in this paper for
dealing with uncertainties is more in the nature of develop-
ing strategies for the detection of various possible errors,
errors that have been observed to date through experimen-
tation. We have not shown in any formal manner that our
EDR strategies would be able to deal with the conse-
quences of all possible uncertainties, We believe that we
need to gain further experience at the experimental level
before launching into a formal development of the subject.

IV. A DYNAMIC APPROACH TO THE PEG-IN-HOLE
PROBLEM

In this section we will focus on the peg-in-hole problem
by outlining a method for inserting an unbeveled peg into
an unchamfered hole. The less general but common use of
a beveled peg or chamfered hole may require that this
method be modified slightly, but in general the problem
would become easier. We assume that we have a vision
system (or some other device) capable of locating the peg
accurately enough for the robot to pick it up. In addition,
we assume we can locate the hole with sufficient accuracy
such that the relative X-Y position of the peg, with
respect to the hole, has uncertainty less than the radius of
the hole when the peg is held by the robot. We also know
some upper bound on the uncertainty of the Z position o'
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the peg with respect to the hole.? The problem can be
solved by carrying out a plan to transition from this initial
state through the intermediate SLMG states depicted in
Fig. 8 by the solid line, and, finally, to the goal state.

A. Align the Peg with the Hole Along the Axis of Insertion

Two intermediate SLMG’s are needed to accomplish the
assembly: one to achieve a recognizable Z position; a
second to attain the required X-~Y position. The first
SLMG starts with the peg in the gripper, held some
distance above the hole, with the same X-Y position as
the hole save sensory and model uncertainties. This SLMG
ends either when the peg is in contact with the surrounding
. surface of the hole, or when the peg has begun to enter the
hole. The strategy used to achieve this state is to make a
guarded move along the Z axis toward the hole, terminat-
ing when either a contact force is sensed, or the position in
Z is such that the peg has successfully entered the hole.

Two possible error states can result from this guarded
move. The move may end before either terminating condi-
tion is satisfied if an invalid contact force is sensed.
Reading the F/T sensor after the motion has halted will
reveal this situation, and, upon its detection, a plan to
continue the guarded move is generated. On the other
hand, the robot may continue too far after the force
terminating condition is sensed, causing high forces and
torques to act on the peg. Again, this state is easily
recognized by examining the static force—torque measure-
ments, and, if such a recognition is indeed made, a plan to
lift the peg and retry the guarded move is synthesized. This
is essentially the phase-1 EDR strategy alluded to in the
Introduction.

If, after this SLMG is successfully completed, the peg is
not in the hole, we need to invoke the second SLMG to
bring it there. The start state of this SLMG has the peg
contacting the surface containing the hole and positioned
partially over the hole. By assumption, the start state obeys
the constraint that the initial X~Y uncertainties in the
positioning of the peg relative to that of the hole are
bounded by the radius of the hole. At the termination of
this SLMG, the peg is positioned over the hole in such a
manner that the bottom face of the peg, when projected
onto the surface containing the hole, is completely within
the hole itself. To carry out this SLMG, we must first
ascertain the direction of the error vector of the peg, the
error vector, denoted by e, being defined as the vector
from the center of the bottom face of the peg to the center
of the hole’s opening.

To estimate the direction of the error vector, we measure
the torques about the X and Y axes of the peg. As will be
derived in the next subsection, in terms of the torques
the angle that the error vector makes with the X axis is

*Here the Z axis is vertical, and the X and Y axes are perpendicular
and right-handed. We are assuming that the hole is in the XV plane and
the axis of the peg is parallel to the Z axis; although, of course, both
these assumptions do not have to be satisfied strictly.

" given by

(12)

where 7; is the torque about the Y axis and - is the torque
about the X axis. Given the angle 6, the strategy is to slide
the peg along the error vector until a discontinuity in the
contact force is sensed, or until the move has traveled a
distance along the X or Y axis that is greater than a
user-supplied threshold corresponding to the maximum
possible discrepancy in the X and Y directions between the
positions of the peg and the hole.

In the event that the torque vector is not sufficiently
accurate the motion is terminated by the satisfaction of the
position termination condition. Also a noisy force reading
could cause the force termination condition to be satisfied
before the peg is entirely over the hole. In either case, ¢
must be recalculated and the SLMG reexecuted. However,
before recalculating 6, the system must check that the
previous move did not cause high forces or torques to be
exerted on the peg, obscuring the recalculation of 6. These
high forces or torques are the result of the peg sticking
during the compliant motion causing the peg to rotate
slightly. If this is the case, the peg is raised by a small
distance, followed by guarded move to the surface contain-
ing the hole. Of course, the SLMG is reattempted only if
this last guarded move did not serendipitously place the
peg into the entrance of the hole.

Another possible error state will arise if the peg loses
contact with the surface surrounding the hole as it is being
slid. This state may be hard to recognize, but in general,
the absence of a contact force and a greater relative Z
coordinate will result. Regardless, nothing would be lost
by assuming the occurrence of this state whenever the
absence of a contact force is sensed. Recovery from such a
state consists of making a guarded move along the Z axis
toward the hole, and terminating the move when either a
contact force is sensed, or the relative Z position is such
that the peg can only be in the hole. Once again, this
guarded move may have brought the peg into the subgoal
state, but if it does not, the strategy is reexecuted. It is
possible that repeated attempts to bring the peg over the
hole may eventually move the peg completely away from
the hole; however, such a divergence can be easily detected
and corrected for.

In the following, we will analyze the moments that are
created when the peg is partially over the hole and present
a derivation of (12). We will also discuss the factors that
affect the accuracy of the estimation of the direction of the
error vector.

1) Torque Exerted on a Point in the Peg: Let us consider
the physics of a peg positioned partially over a hole. We
will assume that we have a robot arm with a wrist mounted
F/T sensor and that the gripper is attached to the F/T
sensor. To simplify matters, we will model the part in the
gripper as a continuation of the gripper, such that the
gripper and the part are one solid object.

0=tan‘1(:r£)—90°

T
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Fig. 10. (a) Definition of regions a, b, and c. (b) Torques resulting
~ from forces in region a. (c) Torques resulting from forces in region b.
(d) Forces acting in region c.

Assume there is a force F acting on the gripper assembly
at point P;, and let P, be the fixed point on the peg that is
located at the center of the chord joining the two contact
points between peg and the rim of the hole (Fig. 9). We
now define 7 to be the vector directed from P, to P,. The
torque acting on the point P, with respect to the pivot
point P, is given by

(13)

2) Torque Exerted on the Peg: We will now consider the
peg to be a collection of points, like the one at P,. We will
assume the force exerted on the peg is uniformly dis-
tributed throughout the peg; this assumption is an approx-
imation of Hertz’s theory. To calculate the total torque on
the peg, we need to integrate (13) over all the points in the
peg. To do this, we first define the three regions shown in
Fig. 10(a). Region a contains the points to the right of the
pivot axis, region b contains the points to the left but not
over the surface outside the hole, and finally, region ¢
contains the rest of the points, these being the points
directly over the surface outside the hole. Without loss of
generality, we will only consider the points on the plane of

r=rxF.
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the bottom of the peg. The direction of the resultant
torque vector—note we are not interested in the magni-
tude—is unaltered by this restriction.

As shown in Fig. 10(b), for all the points in region a, the
7 vectors will point to the right, the force vectors F caused
by the forces exerted by the robot will all be into the page,
and the resulting torque vectors will all have a Y compo-
nent greater than or equal to zero. If they are added
vectorially, the X components will cancel, and there will be
a net torque vector pointing in the positive Y direction.

As shown in Fig. 10(c), for all the points in region b, the
7 vectors will point to the left, the F vectors will all be
into the page, and the resulting torque vectors will ail have
a Y component less than or equal to zero. Summing the
torque vectors yields a net torque vector pointing in the
negative Y direction.

For the points in region ¢, as shown in Fig. 10(d), there
is a force pointing downwards and an equal and opposite
force pointing upwards. Since no net force is acting on any
of these points, no torque is associated with them.

Note that the area of region a is always greater than the
area of region b. Although this can be proved analytically,
it is easiest to understand it graphically. Given two circular
sectors (from two disks of different radii), both with the
same chord length, the sector with the smaller radius of the
arc will have a larger area. To check the validity of this
statement, the reader may visualize the limiting case when
the radius of one disk becomes arbitrarily large in relation
to the radius of the other disk, making the circular arc of
the larger disk nearly parallel to the given chord line of
fixed length. In Fig. 11, the numbers on the left-side are
the computed areas of sectors corresponding to different
radii but with the same chord length.

In our case, since the radius of the arc for region a will
always be less than the corresponding radius for region b,
it follows that the area of the former region must be
greater than the area of the latter. This implies that the
torque vector pointing in the positive Y direction, as gener-
ated by region a, will always be greater than the torque
vector in the negative Y direction generated by the points
in region b. Therefore, there will always be a net torque in
the positive Y direction.

Therefore, the net 7 vector, corresponding to the net
torque experienced by the peg, will point in the direction
of the error vector €. Since the cross product 7 X F will
always be perpendicular to ¥ and therefore perpendicular
to € and since the torque measurement will correspond to
X F, the error vector will be perpendicular to the mea-
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(c)

sured torque. We can therefore write
(18)

Before concluding this section, we would like to make an
important comment about a practical source of difficulty
one has to contend with in the measurement of the direc-
tion of the error vector. As the clearance between the peg
and the hole diminishes, so will the difference between the
areas of the regions a and b; the result being a torque that
approaches zero. In practice, the smaller the value of a
torque, the more error-prone its measurement becomes,
requiring recourse to noise reduction techniques such as
averaging.

T, .
é’||tan-1(i)—90°.
Ty

B. Inserting the Peg into the Hole

The final goal of a peg-in-hole operation can be reached
with one additional SLMG. Starting with the peg posi-
tioned over the mouth of the hole, the robot needs to push
the peg into the hole without jamming or wedging. This is

(H
Fig. 12. (a) Peg and block with hole are lying on work platform and are being scanned with structured light scanner held in
robot gripper for determination of positions and orientations of two objects. (b) Manipulation of peg. (c) Reorientation of

peg prior to insertion. (d) Robot brings peg over to hole with guarded move. (e) Compliant move is being executed for
alignment of axes of peg and hole. (f) Finally, insertion is carried out.

done by making a compliant move that attempts to main-
tain zero forces and torques on and about the X and Y
axes while pushing the peg into the hole, stopping when
the peg contacts the bottom. An error state will result if a
false contact force is sensed or the peg wedges or jams into
the hole. In the first case, a static reading of the force will
signal the absence of a contact force and the move is
simply repeated. In the second case, high forces or torques
will be measured. If the peg is wedged or jammed, it is
backed out a small distance and the move is repeated.

V. EXPERIMENTAL RESULTS

The goal of our research is to be able to mate tight-fit-
ting parts whose initial positions are unknown. To accom-
plish this, we use range maps obtained with a 3-D laser
scanner to locate each part to an accuracy of roughly 0.2
in. The manner in which the range maps are processed,
described fully in [20], consists essentially of first detecting
Jump and curvature discontinuities, isolating the topmost
surface of each object, and extracting various parameters
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Fig. 13. Top plot depicts readings of force along Z axis taken during

one peg-in-hole experiment. Middle plot shows readings of torque
about X axis during same experiment. Bottom plot shows correspond-
ing readings of torque about Y axis. Note that at least three readings
are taken to ensure that signal is stable; if not, more readings are taken
until signal becomes stable. Numbered intervals depict force—torque
readings, lettered intervals signify motion or transjtion between phases.
For description of significance of each interval, see text.

of the topmost surface for recognition and for the compu-
tation of position and orientation of each object.

The scene assertions generated by the procedures for
range data processing then automatically synthesize a ma-
nipulation plan first to grasp the pég, manipulate the peg
for the purpose of orienting it properly prior to assembly,
and finally to move the peg over the hole. From that point
on, the rest of the insertion is carried out under the control
of force/torque sensing, as described in this paper. Fig. 12
shows a sequence of photographs taken during such an
experiment in which the peg was lying on its side about
4 in away from the block with the hole. Figs. 13 and 14
display the readings taken by the force/torque sensor
during two such experiments. Although both experiments
were executed under similar conditions, different error
situations occurred in each, and we will therefore explain
both. Each numbered interval corresponds to the force—
torque readings taken; three or more readings were taken
each time the F /T sensor was queried to ensure the signals
were stable. ’

In Fig. 13, interval 1 shows the readings at the beginning
of the experiment. Interval a signifies the execution of the
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Fig. 14. Top plot depicts readings of force along Z axis taken during
second peg-in-hole experiment. Middle plot shows readings of torque
about X axis during this experiment. Bottom plot shows corresponding
readings of torque about Y axis. As in Fig. 13, numbered intervals
depict force—torque readings, lettered intervals signify motion or tran-

sition between phases. For description of significance of each interval,
see text.

guarded move to the surface containing the hole. The
readings taken during the execution of the phase-1 EDR
routine are depicted in interval 2. Here, it was determined
that the motion successfully established the phase-1 termi-
nating condition. Interval b denotes the transition between
phase-1 and phase-2. The readings taken in interval 3 were
used to compute the error-vector direction required for the
phase-2 compliant motion. During interval ¢ this compli-
ant motion was executed. Interval 4 displays the readings
taken by the phase-2 EDR routine. It was decided that the
terminating condition was not met, but rather the peg lost
contact with the surface during the preceding compliant
motion. This situation was rectified by making a guarded
motion to reestablish contact in interval d. The readings
taken to recalculate # are exhibited in interval 5. During
interval e the phase-2 compliant motion is reattempted.
The readings taken at the completion of this move by the
phase-2 EDR routine are displayed in interval 6. The
phase-2 EDR routine resolved that the terminating condi-
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TABLE 1
NUMBER OF PHASE-2 EDR CYCLES AUTOMATICALLY INVOKED FOR SUCCESSFUL ASSEMBLY
IN THE 20 PEG-IN-HOLE ASSEMBLY EXVER'MENTS?

Clearance = 0.001 in

Clearance - 0.050 in

Number of Attempts 0.15 < Error 0.15 < Error
Automatically Invoked <0.25in 0.25 in < Error <0.25in 0.25 in < Error
1 4 3 5 4
2 0 0 0 1
3 0 1 0 0
>3 1 1 0 0

““Error” refers to the initial offset between the axis of the peg and the axis of the hole. To help the reader
understand the table entries, an entry of 4 in the second column means that in four of the experiments, only one

EDR cycle was required; the initial offset between the

between 0.15 and 0.25 in.

tions had been successfully achieved, and the experiment
transitions to phase 3 at interval f. Initial phase-3 readings
are shown in interval 7. The difference between the final
phase-2 reading and the initial phase-3 reading was proba-
bly caused when the brake motors were engaged during the
phase transition, slightly changing the position of the robot
end-effector, therefore slightly altering the force being
exerted by the robot on the peg. In interval g the phase-3
compliant motion to insert the peg took place. Interval 8
shows the readings taken during the execution of the
phase-3 EDR routine. Here it was determined that the
previous compliant motion terminated prematurely and
the phase-3 terminating condition was not met. Similarly,
during the intervals #—m the phase-3 compliant motion
was repeatedly reattempted. In intervals 9-13 the readings
taken after each attempt are displayed. In every case it was
decided -that the terminating condition had not been met
and the compliant motion should be reattempted. Finally,
in interval 14, it was determined that the phase-3 terminat-
ing condition was met and the experiment was terminated.

In Fig. 14, once again interval 1 shows readings at the
beginning of phase-1. Interval a was used for the guarded

- move made during phase-1. Following the guarded motion, -

the readings shown in interval 2 were taken during the
execution of the phase-1 EDR routine and it was deter-
mined that the phase-1 terminating conditions had been
successfully reached. Therefore the system continued on
to phase-2, as signified by the transition at interval b.
- Initial phase-2 readings were taken, as displayed in interval
3, and the data used for the computation of the error-vec-
tor required for the phase-2 compliant motion, which was
executed during interval c. At the termination of the
compliant motion and through the readings recorded dur-
ing the execution of the phase-2 EDR routine, which are
shown in interval 4, it was determined that the motion had
successfully established the phase-2 terminating condi-
tions. The transition between phases-2 and 3 occured
during interval 4. The phase-3 compliant motion was
executed during interval e, after taking the initial readings
shown in interval 5. In this experiment the peg began to
jam, which was determined by the high force and torque
readings taken in interval 6. In interval f this situation
was rectified by executing a compliant move similar to the
one in interval e, but after readjusting the direction of the

peg and the hole axes in these four experiments was

insertion. The readings taken in interval 7 were used to
determine that the phase-3 terminating condition was suc-
cessfully reached and the experiment ended.

‘To demonstrate -the success rates -achieved with our
dynamic planning methods, we have summarized in Table
I the results of 20 peg-in-hole assembly experiments. Two
sets of experiments are shown in the table; ten conducted
at a clearance level of 0.001 in. and the other ten at a
clearance level of 0.05 in. As mentioned in the table
footnote, “error” is the offset between the peg and the hole
at the instant the force guided motions take over the
assembly task.

As can be inferred from the table, the success rate is a
function of the number of cycles allowed for error detec-
tion and recovery. We believe these results are quite im-
pressive considering the limitations of our force control
system caused primarily by susceptibility of the F/T sen-
sor to electrical noise, inertial effects, and mechanical
vibrations.

VI. CoNcLUsION

This paper presented seldom discussed sources of error
in force-guided motions. Among these sources are noisy
F/T readings, mechanical vibrations, the presence of slid-
ing and sticking frictions, and the possibilities of eccentric
oblique impacts. We have pointed out how most of these
errors might be reduced or eliminated. Although we have
ignored issues dealing with stability, we would like to state
that empirically we have found our system to be stable,
albeit somewhat underdamped for the metal parts that we
use in our assembly experiments. For a description of how
the stability of force-controlled Systems varies with gain,
dynamics and environmental stiffness, the reader is re-
ferred to [21]. Whitney discusses methods to ensure stabil-
ity in different force controlled strategies [22].

In Section III of this paper we introduced the notion of
straight line motion goals and showed how SLMG’s can be
considered as the basic building blocks of a dynamic
planning strategy. By dynamically building an assembly
plan out of SLMG?’s, we believe it is possible to carry out
robotic assemblies in the presence of sensing and model
uncertainties while recognizing and recovering from errors
introduced by control uncertainties. Finally, this paper
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discussed in detail the error detection and recovery strate-
gies required for peg-in-hole type of assemblies and pre-
sented experimental results that illustrate the dependence
of the success of assembly tasks of the number of error
detection and recovery cycles allowed.
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