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EXPERIMENTS IN FORCE-GUIDED ROBOTIC ASSEMBLY

Abstract

By

SIDDHARTH R. CHHATPAR

This thesis describes experiments in force-responsive robotic assembly.  The

example assemblies described in this thesis were conducted on an AdeptOne robot,

retrofit with an open-architecture controller running an implementation of Natural

Admittance Control.  In this technique, a model of a robot, incorporating estimates of

actual inertias, is simulated in real time to respond to sensed end-effector forces, plus

virtual forces defined with respect to a computed attractor. The physical robot is

servoed to track the idealized simulation.

Experiments were conducted to characterize the robot dynamics for the

idealized simulation.  Fast and reliable methods for motor output characterization,
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identification of friction parameters and gravity loading of the robot, and determining

the actual inertia of the robot are illustrated.

Using Natural Admittance Control, successful assemblies of automatic

transmission components, including a forward clutch and a planetary gear-set, were

performed.  It was demonstrated that a passive remote center of compliance was

unsuccessful for assembling the planetary gear-set, even in combination with implicit

force control.  With natural admittance control, assembly was gentle and reliable.  In

addition, the virtual attractor technique was found to be effective in bridging lower-

level impedance behaviors with higher-level planning.

Abstracting the challenges posed by the example assemblies, a general

framework was developed for planning and decision-making and it was tested on two

representative assembly problems.  The Hybrid Systems approach was adopted to

bridge the planning, based in the discrete domain, with the continuous dynamics of

the actual assembly.
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CHAPTER 1

INTRODUCTION

Robotic assembly of vehicle transmission parts is hindered by problems of

geometric uncertainties and unaligned components such as gears and movable clutch

plates.  These parts have far higher positional uncertainties than their assembly

tolerance.  Under this scenario the use of pure position control is not the right

solution.  Success in assembly requires altering component locations through physical

contact between the mating parts, which cannot be carried out in a time-efficient and

non-damaging manner without force control.  Currently, such assemblies are

performed manually.

Our overarching goal is to achieve human-level performance of such

assemblies using industrial robots.  Our approach is two-tiered, consisting of a lower-

level force control, supervised by a higher-level planning module.  Specifically the

lower-level control is accomplished using Natural Admittance Control (NAC).  The

planning is accomplished by a decision-making module that switches NAC control

parameters upon detection of certain events.

The research herein deals with implementing NAC for robotic assembly of

transmission components.  Central to this task is high-fidelity modeling of the

assembly robot’s dynamics.  As real-world examples, a forward clutch and a

planetary gear set were assembled automatically on an AdeptOne robot, using simple

strategies.✵  Abstracting from these simple strategies and the challenges posed by

✵ These assemblies are currently performed manually at Ford’s Livonia plant.
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these example assemblies, we developed a general framework for planning and

decision-making and tested it on two representative assembly problems.

Natural Admittance Control

Force control has been accepted as a necessary approach to such assembly

problems.  Trying to mimic human behavior at the lower level of the

controllerdealing with the dynamics of endpoint responsiveness to contact

forcesleads us to impedance control [1].  But human motor controls do not suffer

from the problem of significant friction at the joints, as robots do.  Hence, we need a

control algorithm which can successfully mask joint friction in order to provide

highly responsive force control.

The “accommodation matrix”  approach developed by Peshkin and Schimmels

[2,3], is an attractive method for encoding force-guided assembly strategies.  Under

this method, sensed contact forces are mapped onto corresponding velocities through

an accommodation matrix.  A nominal velocity imposed over this strategy leads the

assembly towards a specific goal.  But, as shown by Mathewson [6], accommodation

control is limited to either low-speed convergence or to poor performance due to

frictional disturbances.  Mathewson demonstrated that the good friction rejection and

contact stability attributes of natural admittance control [7,8] could be combined with

accommodation matrices to improve performance.  This was demonstrated for the

simple case of aligning a block with three fixel constraints.

The implementation of natural admittance control requires a good model of

the robot dynamics.  The friction and gravity effects at each joint need to be modeled
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to allow feed-forward compensation.  Also, inertias and motor constants are required

to implement the “observer”  to estimate the velocity of the robot.

Beattie [9] described experiments performed to develop a dynamic model of

the General Electric GP-132 robot.  He then improved upon the parameters identified

by an online parameter-tuning approach.

Ballou [10] attempted to improve the accuracy of the parameters identified by

Beattie for the same robot.  He used a more “pure”  approach, avoiding interactive

modeling as much as possible.

This thesis describes parameter identification of an AdeptOne robot.

Experiments, similar to ones used by Beattie, were employed to identify friction and

gravity-load values.  The apparent inertia at each joint was found using a fast and

reliable method, and these inertia values were utilized in simulating a dynamic model

of the robot.  This simulation was then used in implementing Natural Admittance

Control on the AdeptOne robot to perform compliant assembly.  The basic structure

of the NAC algorithm is explained in this thesis.  The algorithm was later adapted to

eliminate certain persistent problems.  The adaptation has been described in detail.

Example Assemblies

Extensive experiments in assembling automobile transmission parts, including

a forward clutch and planetary gear set, were performed using an AdeptOne robot.

Previous work done by Huang [11] on the forward clutch assembly was assessed and

improvements were made to make the assembly more efficient.  Successful strategies
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were developed to achieve assemblies of the sun gear.  Both assemblies were also

tried using implicit force control and a comparison was made.

Planning and Decision-making

In addition to the low-level NAC to handle the manipulation dynamics, there

is a higher level, which plans the specific sequence of phases that the assembly

should be led through.  Many “ intelligent”  solutions are being offered to bridge the

gap between such discrete decision logic and the underlying continuous dynamics of

the servo-controlled system.  Hybrid Systems theory [12,13] is a promising candidate

for such a bridge, as it allows a continuous control law to be partitioned into discrete

states with definitive, event-based transitions between states.

McCarragher [14,15] successfully combined compliant manipulation with a

higher-level planning based on the Discrete Event Systems theory [16].  In [14],

McCarragher described how the control commands, given to the low-level force

controller, are determined solely by the discrete state of the assembly process.

Transitions between states take place on the occurrence of events, which are changes

in contact with the environment.  Thus for every state there is a desired event, which

will lead the assembly towards successful completion, and the control commands for

that state are conceived to achieve the desired event.

Li [17] tackled a peg-in-hole problem by implementing a hybrid controller,

using the Hybrid Communicating Signal Processing language to design the

corresponding hybrid control programs.  But only theory is described.  No actual

experiments or simulations were carried out.
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The assembly tasks that are addressed by this research need similar planning

on a higher level.  Instead of tackling the actual assemblies, simplified representations

were built, which facilitated understanding the problem and arriving at a solution.

Special multi-tier peg-in-hole assembly tasks, modeled after the forward clutch

assembly, were considered.  The assembly procedure was broken up into component

schemes, termed “behaviors,”  and modeled as a hybrid system.  Both task planning

and error recovery were implemented.  Successful experiments were carried out.

Organization of Thesis

This thesis is organized in the following manner.  Chapter 2 describes the

experimental system, including the AdeptOne robot, the various components assisting

the robot, and the computing system.  Chapter 3 illustrates experiments carried out to

model the robot parameters and their results.  Once the control algorithm was set up,

force-controlled assembly was attempted.  Chapter 4 describes the adaptations to the

control algorithm and the actual assemblies of the forward clutch and the sun gear.

Chapter 5 applies Hybrid Systems theory to the higher-level task of planning the

specific sequence of phases required to perform the multi-tier peg-in-hole tasks.
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CHAPTER 2

THE SYSTEM

An AdeptOne [18] robot was used in this research.  It is a 4 degree-of-

freedom robot.  The first two joints form a planar arm.  A prismatic joint at the end of

link 2 gives vertical motion, and flange rotation around the vertical axis is provided

by a fourth joint, coinciding with the prismatic joint.  See Figure 2.1.

A peculiarity of AdeptOne is the one-way kinematic coupling between the

third and fourth joints.  As shown in Figure 2.2, joints 3 and 4 actuate in a “nut and

bolt”  type arrangement.  The motor for joint 3 turns the nut, thus causing the bolt

(prismatic link) to move up or down.  The joint-4 motor is connected directly to the

Figure 2.1 The AdeptOne and its workspace

6



16

bolt and so, besides causing flange rotation, it also causes the bolt to move up or

down if the nut (joint-3 motor) is held steady.  A more analytical description is given

in Chapter 4.

The robot’s end-effector consists of a Quick-change tool changer, a “break-

away” device, a JR3 6-axis force-torque sensor, a Remote Center of Compliance

(RCC) device, and a pneumatic gripper.  See Figure 2.3.

The Quick-change is a pneumatically operated tool changer facilitating rapid

changeover between different gripper assemblies.  The gripper assembly can be easily

snapped onto the end-effector by operating a pneumatic valve.  The tool changer also

provides passage for 6 pneumatic lines and 8 electric lines.

Bolt actuated by Joint-4 motor

Nut actuated by Joint-3 motor

End-effector

Prismatic link

Figure 2.2 Nut and Bolt-type arrangement for actuation of joints 3 and 4
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During development of the control algorithms, stability problems or strategy

errors could lead to equipment damage.  As most of our applications bring the robot

in close contact with stiff environments, potential damage could be extensive.  This

necessitated incorporating a hardware or software solution to prevent accidents or

reduce the damage suffered.  Implementing Reflex Control [19] for automatic

collision avoidance was one software solution possible.  We finally settled for a

simple break-away device (designed and built by Terence Wei and Matthew Birch),

shown in Figure 2.4, to reduce damage to the components on the end-effector in case

of a mishap.  This device consists of an upper part, the “breakaway hub,”  fixed rigidly

to the tool changer, and a lower part, the “breakaway disc,”  to which the other

JR3 force-torque sensor

Break-away device
sensor

RCC

Gripper

Figure 2.3 The end-effector components

Tool changer
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components (JR3 sensor, RCC, gripper) are attached.  The “ lock ring”  is connected

rigidly to the top of the breakaway disc as shown in Figure 2.4.  The hub and the lock

ring can be snapped together with some force to put the whole assembly together.

The parts only fit in a unique orientation and so the required orientations of the force

sensor and the gripper are always maintained.

The essential point is that when a tangential force acts on any one part it will

disengage from the other.  The magnitude of the force required to disengage them can

be conveniently adjusted by simply tightening or loosening a few screws on the

perimeter of the lock ring.  Hence, in case the robot hits something, the assembly will

disengage from the end-effector and dangle on a tether.  Thus the maximum impact

on the delicate components can be limited to acceptable values.

The JR3 [20] 6-axis force-torque sensor is capable of measuring the force on

three orthogonal axes, and the moment about each axis, to completely define the

loading at the sensor's location.  Signals from foil strain gage bridges are amplified

and converted to digital representations of the force and moment data.  A CPU reads

Figure 2.4 Breakaway Hub, Lock Ring, and Breakaway Disc

Breakaway Hub
Lock Ring

Breakaway Disc
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these data and decouples the force and torque signals using a vendor-supplied matrix.

These signals are then transformed to the robot’s base frame coordinates.

The Remote Center of Compliance (RCC) [21] is a passive mechanical

device.  It consists of a floating plate suspended from an upper plate through three

springs.  Due to this arrangement the floating plate is compliant in the horizontal

plane and stiff in the vertical direction.  When a horizontal force acts on the floating

plate, the plate, besides moving in the direction of the force, tips about a remote

center, hence the name.  This property helps the RCC to accommodate small

misalignments in assemblies without allowing the contact forces to become

excessive.

As the RCC is attached below the force sensor, it is regarded as a part of the

environment and so the compliance added becomes a property of the environment.

Figure 2.5 RCC
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The RCC can be locked (made non-compliant) or unlocked (made compliant)

pneumatically.  For robot moves where contact is not anticipated, the RCC is locked.

A multiprocessor-based VME bus controller controls the system.  Control

code [22] running on a 68020 board performs robot control.  It can implement both

position control (PD, PID) and force control (natural admittance control, implicit

force control).  The controller also performs torque control of the motors using a

DSP-based torque vs. angle and current table interpolation.  This is explained in

greater detail in Chapter 3.  The 68020 board also reads the encoders and writes out

motor current commands to a pulse-width modulation (PWM) interface board.

Within the same VME system a Force-40 board running the VxWorks [23] operating

system controls a Cybernet Systems Corporation 6 degree-of-freedom, force-

reflecting hand controller.  It also reads force and torque data from the JR3 sensor,

decouples the force and torque signals using a vendor-supplied matrix, and transforms

the data into the robot’s base frame coordinates.  An MVME-167 board running the

LynxOS [24] operating system carries out several functions separated into individual

threads.  One thread provides a graphical user interface for shifting among various

types of control, shifting between various assemblies, and modifying PD control

gains and virtual stiffness and damping parameters.  Another thread performs data

collection.  Because the only available system-wide clock on LynxOS has a

resolution of 10 ms, another 68020 board is used for data collection in instances

where data needs to be collected at a higher frequency.



21

CHAPTER 3

MODELING THE ROBOT

Under Natural Admittance Control, a real-time simulation of the robot dynamics is

performed.  This simulation includes an accurate model of the robot’s mass

properties.  The dynamics of the real-time simulation are used as a trajectory input to

the physical robot, which is slaved to mimic the model using stiff servo controls.

Thus the implementation of natural admittance control requires a good model

of the robot dynamics.  The friction and gravity effects at each joint also need to be

modeled to allow feed-forward compensation.

3.1 Motor Output Characterization

The original controller provided with the AdeptOne works with the robot

programming language V+.  V+ allows high-level task programming by specifying

desired positions and velocities, and implements these trajectories through position

control.  To accomplish force control the capability to command torques is required.

To achieve this the Adept CC controller had to be bypassed and a low-level controller

had to be developed to drive the motors with external signals.  The first two joints on

the AdeptOne are actuated by variable reluctance motors, while joints 3 and 4 are

driven by DC brushless motors.  To control motor torque, current to be supplied to

each of the three phases as a function of torque and position must be known.  The

main control program, running on a CPU, uses the characterization data for the
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motors, to carry out electronic commutation and derive the necessary currents for all

three phases in response to the desired torque and sensed position [26].

In modeling the robot, the first task would be to check the characterization

data curve, i.e. the relation between the commanded torque and the torque actually

generated by the motor.

3.1.1 Description of Experiment

An obvious experiment would be to command a given torque on a joint and

then measure the actual output using a pre-calibrated force-torque sensor.  The details

of this experiment are listed below.  The JR3 force-torque sensor was used to get force

and torque data.  The sensor that we currently possess has been in use for a long time,

and so it was necessary to calibrate it roughly before proceeding with the

experiments.  A recently purchased Ametek force gauge was used.  It is a hand-held,

single-axis digital force gauge, with a range of 0-90 N.  Using this force gauge the

JR3 sensor was calibrated with an accuracy of roughly 1 N on the force axes and 0.5

N-m on the required torque axis.

Joint 1 Motor-Constant Calibration

1) A given torque is commanded on joint 1.  2) As the JR3 force-torque sensor

is mounted on the end-effector, joints 2 and 4 are servo controlled to maintain a 90°

angle with joint 1.  This ensures a constant lever-arm equal to the length of link 1 and

the “active”  axis of the sensor remains tangential to link 1 at all times.  3) Depending
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on the value of the commanded torque (less than or greater than friction) joint 1 will

either stand still or start moving.  4) The robot is then held through the sensor and

joint 1 is moved in the clockwise and counter-clockwise directions in a quasi-static

manner.  5) Meanwhile the forces sensed by the sensor are being recorded along with

the actual position of joint 1.  6) The force recorded by the sensor is averaged over the

number of samples and the equivalent torque exerted at the joint by the operator is

computed by multiplying the averaged force with the lever arm (length of link 1).  7)

The experiment is repeated for almost the entire range of command torques.

Assumption: The movement of joint 1 is quasi-static; slow enough to ensure

that inertial effects and viscous friction are negligible.

Joint 2 Motor-Constant Calibration

The motor on joint 1 is locked, while joint 4 is servo-controlled to maintain a

90° angle with joint 2.  This ensures a constant lever-arm equal to the length of link 2

and the “active”  axis of the sensor remains tangential to link 2 at all times.

Joint 3 Motor-Constant Calibration

The motors on all the other joints were locked during the experiments with

joint 3.  As joint 3 is the prismatic joint actuating in the vertical direction, it is also

affected by a gravity load.  To identify this load the experiment was first carried out

with the motor power turned off.  The same calculations, as shown below, then yield

the gravity load and the Coulomb friction.  With the gravity load identified, it can be
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subtracted from the data collected on the subsequent experiments, to cancel out its

effect.

Joint 4 Motor-Constant Calibration

The kinematic coupling between joints 3 and 4 causes the prismatic link

(actuated by joint 3) to move up or down, when joint 4 is actuated.  Thus joint 4 is

also affected by gravity loading.  Just as in the case of joint 3, the gravity load was

identified first by carrying out the experiment with the motor power turned off.  This

value was then compensated for in the subsequent experiments.  Also, because of the

kinematic coupling, the experiments with joint 4 had to be done taking care that link 3

was not at the end of its stroke.  Again the motors on all the other joints were locked

for the experiments.

Data Analysis:

For quasi-static motion, inertial and viscous friction terms can be

ignored, resulting in torque balance.

Where τsensor(ω) is the average of the force data recorded by the JR3 sensor, ω

is the angular velocity of the joint, τmotor is the commanded motor torque, and τfriction

is the magnitude of Coulomb friction.

 

τ τ τω ωmotor friction sensor− =∗sgn( ) ( )    (3.1.1)

τ τ τ ω ωmotor friction sensor− = >( )
0

τ τ τ ω ωmotor friction sensor+ = <( )
0

(3.1.2)

(3.1.3)
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3.1.2 Results

Joint 1
The actuator saturation limit, applied in software, on joint 1 is 38 N-m.  The

JR3 force-torque sensor values on the horizontal axes saturate at around 85 N.  This

prevents experiments with the torque command equaling or exceeding 25 N-m, as this

would require measuring forces up to (25 N-m + 9 N-m (friction)) / 0.425 m (lever-

arm) = 80 N.

Figure 3.1 shows plots of the original and corrected, “command vs. output”

relation for joint 1 torque.  From the plot of the original relation it can be seen that the

motor response exhibits a 3 N-m dead band with respect to the command torque.

Thus a correction of +3 N-m should be applied to the commanded torque to get the

output torque to equal the desired torque.  This correction was implemented and the

experiments were repeated to verify the solution.  The plot of the new data shows that

the actuator linearity was significantly improved.  Dead band correction was similarly

applied in the negative direction.

The bottom plot in the same figure shows the Coulomb friction values

deduced from the experiments.  The average friction was 5.4 N-m, and the variance

was 1.39 N-m.  It was noted that the friction measurements varied on different days,

(3.1.4)⇒ = +> <τ τ τω ωmotor sensor sensor
1

2 0 0
( )

⇒ = −< >τ τ τω ωfriction sensor sensor
1

2 0 0
( ) (3.1.5)
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and thus feed-forward compensation for Coulomb friction should have limited

success.

Joint 2

For joint 2 the actuator saturation, applied in software, was 33 N-m, although

no experiments with the torque command equaling or exceeding 25 N-m could be

carried out due to sensor saturation.  Again, this would require measuring forces up to

(25 N-m + 6 N-m (friction)) / 0.375 m (lever-arm) ≈ 83 N, while the force sensor

values on the horizontal axes saturate at around 85 N.

Figure 3.1 Joint 1 Motor Characterization Curves
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Figure 3.2 shows a plot of the “command vs. output”  relation for joint 2

torque.  As can be seen from the plot, the joint-2 actuator exhibits a dead band of 2 N-

m.  The necessary correction was applied, and the upper right plot on the same figure

shows the data collected with the mended relation.  The Coulomb friction values

obtained from the experiments are also given in Figure 3.2.  The values are more

consistent with a mean of 4.4 N-m and a standard deviation of 0.72 N-m.

Joint 3

As described before, the foremost experiment on joint 3 was to identify the

gravity load so that it could be compensated in the subsequent experiments.  The

Figure 3.2 Joint 2 Motor Characterization Curves
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value of the gravity loading was identified to be 51 N.  The data collected with the

motor power turned off is shown in Figure 3.3.

Figure 3.4 Joint 3 Motor Characterization Curves

Figure 3.3 Experiment to Identify Gravity Load
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The “command vs. output”  curve for joint 3 force, Figure 3.4, reveals that

there was an approximate scaling error of 0.75.  Accordingly, the commanded force

was corrected to be ¾ of the desired force.  The experiments were repeated and the

new plot shows that the “output vs. desired force”  curve is much improved.  A mean

Coulomb friction value of 13.6 N, with a standard deviation of 0.56 N was obtained

for joint 3 from the data gathered.

Joint 4

Data collected for gravity-load identification is shown in Figure 3.5.  The

gravity load was approximated to be 0.12 N-m.

The “command vs. output”  curve for joint 4 torque, shown in Figure 3.6,

revealed a drastic error in the characterization.  Any torque-command over 2.7 N-m

resulted in a maximum output of 4.3 N-m.  Besides this there is an offset error of +0.3

N-m on the output axis.  A correction of –0.3 N-m was applied to any torque

command of 0.6 N-m or more.  For lower desired torques, simply half the desired

Figure 3.5 Experiment to Identify Gravity Load
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torque was commanded.  The average Coulomb friction estimated from these

experiments was 0.36 N-m with a standard deviation of 0.01 N-m.

3.1.3 Conclusion

The results in this section show that the “ torque command vs. torque output”

curves for all the joints have improved significantly after the corrections were added.

The simple offset errors of joints 1, 2 and 4 were repaired in software by

compensating for the offsets before the torque was commanded to the motor.

τ τ τ1 1 13
command desired desired

= + ∗sgn( )

τ τ τ2 2 22
command desired desired

= + ∗sgn( )

(3.1.7)

(3.1.8)

Figure 3.6 Joint 4 Motor Characterization Curves
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τcommand  is the torque actually commanded to the motors, while τdesired  is the

torque output which is desired from the motors.  And “sgn(x)”  or the signum function

is defined as,

Similarly, the correction on joint 3 was achieved by applying a scaling factor

of 0.75 to the desired torque before sending the command to the motors.

With these improvements in place, the actuators can be presumed to input

known force/torque excitations to perform additional identification.

3.2 Coulomb Friction

The AdeptOne is originally a low friction robot.  But our particular model is

fitted with waterproof seals around its joints, which contribute to a large amount of

static and dynamic friction.  This friction needs to be modeled so that feed-forward

torque can be introduced to compensate for it.  The following section describes

experiments carried out to build a simple friction model.
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Before carrying out the actual tests the particular joint was given a vigorous

workout to warm it up.  This procedure was previously suggested by Armstrong [26],

to reduce the increased friction after a period of inactivity, and Ballou reported

similar effects.  Warming up the joints before experiments helps in improving

repeatability.

3.2.1 Description of Experiment

The simple test used by Beattie and then Ballou to find Coulomb friction

parameters was repeated.  The experiment involves sweeping a joint through its range

of motion at a low, constant velocity, and then finding the average torque needed to

maintain that velocity.  Meanwhile, all other joints were locked in favorable

positions.  The low, constant velocity ensured negligible inertial effects and viscous

friction.  While locking all other joints ensured that no cross-coupling effects crept in.

Thus the torque required to maintain the velocity fed only the dynamic friction in case

of joints 1 and 2, and a combination of friction and gravity load in case of joints 3 and

4.  An advantage of having a robot with the SCARA configuration was that the

gravity load was not position-dependent.  We had to identify and compensate for a

single gravity load value.  Also, the extra friction induced by gravity loading was not

position dependent and could be lumped with the Coulomb friction for the

identification.  In case of joints 3 and 4, the tests had to be performed in both

directions, positive and negative, to decouple the friction and gravity load effects.

The tracking-torque fed the sum of gravity load and friction when moving against
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gravity, while when moving in the direction of gravity, it fed the difference of gravity

load and friction.  By obtaining the average torque required in both directions we

could separate out the gravity load and friction effects and identify each.

A PD-control loop was used to track the desired angle and velocity.

3.2.2 Results

Joint 1

Tests were conducted for five velocity values, all in the positive direction.

The results show that the friction is not significantly position-dependent.  Although

near the positive extremity the torque required to track the desired trajectory increases

substantially, this is suspected to be due to other reasons such as physical obstruction

to movement.  Figure 3.7 shows a plot of the required torque for a particular

experiment.  Comparing the friction values obtained at different velocities, something

like the “Stribeck Effect”  [10,26] can be seen.  The Stribeck Effect is a transitional

period between static friction and viscous friction in which there is decreasing friction

with increasing velocity at very low velocities.  As the velocity is increased from 0.05

rad/sec to 0.3 rad/sec, the friction value slowly drops from 10.9 N-m to 8.7 N-m.

With further increase in velocity, the friction value rises.  The reason for this effect

offered by Ballou is that at very low velocities, stick-slip or the averaging of the sum

of the static friction and Coulomb friction, leads to higher apparent friction than at

higher velocities, seems reasonable.  As our intention was to build a simple friction

model, we selected a single, most appropriate Coulomb friction value and used it for
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compensation under all conditions.  It made sense to select the lowest value, so that

the compensation never overestimated the actual friction.  The value of 8 N-m was

thus chosen.

Comparing the Coulomb friction values obtained through these experiments

with those from the motor characterization experiments, it can be seen that the values

do not match.  No obvious explanation for this discrepancy was found, however,

since the intended use of friction compensation was closest to the conditions of the

tracking test, this value for friction was assumed.

Joint 2

The results for joint 2, as exemplified in Figure 3.8, show that the torque required to

maintain the velocity over the whole range of joint motion is position-dependent.

There is a wind-up effect.  As the joint moves towards its positive extremity the

torque required increases slightly, while moving towards its negative extremity the

torque required reduces.  This effect is not related to the Coulomb friction of the joint

and so the Coulomb friction value was approximated to be the average of the torque

Figure 3.7 Coulomb Friction Experiment for Joint 1
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required while the joint was around the mid-region of its sweep.  A friction value of

4.5 N-m was chosen for joint 2.  This value is consistent with the one identified in the

motor output characterization experiments in the previous section.

Joint 3

Joint 3 friction tests were conducted over eight different velocity values in

each direction.  Figure 3.9 shows the plot of the average tracking-torque for each

velocity value and also the plot of the friction and gravity load identified therefrom,

for each of the velocities.  The friction increases steadily with increase in velocity,

which shows that the viscous friction comes into play at very low velocities.  The

Coulomb friction was estimated to be 12 N-m.  The gravity-load values identified

from the tests are fairly constant, and range between 53 N and 54 N.  The motor

output characterization tests from the previous section had produced a value of 51 N

for the gravity load, which corroborates these results.  The 51-N gravity-load value

was selected so that it would not be over compensated.

Figure 3.8 Coulomb Friction Experiment for Joint 2
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Joint 4

The tracking torque and angular velocity data from a joint 4 friction

experiment have been plotted in Figure 3.10. Joint 4 experiences a gravity load

because of the kinematic coupling with joint 3, described before.  The Coulomb

friction was estimated to be 0.37 N-m.  The gravity-load value estimated from the

tests is 0.21 N-m.  The motor-output characterization tests from the previous section

had produced a value of 0.12 N-m for the gravity load, which is not consistent with

these results.  A 0.21-N-m gravity-load value was selected, since the conditions of the

tracking test are closer to the intended use of gravity-load compensation.

Figure 3.9 Friction-Experiment Results for Joint 3
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3.3 Inertia

For successful implementation of natural admittance control it is important to

get at least an approximate model of the robot’s link inertia.  One way to find the

inertia of each link would be to take the robot apart and oscillate each link.  But when

we refer to link inertia here we actually mean the apparent inertia of the whole

“motor-transmission-link”  system.  For the AdeptOne, however, the first joint is

direct-drive and so the motor inertia reflected at joint 1 is negligible compared to the

link inertia.  The second joint is remote drive, because the motor is located at the base

and drives the joint by a belt-pulley mechanism.  For this link, the transmission ratio

is near unity, and thus the reflected motor inertia is also negligible.

3.3.1 Description of Experiment

To understand the experiments [9] performed to find the inertia for each link,

we go back to the basic robot equation:

Figure 3.10 Coulomb Friction and Gravity-Load Identification Experiment for Joint 4
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We have already identified the Coulomb friction (νi) for each joint.  We also

identified the gravitational loads (gi) on joints 3 and 4.  The cross-coupling effects of

joints 1 and 2 can be cancelled out by locking the motor on either joint.  Also if the

robot is put in a pose where the first two joints make a 90° angle with each other, then

the Coriolis and centrifugal terms can be neglected for small motions.  Hence, with

Coulomb friction subtracted, the torque would be directly proportional to the product

of inertia and angular acceleration.

Thus, to find inertia we needed to excite high accelerations, but we had to be

careful to limit the maximum velocity attained, so that it did not introduce

considerable viscous friction.  This was achieved by having the robot track a high

frequency, low amplitude, sinusoidal velocity signal under PD control.  Coulomb

friction was compensated for through feed-forward torque.  The equations were as

follows.

The joint position, θact, and the torque required to track the velocity signal, τpd,

were sampled.  Linear regression was used to fit a sine curve to the position data.
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Analytical differentiation (twice) of the position curve yielded the acceleration curve.

The amplitude and phase-shift of the acceleration were noted.  Then the torque data

was split into a sine and a cosine curve, which were phase-shifted by the same

amount as the acceleration sine curve.  The sine-fit to the torque data (exactly in

phase with the acceleration curve) yielded the inertial torque.  And the amplitude of

the cosine-fit gave the torque spent in countering viscous friction.

Inertia was then simply the ratio of the amplitudes of the sine-fits to torque

and acceleration.

3.3.2 Results

Joint 1

Figure 3.11 shows plots of the torque and position data and the sine curves

fitted to them.  Patel [27] had identified inertia parameters for a similar AdeptOne.

The inertia value for link 1 identified by him was 4.78 kg-m2. The newly identified

value of 6.5 kg-m2, is much higher.  This difference cannot be explained by

considering the weight of the elaborate gripper assembly and other components

(cables, pneumatic lines) added to the end-effector.  The gripper assembly weighs

around 33 N (3.3 kg) and the weight of the other components can be approximated to

I accel act= τ α  (3.3.7)
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10 N.  The length of link 1 being 0.425 m, the extra weight adds only approximately

0.8 kg-m2 to the inertia of link 1.

Joint 2

The tracking-torque and position data for one of the tests on joint 2 has been

plotted in Figure 3.12.  Also shown are sine-fits to the respective data.  The inertia

value identified by Patel for link 2 was 1.35 kg-m2.  The value identified here is 2.1

kg-m2.  This is quite reasonable if we consider the extra gripper weight added to the

end-effector.  With the length of link 2 equal to 0.375 m, the added inertia due to 43

N weight would be 0.6 kg-m2.

Figure 3.11 Inertia Identification Experiment on Joint 1
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Joint 3

For joint 3 the tracking torque and position data have been plotted in Figure

3.13.  The inertia value identified from the experiments is 18 kg.  The approximate

total mass of link 3 with the end-effector is 10 kg.  This value does not corroborate

the inertia value identified by the experiments.  Reflected motor inertia is suspected to

be adding the extra inertia.  The transmission of link 3 consists of a lead screw-nut

arrangement.  The joint-3 motor inertia appears in the total inertia as a function of the

pitch of the lead screw.

Figure 3.12 Inertia Identification Experiment on Joint 2
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Joint 4

Figure 3.14 shows the tracking torque and position data from an inertia

identification experiment on joint 4.  The plot of torque and position shows that the

viscous friction is not negligible.  A major portion of the torque is feeding viscous

friction disturbances.  The sine curve (in phase with the acceleration curve) fitted to

the sampled torque data does not match it well.  The inertia value identified for link 3

is 0.008 kg-m2.

Figure 3.13 Inertia Identification Experiment on Joint 3
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3.4 Characterization Summary

The corrections applied after the motor output characterization experiments

showed significant improvements in the “ torque command vs. torque output”  curves

for all the joints.  The actuators could then be presumed to produce known

force/torque excitations, resulting in a more precise control of the robot.

The estimated parameters for the inertia were adopted to simulate an ideal

(frictionless) model of the robot.  This simulation of the robot dynamics could then be

used to implement Natural Admittance Control.  The friction and gravity-load values

estimated were utilized for feed-forward compensation.

Figure 3.14 Inertia Identification Experiment on Joint 4
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CHAPTER 4

TRANSMISSION ASSEMBLIES USING NATURAL ADMITTANCE

CONTROL

Our foundation for achieving high-performance assembly that responds to

environmental contact forces is an impedance controller [1] operating at a low level

in the control hierarchy.  At this level, the robot is controlled to be responsive to the

sensed forces and accelerations and capable of regulating its endpoint dynamics

(impedance) on demand.  From the impedance perspective, one avoids specification

of stiff trajectory following, and instead prescribes a desired set of stimulus-response

dynamics to be emulated.  Colgate [28] showed that there are stringent constraints on

the eligible target dynamics for which emulation can be performed with guaranteed

contact stability.  Newman [29] used these conditions to identify a class of control,

called “Natural Admittance Control”  (NAC), that would conform to these constraints

while providing significant rejection of Coulomb friction.

Subsections 4.1 and 4.2 present a brief description of the NAC algorithm and

its adapted form.  The example assemblies performed with Natural Admittance

Control are described in Subsections 4.3 and 4.4.  Subsection 4.5 gives a summary of

the results and conclusions.

4.1 The NAC Algorithm

A simple explanation of the natural admittance control algorithm is attempted

here.
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Virtual Attractor: An attractor point is defined in the Cartesian space of the

robot.  For the AdeptOne the position and velocity of the attractor are defined in 4

dimensions (x,y,z,θz).  Virtual springs and dampers are defined in software, which

connect the attractor with the robot’s endpoint, as shown in Figure 4.1 (only springs

are shown).

Hence, when the attractor is moved around, a vector of virtual forces is

generated on the robot, the values of which depend on the virtual stiffness and

damping parameters.

Here pattr, vattr and probot, vrobot are the position and velocity vectors of the attractor

point and the robot, respectively.  Kvir and Bvir are stiffness and damping parameter

matrices, while fvir is the vector of virtual forces.

Xattractor

Kvirtual

θz,attractor

Figure 4.1 Virtual Springs and Attractors

f K (p p ) B (v v )vir vir attr robot vir attr robot= ∗ − + ∗ −  (4.1)
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The sum of these virtual forces and the environmental contact forces are

mapped onto equivalent joint torques through the transpose of the Jacobian matrix.

fenv is the environmental force vector acting on the robot, expressed in the robot’s

base frame coordinates.  J is the Jacobian matrix, while τmodel is a vector of equivalent

joint torques.

These joint torques are then applied on a robot model in real-time simulation.

Robot Model: This is an idealized model of the real robot, as it does not model

friction, gravity loads, or the centrifugal and Coriolis effects.  For this model, the joint

accelerations of the robot follow from the inertias and the vector of equivalent

torques:

H is the inertia matrix and αmodel is a vector of idealized joint accelerations.  These

accelerations are then integrated in the control loop to find the velocities and

positions of the model joints at each time interval.

Next, the virtual spring forces are applied to the joint motors through the

Jacobian matrix in implicit force control [30] fashion.  But we know that the friction

in the robot will ruin its response.  So, the actual robot is also required to track the

model trajectory under tight PD control.  This provides the necessary feedback to

counter friction in the system.

α τmodel
1

modelH= ∗−
 (4.3)

τ model
t

vir envJ (f f )= ∗ +  (4.2)
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The identified feed-forward compensations for friction and gravity are also
added.

θmodel and ωmodel are vectors of joint positions and velocities of the model.  θrobot and

ωrobot are vectors of joint positions and velocities of the real robot.  Kp and Kv are the

matrices of proportional and derivative gains respectively for the joints.  τfriction and

τgravity are the friction and gravity-load torque compensation vectors for the joints.

τrobot is the vector of torques to be commanded to the motors.

4.2 The Adapted Algorithm

A persistent problem with the robot was that even with a stationary attractor

and no contact with the environment, the robot was not steady.  Analysis revealed that

poor model tracking by the low-level servo control was at the root of the problem.  It

can be explained thus.  If the robot cannot track the model well, then even if the

model reaches the attractor position, a virtual spring force will keep acting on it.  This

can be seen from Equation (4.1): the virtual spring force is proportional to the

difference in positions of the attractor and the physical robot.  The model robot gets

dragged away from the attractor under this force and the physical robot follows it.

Thus the model never settles on the attractor and the system never reaches

equilibrium.

τ θ θ ω ωrobot p model robot v model robotK ( ) K ( )= ∗ − + ∗ −

+ ∗ + +J ft
vir friction gravityτ τ  (4.4)
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To overcome this difficulty the control algorithm was modified.  Under the

modification, the virtual spring force acting on the model is proportional to the

position difference between the attractor and the model itself.  Thus we have internal

position feedback to the model and it becomes more like a trajectory generator.

(Note, however, that the model is still influenced by force sensor readings).  The

modified Equation (4.1) can be written as:

The result of this modification was apparent.  The model trajectory behaved

more like an idealized trajectory generator, unaffected by Coulomb friction.

Consequently the robot model maintained a fixed “steady-state”  position, while it was

still responsive to environmental forces sensed through the force sensor.

4.3 The Forward Clutch Assembly

The forward-clutch housing consists of a cylinder with five rings (clutch

plates) with teeth about their inner radius, as shown in Figure 4.2.  These rings are

capable of sliding in the horizontal plane and rotating about a vertical axis

independently of each other.

A cylindrical hub with teeth on its outer surface as shown in Figure 4.3, is to be

assembled inside the five rings.

f K (p p ) B (v v )vir vir attr model vir attr model= ∗ − + ∗ −  (4.5)
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The assembly tolerance between the hub and the rings is 0.23 mm in the radial

direction.  The rings, on the other hand, can attain a radial eccentricity of 1.6 mm.

Thus the positional eccentricities of the assembling parts are far higher than the

Figure 4.2 Forward Clutch Housing

Figure 4.3 Forward Clutch Hub
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assembly tolerances.  This makes assembly with just position control difficult.  What

is required is compliant motion control.

4.3.1 Search Strategy

Successful assembly of the forward clutch requires that the hub and the

(current) ring are concentric and that the teeth of the hub and the ring are aligned.  If

either of these two conditions is not satisfied, the force sensor can sense the reaction

forces and moments.  However, misalignment of the teeth results in reaction forces

distributed about the entire perimeter of the hub, providing no moment information to

signal even relatively large eccentric misalignment.  Therefore, passive force-guided

strategies are not applicable in this task.

Instead, our strategy is to mimic human approaches.  A light downwards force

is exerted while performing a search in x, y and z-rotation for insertion coordinates.

The downwards force is exerted not as an explicit command, but in terms of the z-

coordinate of a virtual attractor and the z-stiffness of a virtual spring.  A relatively

soft spring is chosen and an attractor z-coordinate well below the height of the

subassembly is specified.  The controller thus avoids any switching laws and

intermittent contact stability problems in providing the desired downward pressure.

The attractor coordinates x, y and z-rotation perform the equivalent of an

exhaustive, blind search in 3-D configuration space.  If the configuration space is

discretized to the resolution of the assembly tolerance (or finer), then the search is

exhaustive if it visits coordinates within every voxel of the search space.  In addition,
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the search must dwell for some minimum time within each voxel, allowing adequate

time for dynamic response of the system in the event the trial coordinates enable

vertical insertion.  If the search is conducted too rapidly, then the grasped part may

not descend sufficiently far into a discovered hole before the opportunity to do so has

passed.  The search in x-y coordinates is conducted as a spiral, so as to avoid wasting

search time due to accelerations and decelerations of a raster pattern.  Note, however,

that the defined search trajectory is exact only with respect to the attractor

coordinates.  If the robot is guided by relatively soft virtual springs, then the

dynamics of the robot and the reaction forces during assembly will cause the hand

trajectory to deviate from the attractor trajectory.  Since the reaction forces are

stochastic, the resulting search pattern performed by the robot is not necessarily

exhaustive.  Consequently, the search pattern may need to be repeated multiple times

until coordinates for parts mating are discovered.

4.3.2 Forward Clutch Assembly using Implicit Force Control

The forward clutch assembly was tried with both Implicit Force Control and

Natural Admittance Control to make a performance comparison.  Trying assembly

with implicit force control brought forth an interesting point, which is detailed below.

There is a kinematic coupling between joints 3 (prismatic) and 4 (flange

rotation) which is explained thus:

Z J J

z

= ∗ + ∗
= +

3 3 3 3 4 4

2 4

, ,ψ ψ
θ ψ ψ  (4.6)
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Here, Z is the position along the vertical axis and θz is net rotation about the z-axis.

The actuator displacements are ψ2, for joint 2, ψ3, for joint 3, and ψ4, for joint 4.  The

Jacobian terms J3,3 and J3,4 are conversion factors from actuator space to Cartesian

space.

Hence when joint 4 rotates, Z (elevation of the endpoint) changes even though

joint 3 is stationary, but when joint 3 is actuated the z-rotation of the endpoint is not

affected.  In full, actuator space is mapped onto Cartesian space through the Jacobian

matrix in the following manner:

Where l1 and l2 are the lengths of links 1 and 2 respectively.

During assembly, it is desirable to rotate the tool-flange with a high velocity,

but the kinematic coupling affects the Z height.  If we want to maintain contact in the

Z direction and apply a constant force we need to counter this oscillation.  If this is

done with a stiff virtual spring alone, the resulting contact forces can peak

unacceptably high.  Thus, use of implicit force control can be impractical.

Natural admittance control, on the other hand, has a two-layered structure.

The robot can put up an apparently compliant front to its environment, but this

behavior will be implemented with stiff regulation to the desired dynamics.  So non-

idealities inherent to the system, such as friction—and in this case the kinematic
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coupling, are suppressed by the low-level servo control, while the overall behavior of

the robot is modeled by the virtual springs and dampers.

4.3.3 Improvements on the Forward Clutch Assembly

The clutch plates inherently have high friction surfaces.  As the assembly

proceeds and the hub enters through the rings the frictional resistance to rotation

increases.  Under the original compliant-motion control approach explored by Huang

[11], the hub rotation rate and displacement would decrease due to this increasing

friction.  The rotational speed of the hub was the limiting factor in speeding up the

assembly.  Hence it was important to maintain the rotational speed of the flange to

improve assembly efficiency.  To ensure this, the maximum torque output on the

flange and the virtual rotational stiffness were increased to overcome the binding

friction.

As the maximum rotation on the flange was limited, reversals had to be

incorporated in the rotation direction when the joint limits were reached.  These

reversals resulted in loss of time as the joint had to be brought to zero speed.  The

optimal solution with respect to this constraint condition was to rotate the flange to

either limit before reversing direction.  Accordingly, the joint 4 attractor motion in

either direction was extended to higher values to reduce the number of reversals and

save on assembly time.
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Another improvement was effected by reducing the search radius in the

horizontal plane by utilizing more precise knowledge of the center of the hub.  This

change can also contribute to reducing assembly time.

4.3.4 Results

When all these changes had been incorporated into the system, extensive data

were collected to characterize the resulting performance in terms of assembly time.

In the process of experimenting with the assemblies and the extensive data collection,

there was a suspicion that the clutch rings were becoming worn in such a way that

assembly was becoming easier.  To evaluate this concern, the old (worn) forward

clutch was replaced with a new one and fresh assemblies were carried out.  All the

results (with the old and new clutches) are tabulated in Tables 4.1 and 4.2 below.

RESULTS RCC
(compliant/not)

Number of
Assemblies

Mean
Assembly Time

Standard
Deviation

PREVIOUS:
Without

improvements
Non-compliant 32 9.56 sec 4.49 sec

RECENT:
With

improvements
Non-compliant 23 2.50 sec 1.01 sec

Table 4.1 Assemblies with the Old (Worn) Clutch
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IFC: Implicit Force Control
NAC: Natural Admittance Control

RESULTS Force-Control
Algorithm

RCC
(compliant/not)

Mean
Assembly Time

Standard
Deviation

IFC Compliant 5.0 sec 0.88 sec

NAC Non-compliant 4.1 sec 0.99 sec

30 Trials for
Each

Assembly

RECENT:
With

improvements NAC Compliant 3.6 sec 0.78 sec

4.4 The Sun Gear Assembly

Our second example assembly is insertion of a sun gear within a planetary

speed reducer, shown in Figure 4.4.

The planet gears, seen at the bottom of Figure 4.4 (a), are normally

constrained by an outer ring gear (confining ring), as seen in Figure 4.4 (b), which

Table 4.2 Assemblies with a New (Fresh) Clutch

(a) Sun gear without confining ring      (b) Sun gear with confining ring

Figure 4.4 (a) and (b) Insertion of sun gear within planetary transmission
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couples the planets kinematically.  This confining ring is assembled prior to insertion

of the sun gear.  While the planet gears are kinematically coupled, there is some

radial play in their positions prior to insertion of the sun gear.  Further, the z-rotation

of the coupled planets is unknown prior to assembly.  The assembly tolerance and the

radial position uncertainty for this assembly were not quantified, but the uncertainty

exceeds the assembly tolerance, making insertion challenging.  A strategy used in

manual assembly is to exert a light downwards force on the sun gear while rotating it

counterclockwise (similar to threading a nut on a bolt), feeling for engagement of the

sun with the planets.  In addition, humans perform a radial search for alignment and

may also invoke tilting the sun gear while seeking engagement.  Finally, after

establishing meshing of the gear teeth, the sun gear is rotated clockwise during its

insertion, conforming to the helical gear-tooth constraints.

4.4.1 Search strategy

Assembly of the sun gear without the confining ring was possible with a

trivial search strategy.  However, assembly with the confining ring proved

challenging. To achieve automatic assembly, we also perform a 3-D search in

configuration space, as with the forward clutch assembly.  However, x-y uncertainty

is lower and the search pattern used for z-rotation is different.  In this assembly, the

sun gear is prone to jamming.  Consequently, light downward forces and periodic

reversals are needed to clear jams.  Our search pattern for z rotation is to rotate

clockwise by one tooth pitch, then counterclockwise by two tooth pitches, and repeat
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(subject to the limitation of the robot’s maximum counterclockwise tool-flange

rotation).  When a clockwise rotation results in a descent in z, the controller ceases its

hunting and concludes the assembly with a clockwise z rotation coordinated with z

descent.  This final insertion is also commanded in terms of attractors and virtual

springs, so the robot is capable of complying with the kinematic constraints of the

meshing helical gear teeth without having to specify this constraint precisely to the

controller.

For the sun-gear assembly, task completion is identified by the resulting z-

height of the robot’s gripper.  If the grasped part is inserted by a depth that exceeds a

defined threshold, the assembly is considered concluded, upon which the robot

releases the grasped part and departs.

4.4.2 Comparison of Assembly with Natural Admittance Control (NAC) and

Implicit Force Control (IFC)

We performed the sun-gear assembly with 30 trials under implicit force

control and 30 trials under NAC.  The implicit force controller jammed on half of the

trials, failing to complete the assembly.  The NAC controller was successful in all 30

trials.

Figure 4.5 shows a record of the z force and z position vs. time (top) and z

rotation and z torque vs time (bottom) under implicit force control for an instance in

which the sun gear jammed.  With our chosen z-rotation search, the attractor has an

average negative velocity, which leads to wind-up of the virtual torsional spring and
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correspondingly increasing torques on the sun gear.  This assembly was halted after

approximately 35 seconds, when it was observed that the torque was becoming

dangerously excessive.

Figure 4.6 shows the corresponding record for an assembly under NAC.  The

vertical forces were less than half those encountered under implicit force control, and

the torques did not build up to dangerous levels.  This assembly made initial contact

approximately at time t=6 seconds and concluded successfully after approximately 7

seconds of searching.

Figure 4.5  z position, z force, z
rotation and z moment records for an
unsuccessful sun-gear assembly
under implicit force control

Figure 4.6 z position, z force, z rotation
and z moment records for a sun-gear
assembly under natural admittance
control
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4.4.3 Results

Under NAC, the mean assembly time for the sun gear was 10.9 seconds,

which is sufficiently fast to compete with manual assembly.  The results are shown in

Tables 4.3 and 4.4.  The mean time and standard deviation for assemblies using

implicit force control were not computed because 50% of the assemblies failed.

Hence, these are kept blank in Table 4.4.

Control
Algorithm Used

RCC
(compliant/not)

Number of
Assemblies

Mean Assembly
Time

Standard
Deviation

Natural
Admittance

Control
Compliant 30 4.84 sec 0.88 sec

Implicit
Force

Control
Compliant 30 5.03 sec 0.85 sec

Control
Algorithm Used

Number of
Assemblies

Successful
Assemblies

Mean Assembly
Time

Standard
Deviation

Natural
Admittance

Control
30 30 10.9 sec 10.9 sec

Implicit
Force

Control
30 15 — —

Table 4.3 Assembly Data for Sun Gear (without confining ring)

Table 4.4 Assembly Data for Sun Gear (with confining ring)
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4.5 Summary and Conclusion of Assembly Experiments

Successful examples of force-responsive robotic assembly have been

presented in the previous sections.  These examples—automotive transmission

components—are relevant assemblies currently performed manually, for lack of a

suitable automation technique.  It has been shown that these assemblies can be

performed robotically, albeit not under position control, and not simply with a passive

remote center of compliance.  Success required use of inherent compliance—whether

implicit or via force feedback—plus a search strategy.  Since the robot used in these

tests had relatively low friction, implicit force control was successful for the clutch

assembly.  The friction inherent in the robot was not low enough, however, to be

successful in the sun-gear assembly under implicit force control.  Use of natural

admittance control resulted in faster assemblies, greater reliability, and lower contact

forces.

In addition to utilizing force-responsive dynamics from the robot, these

assemblies also required use of search strategies.  Search trajectories were invoked

through the use of virtual attractors and virtual springs and dampers.  This approach

allowed separation of robot-specific, low-level controls from higher-level strategies

specified in task coordinates, without compromising performance.  Hence, higher-

level assembly planning in the discrete domain could be attempted while maintaining

force-responsive robot control in the continuous domain.
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CHAPTER 5

A HYBRID SYSTEMS APPROACH TO ASSEMBLY PLANNING

The transmission assemblies discussed in the previous sections belong to a

larger class of peg-in-hole assemblies.  The position uncertainty for these assemblies

far exceeds the assembly tolerance, and hence there is no definite a priori trajectory to

lead the assembly to conclusion.  As seen in the forward clutch assembly, three

separate strategies, corresponding to locating simultaneously the z-rotation and x, y

coordinates while applying a positive force in z, are combined to conduct full search

in 3-dimensional configuration space.  In our specific application the combined

strategies were applied blindly all through the assembly process.  At a higher level we

might want to encode each of these strategies as a “behavior”  and try out different

combinations of the behaviors.  It might also be advantageous to make the controller

aware of the state and progress of the assembly so that it can selectively make

changes to the control strategy during the assembly to make it more efficient.  For

example, in the forward clutch assembly, z-rotation becomes tougher as the hub

descends through the rings because of the increased friction.  If the controller were

aware of the hub having descended through the rings it could progressively increase

the torque to achieve more efficient rotation.  The sun gear assembly, on the other

hand, is prone to jams and we had to use special tricks to extract the assembly out of

these jams.  One possibility is to build a controller able to identify errors like jams

and take appropriate action to recover from them without wasting any time.  In each

case, we require a more intelligent controller that incorporates higher-level planning
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into the simple, repetitive strategies mentioned before.  Toward this end, we have

designed a class of multiple-tier, peg-in-hole assembly tasks, which abstract

challenges faced in typical assemblies.

Section 5.1 describes the construction of the multi-tiered peg-in-hole

assembly.  The challenges posed by this assembly task are described in Section 5.2.

Section 5.3 relates the hybrid systems approach adopted to build the intelligent

controller.  Sections 5.4 and 5.5 narrate the particularities of the implementation and

the results of the experiments.  Section 5.6 reconsiders all these topics in light of a

more complicated “peg-in-maze” assembly that requires layer identification and error

recovery.

5.1 Simple Multi-Tier Peg-in-Hole Assembly

The assembly structure is an unconventional peg-in-hole type.  The female

part is made up of six layers; each is a plexiglass sheet measuring 160 x 170 x 11 mm

thick.  These layers are stacked in a larger rectangular container, measuring 190 x 200

mm.  Hence, the layers are capable of x-y sliding motion relative to each other and

small rotations about the vertical axis.  Each layer has a circular hole cut in it through

which the peg can pass.  The holes are either 58 mm or 74 mm in diameter.  The peg

is cylindrical, with a 51-mm diameter.  The structure has been made with low

insertion-tolerances (either 3.5 mm or 11.5 mm) between the peg and the holes,

however, the position eccentricities achievable by the holes (up to 42.5 mm) are much

larger than the insertion tolerances.  See Figures 5.1 and 5.2.
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The assembly challenge in this case is for the peg to align the holes on all the

layers by passing through them.  Hence, for each layer the peg may have to search in

the horizontal plane to align itself with the hole and move through it.

Figure 5.1(a) Container Figure 5.1(b) Layer being
introduced into the container

190 mm
51 mm

190

 200

Figure 5.2 Peg and Container with Layers
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By construction, this problem is analogous to the “ forward clutch assembly”

problem that was described in Chapter 4.  Namely, the layers represent the clutch

plates and the peg represents the hub.  In this case, however, there are no teeth to

align, and the assembly can be reduced to successive 2-dimensional searches in the

horizontal plane.  In Section 5.6, we modify this problem to introduce a rotational

search.  But for now, the simpler task is tackled.

5.2 Why Model the Task as a Hybrid System?

We have already seen that, due to the high eccentricities that the holes can

attain, the peg has to search for the holes.  To achieve complete insertion through all

the layers, the peg should search for the hole on the layer that it is currently in contact

with and, finding it, move down to contact the next layer, and then repeat the search.

Trying to break down the complex strategy into simpler formulae, we can identify

two distinct “behaviors.”   One behavior is the search carried out to find the hole after

contacting a layer, while the other is to move down to contact a layer once the hole

has been found.  Although within a behavior the control law and search strategy are

Figure 5.3 Insertion of peg into the layers
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continuous, the transition between behaviors is a discontinuous jump.  Hence this

problem falls under the domain of hybrid systems and should be treated as such.

Each behavior is an action that has a definite goal towards which it moves.

For example, the search in the horizontal plane is done with a view to accomplish

“ finding the hole” ; and the downward movement after finding a hole is carried out to

“contact the next layer.”   Once a behavior’s goal is accomplished, it quits and the

other behavior takes over.  Thus the transition between behaviors is triggered by its

success condition: an event defined in terms of physical attributes, such as contact

forces or peg position, satisfying certain constraints.

This said, it remains to design a hybrid controller, which encodes the

continuous control laws of each individual behavior and allows for discrete

transitions among them.

5.3 Modeling the Controller as a Hybrid System

We begin by dividing the actual assembly process into the discrete states that

it can be in at any time.  We base this division on the two behaviors identified above.

For each layer the process can exist in two discrete states: (1) the peg contacting the

layer or (2) the peg in the hole and able to move down.  Since our assembly has six

layers, there are twelve discrete states arising from these behaviors alone.  Next we

develop control laws to be implemented in each of these discrete states to carry the

assembly towards a successful finish.  Again we just need to encode the two

behaviors as control laws and repeat them for each layer.  Now our job is to ensure
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that the controller is aware of the state (say, i) that the assembly is in and applies the

appropriate behavior (Bi).  This requires that the controller recognize state transitions

in the actual assembly and carry out a similar transition in its own state.  State

transitions (say, between states i and j) in the actual assembly can be pinpointed by

events, such as when real-valued variables like contact force or peg position satisfy

certain conditions (namely, Pi,j).  Hence, the controller needs to perform event

detection.  The controller also requires an internal representation of the discrete states

and a mapping of the transitions between them based on the events it can detect and

classify.  Altogether, we implement it as a hybrid system, consisting of a finite

automaton capturing the discrete states and event transition structure plus a set of

continuous behaviors, one of which is associated with each discrete state.  See Figure

5.4.

5.4 Continuous Control Laws

An AdeptOne robot was used for the assembly.  Having only 4 degrees of

freedom, it allows x-y-z Cartesian motion and rotation about the vertical z-axis.  So

the axes of the peg and the hole are always parallel.  Stiffness control [30] was used

for the low-level control of joints 1, 2 and 4.  Under stiffness control the robot is

made to behave like a pure spring.  Damping was added to reduce oscillations.  An

Pij true?i
Bi

j
Bj

Figure 5.4 Finite Automaton Representation
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attractor point is defined in the 4-dimensional space of the robot.  Virtual springs and

dampers are defined in software, connecting the attractor with the robot’s endpoint.

The actuator command is derived thus:

Here, xdes is the vector of desired positions, and xact and vact are the vectors of actual

positions and velocities, all in Cartesian coordinates.  Kspring and Bdamper are the

spring-stiffness and damping matrices.  fvirtual is the virtual spring force, J is the

Jacobian matrix, and τmotor is the vector of torque commands to the motors.

For joint 3, the desired force is composed of two forces, the spring force and

another force, fz, which can be given any value inside the code.  Only one of these

two forces is active at any time.  This arrangement facilitates applying a constant

force without bothering to calculate the attractor position required to generate the

same spring force.

5.5 Discrete Transition Model for the Simple Task

The discrete event portion of the controller was modeled as a finite

automaton.  Sets of discrete states and events were defined and the state transition

function was generated.  This model was then applied as code in the C programming

language to control the assembly task of the robot.  The details are presented below.

f K (x x ) B v

J f

virtual spring des act damper act

motor
t

virtual

= ∗ − − ∗

= ∗τ
 (5.1)
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5.5.1 Discrete States

As discussed earlier, there are two distinct behaviors with each layer:

1. Move down until contact is established with another layer.

2. Having contacted a layer, search to align the peg with the hole.

Since these behaviors are to be applied for each of the six layers, we obtain

twelve discrete states that the controller can be in at any point of time.  There is also a

move down through the last layer to the completed state, bringing the total number of

discrete states to fourteen.

5.5.1.1 Search States

In each Search State, we perform a rectangular search for the next hole.

Before we can carry out our rectangular search we need a couple of functions to aid

us in, 1) locating the center of the container, so we know where to start the search

from and, 2) getting to the center before we start our search.  Hence each Search

State, Si, itself consists of three functions, or substates, grouped together.  Such

hierarchical state machines can be represented using the formalism of StateCharts

[31].  See Figure 5.5.
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• Boundary Location: This routine is employed to find the center of the container.

So it is required at most once, in any given assembly.  Whenever the controller

enters a Search State, the Boundary Location State is selected by default,

depending on the condition ‘P.’   The condition P requires that the Search State

may not be S1, and the Boundary Location State should not have been entered

before.  The second part of the condition ensures that the routine is not carried out

more than once.  To locate the center, the locations of the four boundaries are first

determined.  The peg gets dragged by the attractor in the positive and negative

directions along the x and y axes, in succession.  When the peg pushes against the

container-wall in each direction and the sensed force goes above a threshold

value, the positions are recorded to be the boundary positions for the directions

Si

(!P)?

(P)?

Boundary Location

Search Initialization

Rectangular Search

Figure 5.5 “StateChart”  representation of the Search
State and its components
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respectively.  Thus, knowing the location of the boundaries of the container, the

center can be easily calculated.

• Search Initialization: To carry out the rectangular search efficiently, we should

have the peg start its search from the center of the area of possible locations of the

hole.  Hence, the controller enters the state “Search Initialization,”  which carries

out the routine to lead the peg to the center, before going to the “Rectangular

Search”  state.

• Rectangular Search: Because the search area is square, a rectangular search is

employed, as shown in Figure 5.6.  The peg is already in the “center”  of the

container when the search is started.  The attractor point is then taken along a

trajectory forming a rectangle of an increasing side-length.  The searching speed

was fixed arbitrarily at first and then changed as deemed suitable through

observation.

In the “Search Initialization”  and “Rectangular Search”  substates, the

controller makes the peg apply a constant downward force of 20 N on the layer.  This

Figure 5.6 Attractor path for the Rectangular Search
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force is kept at a minimum to avoid excessive frictional forces arising between the

peg and the layer, which would affect the searching movement of the peg.  But it was

found that applying any lower force caused more frequent false “ found hole”  event

triggers.

Search State S1 is employed when the peg contacts the first layer.  On the first

layer the search area is very large.  So the controller is given prior information about

the position of the hole on the first layer.  Thus there is no real search in state S1.

However, states S2 through S5 do conduct the rectangular search.  But these states

basically represent the same behavior and thus are exactly identical.

On the occurrence of event “ found hole,”  which signals the success of the

Search State, the controller changes state to the corresponding Move State.  This

event can only occur when the controller is in the “Search Initialization”  or

“Rectangular Search”  states, because in the “Boundary Location”  state the peg is not

made to apply any downward force on the layer.  (As is discussed later, “ found hole”

event detection can turn out to be dubious due to sensor noise and misinterpretations.

The veracity of such events is verified in the next Move State.)

5.5.1.2 Move States

The controller enters a Move State when the peg is not in contact with a layer

in the z-direction.  The peg is just required to move down to contact another layer or

complete the assembly.  This can be easily achieved if a downward force is applied
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on the peg.  Accordingly, a constant force of 30 N is applied in the downward z-

direction.

In this state, two events are possible: “contacted layer”  and “holes aligned.”

“Contacted layer”  is the event when the peg contacts another layer.  The event “holes

aligned” is recognized when the holes on two successive layers are aligned, and the

peg passes through the next layer without contacting it.  On recognition of either of

these events the proper transition to the appropriate state is made.

The assembly starts with the controller in the M1 state, moving down to

contact the first layer.  The state M1 is special because the distance to be moved down

by the peg before it can contact the first layer is not predetermined and the peg is

guaranteed not to go through the hole on the first layer.  Hence, in M1 , only the

“contacted layer”  event is possible.  Also, there is one more Move State than the

Search States because the state M7 is needed to go through the hole on layer 6.  As

there are no more layers after the sixth, M7 is guaranteed to end with the peg

contacting the bottom of the container.  Hence, only the event “contacted layer”  is

possible in state M7.

5.5.1.3 Accept State

There is also an ACCEPT state that is reached when the assembly is

completed successfully.  Control is transferred to this state when state M7 succeeds

with event “contacted layer.”   In this state the controller stops all activities and

applies zero torque on the robot.
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5.5.2 Events and Event Detection

“An event,”  according to McCarragher and Asada [14], “ is when the

dynamics of the sensing signal is strongest.”   In an assembly process, without vision

or prior knowledge of part position, the most useful quantity to be sensed is the force

felt by the assembling parts.  Sensed forces give accurate information about contacts

made and broken.  But in certain cases there may be “ false”  spikes in the sensed

force, which may just be due to brushing against a jagged edge, but may be

interpreted as contact made with a layer.  To make the controller robust against such

false signals, position information is used for event validation.  There are also certain

events, such as descent through aligned holes (“holes aligned”), that do not have any

force transitions, and these have to be detected solely by position information.

5.5.2.1 Search State Events

Let us first look at the event that can occur while the system is in the Search

State for layer i.  In this state the peg is applying 20 N force on the layer and moving

around, trying to find the hole.  While it is still in contact with the layer, the force

sensor will sense this 20 N force.  When the peg finds the hole, it has nothing to push

against and the force sensed by the sensor drops to zero.  The controller should

recognize this transition in the sensed force as the event “ found hole.”

  found hole
  ⇒ z0 = Z

Si M i+1

Figure 5.7 State Transition and Action on Event “ found hole”
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Sometimes the sensed force will drop below zero without the peg having

found the hole.  This can happen due to unevenness of the layer surface.  But it will

be recognized as an event by the controller and the proper state transition will be

carried out.  There is no way to instantly check the validity of the “ found hole”  event,

and so it is always considered true.  Error recovery in this case is handled later, when

the validity of the event can be checked.  This validity-check requires the height of

the peg when the “ found hole”  event occurred.  Hence, on occurrence of this event

the controller carries out an action, which is to record the current height of the peg.

5.5.2.2 Move State Events

Of the two events that can occur in the Move State for layer i, one is the

“contacted layer”  event.  In the Move State, M i, the peg is moving down with a force

of 30 N, and because it is not in contact with anything, the sensed force remains zero.

When the peg does contact the next layer the sensed force suddenly goes beyond 30

N.  The controller should recognize this transition as the “contacted layer”  event.

Now the validity of the last “ found hole”  event can also be checked and any error

recovery can be carried out.

The controller recorded the height of the peg, z0, when the event “ found hole”

occurred.  If the peg had truly found a hole and has moved down to the next layer,

then the current height should be approximately 11 mm (thickness of one layer) from

z0.  If it is so, everything is fine and the state is changed to the next Search State, Si.

Also the “Search Variables”  are reset, so that a fresh search can be started.  On the
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other hand, if the “ found hole”  event was falsely triggered, then the peg should still

be touching the same layer and the height should not be much different from z0.  In

this case the state is changed back to the previous Search State, Si-1.  The “Search

Variables”  are not reset, and the search continues from where it was suspended.

The other event that can occur in the Move State, M i, is “holes aligned,”

where the hole on the next layer is aligned with the previous one and the peg

continues to drop through it without contacting the layer.  This event is solely

position dependent because no sensed-force transitions take place.  The occurrence of

this event is checked by comparing the current height, Z, with the height at the top of

the last layer, z0.  If the difference between z0 and Z is greater than 11 mm, then it is

obvious that the holes are aligned and the peg is now moving through the next layer.

In this case, the intermediate Search State, Si, is not required and so the state is

directly changed to the next Move State, M i+1.  The variable z0 is also updated by

subtracting the layer thickness of 11 mm.

contacted layer
     Z – z0 ≈ 0

contacted layer
    Z – z0 ≈ 11
⇒ Reset Search

M iSi-1 Si

Figure 5.8 State transition on Event “contacted layer”  depends on Condition (Z – z0)
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5.5.3 Conversion to Computer Control-Code

 Even though 14 discrete states have been mapped, as discussed earlier, there

are only 2 distinct behaviors among the 13 Search and Move states.  Indeed, S2

through S6 and M2 through M6 (respectively) are identical in behavior, monitored

events, and transition actions.  Taking this into account, it is impractical to encode

each state separately in the control code.  Therefore, the two behaviors were

translated to computer code as functions called Search and Move.  The “Boundary

Location,”  “Search Initialization,”  and “Rectangular Search”  routines were coded as

parts of the bigger Search function.  The control shifts between the Search and Move

functions and keeps track of the state by updating a variable called “ layer.”   Thus if

the control is in the Search function and “ layer”  has a value of 3, the control is in state

S3.  The entire structure is shown in Figure 5.10.

Within the Search and Move functions the attractor point is moved around.

The low-level control algorithm, which follows these functions, then generates the

appropriate torque on the robot.

To recognize the occurrence of events we need to run functions, which will

continuously check for the events.  These event-check functions look for the

 holes aligned
    z0 – Z > 11
  ⇒ z0 − = 11

M i M i+1

Figure 5.9 State transition and Action on Event “holes aligned”
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appropriate force transition or position values, and return successfully if they

recognize the particular event.

{  z0 = Z
layer ++}

Figure 5.10  Actual Code Organization for Control: States and
Event-based Transitions

  M1
Start
layer =1

“contacted layer”

S1

 “holes aligned”
 {     z0 – = 11
       layer ++   }

“contacted layer”

if(z0-Z > 6)
  {  Reset Search}
else
   {  layer --}

“ found hole”

 {   z0 = Z
     layer ++}

SEARCH (layer)

   MOVE (layer)

“ found hole”

ACCEPT
“contacted layer”

(layer == 7)?
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5.5.4 Results

Modeling the task as a hybrid system with higher-level planning based on a

discrete system, separate from the continuous dynamics of the actual assembly,

facilitated easy problem formulation.

Porting the automaton-solution to computer code was easily done.  The

discrete description of the solution in terms of distinct states and event-checks

facilitated conversion to highly modular code.

It was possible to develop some preliminary code for assembly within a short

time, using the discrete transition model.  The controller was successful in carrying

out the assemblies.

Figure 5.11 Sampled Data from Example Assembly Experiment
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Figure 5.11 shows sensed force and actual position data along the vertical axis

from an example assembly.  The data has been sampled over 31 seconds and shows

the peg going through the hole of the first layer.  The z-axis is pointing vertically

downwards, hence, increase in Z indicates the peg moving down through the layer.

The interpretations of the sensed force in terms of events have been illustrated in the

figure.  Around t=2.5 seconds, the peg begins to descend to contact the first layer; the

controller is in state M1.  When the peg hits the first layer (t≈3 seconds), the spike in

the sensed force (1a) indicates event “contacted layer”  and the controller undergoes a

state transition to S1.  Around t=4 seconds the sensed contact force is suddenly lost

and the peg begins to descend (2).  The controller registers this as event “ found hole,”

notes position z0 = Z, and updates the value of layer (layer++).  Immediately

afterwards the sensed force spikes up (3a).  This is interpreted as event “contacted

layer,”  and a validity check for the earlier event (2) is performed.  The position

information (3b) reveals that the peg has indeed not advanced much (z0 < Z + 6), and

event (2) was false.  Hence, the controller changes back to state S1 (layer--) and

continues its search.  At t=25 seconds, the sensed force goes to zero again (5) and

event “ found hole”  is registered.  The controller changes state to M1, sets the value of

z0 equal to Z and updates layer value to 2.  Soon after, a spike in the sensed force is

recognized as event “contacted layer”  and event (5) is verified.  The change in z-

height (Z – z0) is around 11 mm and hence event (5) is considered valid (6b).  The

controller changes state to S2 and starts searching for the hole on layer 2.



80

This shows that the “event detection”  routine can register false events due to

arbitrary signals.  But the controller possesses a robust error recovery system by

which it can check the authenticity of certain events and rectify its state on

recognizing a false event.

After a few preliminary tests, the searching speed was empirically set to an

“optimum” value.  With this optimum speed, ten assembly trials were performed.

The controller took an average of 140 seconds to complete an assembly.  Out of this

time, it spent approximately 60 seconds in the boundary location routine.  If the

controller was given prior information about the center of the container, then this time

could be saved.  For a layer placed with maximum possible eccentricity (corner of the

container), it took approximately 20 seconds to find the hole.

5.6 General Multi-Tier Peg-in-Hole Tasks

In implementing the simple task in the previous sections, the controller was

endowed with the ability to recognize changes in the state of the assembly and follow

its progress.  However to tackle the problem of jamming of the sun gear assembly we

might want the controller to selectively apply different strategies, depending on the

state and current needs of the assembly.  To analyze this problem our simple, multi-

tier, peg-in-hole task was modified by introducing certain complications.  For

example, for the new task, the layers were not identical.  Further, task completion

required that certain decisions be made depending on the type and ordering of the

layers.  Hence, to complete such tasks the controller needed new tools such as layer
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identification, a memory of the layers seen so far during assembly, and a decision-

making capacity.  The resulting general, multi-tier, peg-in-hole tasks require

assembly planning and draw on the full power of the hybrid systems approach in

switching between behaviors on the fly.

5.6.1 The Modified Task

A square key with a thickness of 9 mm and a width of 13 mm was introduced

on the peg.  The key was set flush with the bottom of the peg as shown in Figure 5.12.

It juts out of the peg by 9 mm, radially.  Three layers, which had smaller circles on

them (58mm in diameter), were selected and slots were added to the existing circular

cutouts, as shown in the figure.  Two of them were given one small slot each, slightly

bigger in size than the key, to allow it to pass through them.  The third was given two

large, diametrically opposing slots as shown.  Thus, there were three types of layers:

two with a small slot (SS), one with double large-sized slots (DS), and three with a

large circle (C).  The circles on the three C layers are 74mm in diameter and allow the

peg along with the key to rotate inside freely.  But to enter an SS layer the peg has to

align its key with the slot, which has an insertion tolerance of 5°.  The DS layer

allows the peg to enter it if the key is within the opposing 90° wide slots.  Once it is

inside any of the two slots, the peg can rotate by approximately 65°.
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The layers can be placed in the container in any random order, with the only

constraint that the topmost and the bottommost layers have to be circles.  Also, the

slotted layers are constrained to be laid in such a way that the slots lie along the x-

axis.

5.6.2 Complications Introduced

1) We just introduced another dimension to the search carried out by the peg.

Now the search strategy is quite similar to that employed in the forward clutch

assembly.  Besides the search in the horizontal plane, the strategy has to include a

rotational search for aligning the key on the peg with the slots on the SS layers.

Again, as the layers are placed in any random order, without the controller knowing

the sequence, the rotational search has to be employed for each layer.

2) The layers can be so arranged that the peg would be unable to proceed

beyond a certain layer without an elaborate procedure of backtracking and rotating.

(a) Keyed peg (b) Single-slotted layer (c) Double-slotted layer

Figure 5.12 Modifications introduced to the task
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And this procedure would vary with different configurations of the order of the

layers.  So the controller needs to decide on a particular procedure on the fly.

3) Also there are several order-configurations for which the peg cannot

complete the assembly at all.  We also require the controller to realize this and

abandon the assembly.

5.6.2.1 Essential Elements to the Solution

To be able to satisfy the requirements posed by the problem, the controller needs to

have certain essential tools at its disposal.  One of them is the ability to recognize a

layerwhether it is a small slot (SS), a double slot (DS) or a circle(C).  Secondly, the

controller should possess a map of all the possible order-configurations and their

solutions (at least implicitly), including, whether a solution exists and if so, the

procedure to achieve it.

5.6.2.2 Layer Identification

The method used to identify the type of a layer requires that the peg first enter

its hole.  Only when the bottom of the peg is flush with the bottom of the layer,

henceforth referred to as “ the peg on level with the layer,”  is the actual identification

process carried out.  Let us take the example of identifying layer 2.  Once the peg

finds the hole on layer 2, the controller should jump to state M3 and the peg should

start moving down.
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In case the holes on layers 2 and 3 are not aligned, the controller should jump

to state S3 when the peg contacts layer 3.  Then it is possible to identify the layer type.

But it is possible that the holes on layers 2 and 3 are aligned.  In this case our

previous controller would keep moving down and on event “holes aligned,”  change

its state from M2 to M3.  But if we want to identify layer 2 we have to ensure that the

peg comes to a stop when it is on level with the layer.  For this we introduce an action

(!Q)?

 do: (Q!)

Back Track

Event
Check

Search

Si

(Q)?

(!P)?

(P)?

Boundary Location

Search Initialization

Layer

MOVE

Fail

Figure 5.6.2 A StateChart representation of the Search State
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associated with event “holes aligned,”  and force transition to the state S3 instead of

M3.  The action carried out is fixing the required height for the peg at the level of the

second layer.  Thus on event “holes aligned” the controller will drag the peg back up

to level with the second layer, and change state to S3.

Within the Search State the “Search Initialization”  routine is executed first

and the peg is dragged to the center of the container.  Then, depending on the

condition ‘Q,’  the state will be changed to either the “Layer Identification”  or the

“Rotational Search”  routine.  Condition Q is that the state be either of S3, S4 and S5

and the particular layer should not have been identified before.  Thus layers 2, 3, and

4 are the only ones identified.  This is because layer 1 is fixed to be of type C, and

there is no need to identify the fifth layer, as once the peg is through it, it is assured

successful assembly.

Identifying the layer type is nothing but finding the width of the slot, if a slot

is present.  As the peg has entered the hole, the key should be inside a slot, if there is

one.  The width of the slot can be assessed by having the key touch each side of the

slot in turn and calculating the turning angle.  The “Search Initialization”  routine is

executed first, and the peg is brought to the center of the container, to ensure that the

peg is not stuck in the layer, which would not allow it to turn easily.  The peg is then

slowly turned in the clockwise and anti-clockwise directions until the moment sensed

by the sensor goes above a threshold value.  But in case the layer is a circle, the

sensed moment will never cross the threshold and so, after the peg has rotated a

certain distance, the layer is identified as a circle. Otherwise the rotational positions
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of the two extremities, where the key is supposed to have strained against a slot

border, are recorded and their difference helps categorize the layer into one of the

remaining two types  small-slotted or large, double-slotted.

After a few experiments it was found that, despite dragging the peg to the

center of the container before executing “Layer Identification,”  and sometimes

because of it, the key on the peg would frequently brush against the edge of the hole

and record false moments.  This would corrupt the identification.  To avoid this, the

controller was given information about the general direction in which the key was

pointing (whether it was closer to 0° or 180°) and this information was updated every

time the peg undertook a major rotation (i.e. 180°).  With this information the

controller could eliminate such contact by moving the peg a small amount (in the

horizontal plane) in the direction opposite to the position of the key, before the actual

“Layer Identification”  was started.

5.6.3 Planning

Assembly examples requiring planning were also considered.  For example, if

the slots of both the SS layers are in opposite directions, the peg needs to backtrack

and turn, midway in the assembly, to complete it successfully.

As the slots on the layers are restrained to lie along the x-axis they can

achieve a maximum rotational eccentricity of only a few degrees about the positive or

negative x-axis, respectively.  Hence, the rotational search is conducted to cover only

a small (rotational) region with the key pointing along either the positive or negative
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x-axis.  If the peg completes its search on a layer without achieving insertion, it is

assumed that the layer is of type SS and the slot on the layer is pointing in the

opposite direction of that of the key.  In this situation the peg needs to be turned

around by 180° before carrying out the search again.  As mentioned before, the peg

can only turn around if it is inside a C type layer.  The controller has a record of the

layers that the peg has gone through.  It starts by looking at the most recently

traversed layer, i.e. the layer that the peg is currently inside.  If it is of type C then the

controller turns the peg around and carries out the search again.  On the other hand

the layer can as well be either an SS or a DS type.  If it is an SS layer then the

controller is made to give up the search, because complete insertion cannot be

achieved.  While if it is a DS layer the controller looks at the layer above that and

goes through the same decision tree again.  Thus the information about beneficial and

futile order-configurations is implicitly stored in the controller.  When faced with a

situation the controller can decide whether it can go on or it should give up.

5.6.4 Results

Assemblies were conducted successfully using the adopted planning

approach.  Successful assemblies were interpreted as the controller leading the peg to

complete insertion whenever possible or identifying a futile order-configuration

otherwise.

The Layer Identification routine is not robust and sometimes registers false

contacts and hence, identifies the layers falsely.  Apart from this routine, the
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controller is quite reliable and accurately updates its internal discrete state system to

mirror the actual state of the assembly.

The rotational search, having to cover 3 dimensions, takes more time than the

simple search.  But the Layer Identification process consumes considerably more time

compared to the search routine and so the assembly was not evaluated on the basis of

time taken.  That said, assemblies were performed using order configuration (C, SS,

C, DS, SS, C), with the slots of the two SS layers pointing in opposite directions.

These assemblies required backtracking and took between 6 and 7 minutes.

5.7 Conclusions

We have developed a hybrid systems approach for incorporating planning into

assembly.  The challenges posed by the transmission assemblies were abstracted into

two representative assemblies.  The simple strategies used for the transmission

assemblies were broken down into component units, which we call behaviors.  The

controller was implemented as a hybrid system, consisting of a finite automaton

encoding different behaviors as discrete states, with event-based transitions among

them.  Thus, the controller was endowed with the ability to recognize changes in the

state of the assembly and follow its progress.

Another challenge was to build a controller able to identify errors like jams

and take appropriate action to recover from them without wasting any time.  To

analyze this problem our simple, multi-tier, peg-in-hole task was modified by

introducing a rotational search and a different dimension of uncertainty, namely, the
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order of the various layers.  To achieve this task the controller was given the ability to

make certain decisions depending on the type and ordering of the layers.  This

required equipping the controller with new tools such as layer identification, a

memory of the layers seen so far during assembly, and a decision-making capacity.

With these additions the controller was able to selectively apply different strategies,

depending on the state and current needs of the assembly.  Thus our controller is now

capable of successfully finding its way through the “maze,”  if such a way exists, and

if not, can recognize the futility and give up the search.
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CHAPTER 6

CONCLUSIONS

This thesis has presented experiments in force-responsive robotic assembly.

Assembly tasks involving large position uncertainties are unsuitable for use of

position-controlled robots.  To automate such tasks, the assembly system must be

responsive to contact forces.  Issues in addressing force-responsive automated

assembly, including the degree of force responsiveness required for success, the

speed of a successful implementation, and the means to program a force-responsive

system to perform a given assembly task, were examined for robotic assembly in the

context of automotive transmission components.

The thesis described the process used to implement an impedance-based low-

level algorithm, Natural Admittance Control, on an industrial robot.  Fast and reliable

methods for motor output characterization, identification of friction parameters and

gravity loading of the robot, and determining the apparent inertia of the robot were

illustrated.

The adaptation of the control algorithm and its interface to higher-level

strategies that exhibit gentle, rapid and reliable assembly of our example components,

were described.  A comparison between forward clutch assemblies using NAC and

implicit force control showed that, if achieving faster assembly times was sufficiently

valuable, then use of force sensing and feedback with the more complex NAC

controller was justified.  For the case of the sun-gear assembly, however, the choice

was clearer.  With 30 trials under implicit force control and 30 trials under NAC, the
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implicit force controller jammed on half of the trials, failing to complete the

assembly.  The NAC controller was successful in all 30 trials.

Finally, a hybrid systems approach to assembly planning was described.  This

approach allowed us to specify higher-level planning in the discrete domain and

integrate it with the continuous dynamics of the lower-level compliant control of the

robot.  Experiments on special multi-tier, peg-in-hole tasks, analogous to our example

transmission assemblies, were conducted successfully.  Issues in planning and on-line

decision-making were addressed, and successful solutions were produced.

Results from these experiments offer encouragement that robots can be

extended to a broader range of assembly applications and compete with humans in

force-guided assembly.
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