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ABSTRACT

This report describes the first known experimental study of
servomanipulator duty cycles to appear in the literature. The servo-
manipulator used was TeleQOperator Systems Model SM~229, The experi~
mental approach used was to record the joint positions and motor
currents of the right slave arm at a rate of 10 Hz over about 50 h of
typical remote manipulation operations. The results are presented as
position usage patterns 1n Jolnt and real-world coordinates, time-use
histograms of joint velocities and mcotor currents, and three-
dimensional mechanical power histograms for each joint. All results
are presented in dimensionless form, scaled to the design ranges of
the manipulator and the total operation time recorded. Applications
of this study include improvemenis in kinematic ranges, gear reduc~
tions, motor sizings, drive configurations, and stress relief.
Included in appendices are an uncertainty analysis, calibration proce-

dures, and analysis of the kinematics of the manipulator.
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1. INTRODUCTION

Servomanipulators are used for remote maintenance and repair work
in hazardous and/or inaccessible environments such as high radiation,
subsea, or outer space. These systems usually consist of similar
master and slave manipulators. Each manipulator has two multidegree
of freedom arms with end effectors. The operator moves the master
arms and the slave arms follow the motions of the master in real time.
Remote closed circuit television (CCTV) cameras send pictures of the
working environment back to television screens for the operator to
view. The slave arms of the servomanipulator used in this study are
shown in Fig. 1.

Most modern servomanipulators have arms that resemble human arms
in their configuration and kinematic range. Typlcally, each arm has
six degrees of freedom (DOFs) to allow arbitrary positioning and orien-
tation of the end effector. Manipulators with more DOFs can have con-
trol problems as the manipulator configuration often becomes degener-
ate (two or more DOFs produce the same motion of the end effector).
The six DOFs of the servomanipulator in Fig., '1 are shown schematically
in Fig. 2 as rotations about the six z axes.

The humanlike servomanipulator arms are mounted on a base
("body") in one of two basic configurations: . the "elbows—-up" and
"elbows~down® (anthropormorphic) stances. Figures 1 and 2 show the
elbows~up stance, in which the reference position of the manipulator
has the upper arm extending horizontally outward, the lower arm drop-
ping vertically downward, and the end effector extending horizontally
outward. The anthopormorphic stance is that of the human arm. The
upper arm drops vertically, and the lower arm and end efféotor axes
are aligned, extending forward horizontally.

Another stance, which has been used in a Japanese design,! lies
between the above mentioned stances and has been referred to as
"elbows sideways."

There are two advantages of the elbows—up stance. The master arm
does not interfere with the movements of the operator's afm as it can

in the elbows~down stance. Also, in the reference position, the wrist
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yaw motion can be achieved with an elbow roll motion. This allows two
independent motions to be placed in each mechanical joint (shoulder,
elbow, and wrist) rather than having all three wrist orientation DOFs
in the wrist. This simplifies the design because the yaw drive need
not be transferred as far down the arm.

The TeleOperator Systems (TO0S) Model SM~229% (shown in Fig. 1)
is a force-reflecting servomanipulator using the elbows-up stance.
Forces in the slave manipulator (such as pushing against a wall or
inertia of a load) are reflected back to the operator at the master,
creating a better sense of operator presence in the working environ-
ment. 7The slave/master force ratio is logarithmic, automatically
adjusting from 1:1 for light loads to 2.2:1 for heavy loads (above
10 1bg).

The SM-229 manipulator system used in this study was installed at
the Remote Systems Development Facility (RSDF) located at 0ak Ridge
National Laboratory (ORNL). This facility has been set up for the
express purpose of developing and testing remole repair and mainte-
nance systems in an actual working environment. The experimental cell
contains the equipment for a variety of experimental tasks considered
representative of those anticipated in the Consolidated Fuel Repro-
cessing Facility under development at ORNL. These experimental tasks
have been continually performed and upgraded for many purposes,
including special tooling design and human factors studies. This
thesis presents an experimental analysis of the duty cycles of the
SM=229 manipulator system at RSDF. Applications of the results to
manipulator design are discussed. Kinematic relationships between
real world and manipulator joint coordinates are presented in an
appendix.

It should be noted that modern remote-handling systems include
many subsystems such as the support or transporter system, and the
viewing and communications systems. This report will be restricted to

the manipulator system.

¥Designed and built by TeleOperator Systems Corp., Bohemia, N.Y.
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1.1 BACKGROUND

1.1.1 Remote-Handling Systems

The rise of nuclear energy in the 1940s spawned a technology
dedicated to removing the need for humans to enter hazardous environ-
ments to perform manipulations. The design objective of this remote-
handling technology has been to project the control moticns of the
human operator into the remote environment in such a way that as many
types of manipulations can be performed remotely as could be done
directly with the hands and power tools. While this objective has
never been completely realized, modern remote~handling systems are
capable of performing many tasks more effectively than could be per-
formed directly. A famous example of this is the space shuttle's
remote manipulator system used to deploy and retrieve satellites.

The early work in remote-handling systems was led by a group at
Argonne National Laboratory (ANL) under the direction of Ray Goertz.
This group, formed in 1947, has developed several generations of
remote handling systems.?

The first manipulators developed were velocity~controlled unilat-
eral (nonforce-reflecting) manipulators. These consisted of a mechani-
cal arm with seven (or more) independent motions (including tong grip
motion), a pair of tongs for gripping objects, a support system, and a
control box. Electric motors were used to actuate all motions. The
motor speeds were controlled by switches or joysticks moved by a human
operator.

The primary disadvantages of this type of manipulator were that
the operator had no way of sensing the forces that the manipulator was
applying in the remote environment, and that only one motion of the
arm could be readily moved at a time. Modern improvements in sensory
capabilities and control technclogy have allowed unilateral manipu-
lators to find useful applications (such as the space shuttle remote
manipulator system), but, at that time, the lack of force control was
a major limitation.

The next manipulator system developed by ANL was a master-slave
type of manipulator consisting of a slave arm (working arm) for per-

forming the work in the hostile environment and a similarly shaped



master arm (control arm) controlled by the human operator. Each
motion of the master and slave arms was mechanically connected by
metallic bands s8¢0 that the slave arm followed the motions of the
master arm, and the load forces in the slave arm were reflected back
to the master arm and handle. Thus the operator had an excellent feel
for the forces being generated by the slave manipulator, and movement
of the manipulator was easily achieved.

The mechanical master—slave manipulator was very successful.
Many such manipulators are still used in commercial operation today.
However, there are disadvantages to this type of manipulator. Since
the master and slave are directly connected, the operator is required
to remain in close proximity to the working environment, and the volu-
metric coverage of the slave arms is limited because the system nust
be mounted on a fixed base. The ratio of slave to master forces is
fixed at about 1:1, so the slave can apply forces only within the

range of human capabilities.

1.1.2 Servomanipulators

Servomanipulators were developed to overcome the limitations of
mechanical master~slave manipulators. These systems consist again of
similar master and slave manipulators, but the connections between the
motions of the master and slave are electrical rather than mechanical.
This results in several advantages. First and foremost, the slave
manipulator can be mounted on a mobile transporter system, resulting
in a greatly increased volumetric coverage. Thus, while the unit cost
of an electric servomanipulator system is greater fLhan that of a simi~-
lar mechanical system, the decreased number of manipulators needed in
a large-volume facility may well result in a lower total cost for the
electric servomanipulators.

Another important advantage of the electric servomanipulator is
that it is quite easy to chnange the force feedback ratio from slave to
master. Thus, the master manipulator can be designed to operate with
a range of forces that is both useful in terms of force sensing and
comfortable in terms of ease of operation to the human operator, while

the slave manipulator can be designed to operate with a force range



appropriate to the tasks it will perform.?® The master and slave
manipulators need not be located in close proximity to one another.
This has resulted in additional applications for servomanipulators

including undersea and outer space.

1.1.3 Standard Design Practices

Servomanipulators can be driven with electric motors or hydraulic
actuators. Hydraulics are most favorably applied in underwater or
extremely heavy—-duty applications. Electromechanical drive systems
offer 1% of peak load force sensitivity through backdrivable gear
traing, and are used on most modern servomanipulator systems.®

As an object in space has six DOFs, a general-purpose manipulator
must have at least six DOFs plus end-effector actuation. Additional
DOFs are rarely used on servomanipulator systems as they are redun-
dant, increase the system complexity, are difficult to operate, and
are only rarely useful. As mentioned earlier, modern servomanipu-
lators usually have a configuration similar to the human arm. The
joints are almost always rotary. Prismatic joints, though common in
robots and mechanical master~slave manipulators, are rarely used in
servomanipulators.

The general-purpose two~fingered tong gripper is the most used
end effector. Considerable research has been directed toward improved
general-purpose end effectors, but the simplicity and reliability of
the two-fingered tong maintained its popularity.

Only two American companies currently market complete master-
slave servomanipulator systems commercially. These are Central
Research Laboratories (CRL) of Red Wing, Minn., and TeleOperator
Systems Corp., (TOS) of Bohemia, N.Y."

The CRL Model M-2 servomanipulator installed at the Integrated
Equipment Test Facility at ORNL represents the first successful imple-
mentation of an entirely digitally controlled servomanipulator. This
results in an inherently flexible control system by virtue of its
software implementation. Advanced control features include selective

robotic operations, slave to master force ratios, and indexing between



master and slave. The slave manipulator has a peak load capacity of
100 pounds and a continuous load capacity of 50 pounds.?

The TOS Model SM-229 is the servomanipulator used in this study,
and will be discussed in detail later.

Servomanipulators have been designed, built, and operated in many

foreign countries, most notably France.®s’

1.2 PURPOSE AND APPROACH

The experimental objective was to determine the kinematic usage
and duty cycles of the SM-229 right slave arm in the actual work
environment. The slave arms are more critical than the master arms
because they have greater duty cyecles (force reflection is not 1:1)
and reliability is much more critical. The master arms, located
outside the hot cell, can readily be accessed for repair, while the
slave arms cannot.

A review of the literature revealed no work in the area of deter-
mining servomanipulator duty cycles in the actual work environment.
This type of analysis has applications in design optimization of
motion ranges, actuator sizing, gear reductions, and drive configura-
tions; in pinpointing areas of high stress and wear; and in projecting
expected component life and system reliability.

As this study is the first of its kind, a comprehensive defini-
tion of servomanipulator duty cycles used in this study will be
presented as a reference for future comparative studies.

The duty cycles are subdivided into two main groups—-~joint duty
cycles and motor duty cycles, The joint duty cycles are defined as
the periodic usage of positions, velocities, torques, and mechanical
power and energy. Position and velocity will be expressed on a scale
of their corresponding design ranges (per DOF) in histogram form as
percentage time (0 to 2, 2 to 4, U4 to 6%, ete.). Mechanical power
will be presented as a 3-D imags with velocity and torque (scaled to
the design ranges) the independent variables and log of percentages of
total operating time the dependent variable. Mechanical energy will
be expressed as a total per DOF per task (averaged). The motor duty

cycles are defined as the periodic usage of electrical current and



energy. Again, the current will be expressed in histogram form,
scaled to the motor design range. As all seven motors are identical,
the scaling will not be done individually. The energy will be
expressed as a total per task (average). Average peak values per task
of velocity, acceleration, mechanical power, and motor current will be
presented.

The joint duty cycles are expressed in joint (or DOF) coordinates,
The six joints are referred to as pitch and roll of the shoulder,
elbow, and wrist. The motor duty cycles are expressed in motor coordi-
nates. The elbow pitch and roll motor coordinates correspond directly
to the joint coordinates, but the shoulder and wrist are driven by
differentials, so that the pitch is proportional to the sum of the two
motor coordinates and the roll proportional to the difference.

The experimental approach used to determine the duty cycles was
to select five different representative remote-handling tasks to be
performed by four experienced manipulator operators. The tasks were
selected on the baslis of being generic and representative of opera-
tions with servomanipulator systems. Each operator performed each
task from 10 to 50 times. While these tasks were being performed, the
seven manipulator positions and seven motor currents (including tong)
for the right slave arm were recorded at a rate of 10 Hz. A total of
47 1/2 h of manipulator operational data were recorded,

The above-mentioned duty-cycle data were calculated for each
experiment and then composited for each task (a given task was
performed the same number of times by each operator). The overall
composite results were obtained from the composite results for each
task with equal welghting on each task. The final results have thus
been composited over a wide range of manipulator usage, and should be
highly repeatable for any similar set of trials.

Data were sampled for the right arm only due to data-logging
limitations. It has been determined® that the right arm is used more
often in operation than the left. Thus, this limitation was not con-~

sidered to restrict the results obtained.



2. EXPERIMENTAL SYSTEM DESCRIPTION

The system used in the experimental investigation will now be
described. This includes the manipulator system, the transporter, the
remote environment, the operator (control) station, the experimental

tasks, the data acquisition system, and the data reduction techniques.

2.1 THE REMOTE SYSTEMS DEVELOPMENT FACILITY (RSDF)

The experimental work was carried out at the RSDF located at ORNL.
This facility has Dbeen set up for the specific purpose of developing
and testing remote maintenance concepts and equipment, both hardware
and software. Included are a mock-up remote cell to simulate the
working environment, a separate control station, and a Digital Equip-

ment Corp. (DEC) PDP 11/34 data aquisition system.

2.1.1 The Remote Cell

The remote cell contains the slave manipulators (to be discussed
later) mounted on a telescoping hoist of an overhead three-axis trans-
porter system (see Fig. 1). This transporter system has three trans-
lational DOFs, allowing the slave manipulators to be positioned
anywhere in the remote cell. Additionally, the slave manipulators can
be rotated about the hoist axis to achieve the desired angle of
approach to the work site. The manipulator arms are mounted parallel,
with each shoulder pivot point (intersection of the shoulder pitch and
roll axes) located 13 7/8 in. out from and 6 in. behind the hoist axis.
Thus, the total separation of the arms is 2 x 13 7/8 in. = 27 3/4 in.

Two cameras, each mounted on four DOF-positioning systems, are
mounted on the hoist just above the manipulators. These cameras can
be rotated about the hoist axis, extended or retracted from the hoist
axis, and panned and tilted to achieve a range of viewing angles. The
cameras feature remotely controlled zoom lenses, aperture, and
focusing.

Two facility cameras are mounted in fixed locations in the top
corners of the cell. These cameras also feature remotely controlled

zoom lenses, aperture, and focusing. These cameras are used primarily

10
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when moving the transporter to ensure that obstacles are avoided and
to locate objects (such as tools) which may be out of sight of the
on-board cameras.

A variety of special tools including wrenches and screwdrivers
are located in a tool bin. These tools have been equipped with attach-
ments for use with two-fingered tong grippers. The most used special
tool is an impact wrench which has a mount on the hoist between the
two slave arms. In Fig. 1, the right slave arm is shown reaching for
the impact wrench. The wrench holder is loecated 28 1/2 in. below,

18 1/2 in. to the left of, and 3 in. behind the right arm shoulder
pivot. The holder is oriented in the horizontal plane, 30° right of
the forward direction. In this position and orientation, the wrench
and holder do not interfere with the movements of the manipulator, yet
the wrench is easily grabbed by the right arm gripper. When grabbing

the wfench, the right arm configuration is:

shoulder pitch = +40° (down)
shoulder roll = +28° (left or in)
elbow pitch = +12° (in)
elbow roll (yaw) = =11l° (ih or left)
wrist pitech = +14° (down)

wrist roll = 0°

Several remote-handling tasks have been modeled in the cell.

These will be discussed in detail later.

2.1.2 The Control Station

The operator is located away from the remote cell at the control
station (see Fig. 3). Central to the control station are the master
manipulator arms mounted on a fixed support. The arms are mounted
parallel, with the same separation distance as the slave arms
(27 374 in.).

Directly in front of the operator are four T-in. black and white
television monitors dedicated to the four cameras in the remote cell.

Two large~-screen color monitors are located above and to the right of
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the small monitors. These large monitors can be switched to display
the views of any of the cameras or the display of a computer terminal.

Above the right large-screen monitor are boxes containing the
analog controls for each of the arms. Light-emitting diodes (LEDs) on
the front panel o' these boxes indicate the arm and tong brake status.
If misalignment of the master and slave causes the brakes to energize,
the misaligned DOF is indicated by an appropriate LED.

Centrols for the cameras, monitors, impact wrench, and trans-
porter system are located on the operator's left. Joysticks control
camera position (pan, tilt, rotate, and extend as well as pan and tilt
of the facility cameras) and lenses (aperature, focus, and zoom of
on-board and facility cameras). Switches control on-board camera
lights and monitor selection., Another switch will cause the on-board
cameras to automatically follow the right arm tong gripper. A special
three—axis joystick controls the movement of the transporter. Three
sWwitches cut off the power to each of the transporter DOFs as an added
safety precaution. Toggle switches control the power to and direction
of the on~-hoard impact wrench. Pushing a spring-loaded switch
energizes the impact wrench. Another switch actuates a chain-driven
hoist used in two of the tasks.

On a graphics terminal to the operator's right is a top view map
of the remote cell showing the relative location of the manipulator
and obstacles within the cell. The map continually updates itself as

the operator moves the transporter through the cell.

2.2 TEE TOS MODEL SM-229 SERVOMANIPULATOR

The servomanipulator used in the RS3DF system 1s the TOS Model
SM-229, The manipulator system was on loan to ORNL from the Princeton
University Plasma Physics Laboratory. The manipulator configuration
is elbows up, and the master and slave manipulators are identical
except that the tong gripper of the slave is replaced with the master
handle.

Weights and dimensions are given in Table 1, and dynamic charac-

teristics are given in Table 2.
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Table 1. Weights and dimensions of Model SM~229

Upper arm 22 1in.

Lower arm 27 in.

Terminal device 7.5 in. (to tip)

Total reach 49 in. (at wrist joint)
Weight (master or slave) 105 1bg.

Handling capacity 20 1bp.

Counterbalance X, Y & Z motions

2.2.1 Master—-Slave Motions

Master-slave motions are developed by various combinations of
gears, links, tapes, and cables.® The descriptions refer to the
slave, although master motions are identical except that they are ini-
tiated at the master handle. These are individually described as
follows.

The wrist pitch and roll (WP, WR) are generated through the same
drive train by two motors located at the counterbalance. These motors
drive two pairs of tape pulleys through a gear reduction. Tapes
fastened to these pulleys travel through the arms, over a series of
idlers, to the wrist where they drive a similar set of pulleys in the
wrist. These pulleys, through gearing, drive a pair of bevel gears
which act as input to a differential. The wrist is rigidly attached
to the pinion of the differential. When both pulleys move in the same
direction, a pitch motion of the wrist is developed. Opposite rota-
tion provides a roll motion, and differential velocities provide a
combination of pitch and roll.

The elbow roll (ER or yaw) is equivalent to a wrist yaw and is
developed by rotation of the forearm at the elbow joint. As with the
wrist motions, a motor at the counterbalance drives a pair of tape
pulleys through a gear reduction. Tapes attached to these pulleys

pass through the upper arm and are attached to a similar set of



Table 2. Dynamic characteristics of Model SM-229.

X ¥ Z
{Shoulder (Elbow {Stoulder Terminal
roll) piteh) piteh} Yaw Pitch Roll device
Maximum moment arm 33 in. 33 in. 55 in. 7 in. 6 in. 4,5 in. N/7A
Maximum available 900 700 1390 127 118 100 30 1b
torque or force at
slave {in.—-1b)
Typical apparent 6.0 1b 6.0 1b 13.5 1ib 00 1t-in.2 135 ib-in.®  $0 1b-in.?
no-lcad mass of
inertia
Typical maximum 65 in./s 40 in./s 76 in./s 7.1 rad/s 14,4 rad/s 23.%1 rad/s 32 inJ/s
no-lcad linear or
angular velocity?
Typical compliance 15 x 107 18 x 1075 12 x 1075 12 x 1074 g4 x 07 20 » 107H N/A
of complete system
rad/in.-ib.P
Typical motion +450 —-450, +1LQo -50°, +100° 340 -120°, +459° 320¢° 3.25 in.

rangeC

For x, y, and z motions perceived friction, velocity and apparent mass are a function of the angle that the lower
arm makes with respect to the upper arm. The numbers given are for the maximum velocity.

Dat maximum load.

CReferences from a vertical position of the forearm and horizontal position of upper arm and terminal device {(+} =
up or forward; (-) = down or to rear.

ST
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pulleys at the elbow. These pulleys drive a bevel gear attached to
the forearm tube.

The elbow piteh (EP) is a pitch motion of the forearm at fhe
elbow joint. A motor at the counterbalance drives a longitudinal
shaft coaxial with the upper arm through a dual gear reduction and a
mitre gear pair. Gearing at the elbow transfers this motion to a spur
gear rigidly attached to the forearm, providing Lhe desired motion.

The shoulder piteh and roll (SP, SR) are combined motions and are
derived similarly to the pitch and roll motions of the wrist. A pair
of motors at the shoulder drive differential input bevel gears through
suitable gearing. A pinion attached to the output bevel gear of the
differential thus moves about the center of the input gears if both
inputs are moving in the same direction and rotates about its own
axis when the inputs are in the opposite direction. These motions are
transferred to the upper arm through an idler to a gear fixed to the
outer diameter of the upper tube.

The terminal device (tong) is driven closed by a motor on the
counterbalance. It is released by springs contained in the terminal
device. The drive motor, through a double gear reduction, drives a
pulley to which is fixed a steel cable. This cable passes Lhrough the
arms over suitable idlers and i1s terminated in a threaded ferrule
which engages the threaded actuator in the terminal device. A cam
action in the terminal device closes the clamp fingers.

The counterbalance is moved in relation to the forearm (elbow
pitch) to maintain balance in different forearm positions. This
motion is accomplished by moving the counterbalance relative to the
forearm with the same motor that drives the elbow. A pair of idler
gears transmits this motion to a gear fixed on the counterbalance.

The upper three DOFs (shoulder pitch and roll and elbow pitch)
place the wrist in the desired position, while the lower three DOFs
(yaw or elbow roll, wrist pitch and roll) provide the desired

orientation.
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2.2.2 Gear Reductions

The manufacturer's specifications on exact gear reductions were
not avallable. The gear reductions were measured approximately using
the procedure described below.

Angles were measured on the right slave arm with the power off.
The selected DOF was pushed against 1ts mechanical stop. The DOF
angle was measured with a bubble balance protractor. The accuracy was
+0.5° for the shoulder DOFs, +2.0° on the elbow pliten, and +3.0° on
the lower DOFs (absolute). The motor angles were measured by placing
a red mark on the armature and housing when the DOF was at one limit
and counting the revolutions before the DOF reached its second limit.
The remaining angle was estimated by eyve: accuracy = +10° on the
elbow DOFs, +20° on the shoulder (differential) drives, and +15° on

wWwrist drives. The gear reductions (GR) are exprassed as

revolution of motor(s)

GR = revolution of DOF

For the differential drives, the motor revolutions given are the
revolutions that each motor travels=~it is not the sum (or difference)

of the two. Gear reductions and uncertainties are given in Table 3.
2.2.3 Actuators

Both master and slave arms are driven by seven {(per arm) identi~
cal electric motors, Model 0T-=2919+2923 manufactured by Inland Motors
Division of Kollmorgen Corp. These motora are compact (~4 in. diam,

3 in. height) and light weight (about 2.5 1bg). They are brush Lype
de servomotors and feature semarium/cobalt magnets for improved flux
density. Friction is low, typically about 0.02-ft 1lbp. Motor specifix

cations are presented in Table 4,

2.2.4 Control System

The control system used with the manipulators is that supplied by
the manufacturer. The system is entirely analog. Since master and
slave are kinematically identical, each motor can be controlled indis=

vidually. The slave drive is the output of a proportional plus
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differential (PD) controller. Input to the controller is the position
error between master and slave, The proportional gain is set by
adjusting potentiometers located in the power amplifier cards of each
motor. Unfortunately, these potentiometers tend to drift considerably
and are also rather difficult to adjust precisely. The velocity gain
cannot be readily adjusted. Master drive is proportional to the log
of the slave drive so that the force reflection ratio varies from 1:1
at light loads to about 2.2:1 at maximum loads.

The brake control is triggered by any one of the position error

signals exceeding a fixed value. This enables the brakes and

Table 3. Approximate gear reducltions

Gear reductionP

DOF travel Motor travel?@® (+ probable error)
SP 165° 21 1/2° 18 6/20 x3/20 39.93 +1.1%
SR go° +1 1/2° 7 7/20 £3/20 20,4 12.2%
EP 176° 2 1/2° 21 1/4 11/8 43,47  £1.5%
ER 3490 430 T 9/11 £3/22 8.065 +2.0%
WP 173° 4o 1 22/25 +1/25 3.912 +3.1%
WR 3359 4o 3.1/25 £1/25 3.267 +1.8%
Tong 3.5" #1/16" 1 8/20 #1/20 0.4 rev/in 4%

ATravel of both motors on shoulder and wrist.

revolution of motor

b j -
Gear reduction revolution of joint

disables the drive on all of the slave motors except the tong (which
has a separate brake on/off switch).

Another potentiometer in the power amplifier cards can be used to
limit the current to the motors. Note that there are two ways to

limit the maximum current that can be generated by a given motor:
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decreasing the current limit to provide saturation, or increasing the
current limit to where the proportional gain determines the maximum

current when the brakes energize at maximum position error.

2,2.5 Tuning the Controls

The procedure used for tuning the controls for optimum perfor#
mance was the same for each of the six DOF motors. At the master sta-
tion, a voltmeter was connected across one of two zener diodes located

on each of the power amplifier cards (there are two gain

Table 4., Motor specifications

Motor Size Constants

Peak torque 20.4 inelbg
Motor constant 1.92 ine-lbp/W
Electrical time constant 2.3 ms
Mechanical time constant 9.2 ms
Power input, stalled at peak 112 W

torque (25°C)
Viscous damping 0.432 in+lbp-s/rad
Motor friction torque 0.312 in-1lbe
Maximum permissible winding temperature 155°C
Rotor moment of inertia 3.96 x 107° 1lbe-in/s?
Maximum power rate 1.056 x 10° lbp-in/s?
Maximum theoretical accel 5.2 x 10? rad/s?
No-=load speed 48 rad/s
Weight 2.5 1lbyp

Winding Constants

Dc resistance (25°C) 5.5 ohms
Volts at peak torque (25°C) 24,8 v
Amperes at peak torque 4.5 A

Torque sensitivity 4,56 in-lbp/A
Back electronative force 0.52 V+3/rad
Inductance 13.6 mHz

potentiometers and two corresponding zener diodes on each power
amplifier card-+one for each direction). The system was turned on,
and the master and slave were synchronized. The slave brakes were

left on, and the appropriate master motion was pushed until the error
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signal exceeded the limit. The voltage across the diode just before
the error signal was exceeded (indicated by illumination of an LED on
the front panel of the control cabinet) was proportional to the
position gain of the confroller. This voltage was adjusted to 5.6 to
5.8 V. It had been observed that adjusting the gain any higher than
this resulted in a high risk of damaging electrical components in the
contrel system. This adjustment was made twice for each motor motion
(once in each direction) for all six motors, and once for the tong
motor. Thus, these cards were adjusted to provide the highest current
limit attainable (still below the design limit of 4.5 A as will be
discussed later). This type of adjustment was desirable for the slave
arms in order to be able to generate the highest possible forces. A
somewhat "softer” tuning was desirable for the master to reduce stiff-
ness and ease operation. Thus, these cards were fhen exchanged with
the slave cards. The (former) slave cards (now the master cards) were
then adjusted in the same way, but the goal was to attain a good
ifeel™ with the arms. This usually resulted with a voltage of about
4.6 to 5.2 V across the zener diodes.

2.3 EXPERIMENTAL TASKS

Following is a description of the tasks used in the experiments.
These tasks were selected on the basis of their being representative
of tasks to be performed in remote maintenance activities, and con-
taining aspects of generic maintenance tasks as demonstrated on a mani~
pulator test stand.!® During the three-year history of the RSDF these
tasks have Dbeen continually performed and upgraded for man/machine

interface and special tooling design studies.

2.3.1 The Instrument Package Task

The purpose of this task was to demonstrate removal and reinstal-
lation of a simulated in-line instrument package. A mounting block
was fixed on a test stand, and a horizontal nut-operated clamp was
used to engage the bottom block of the instrument package with the

mounting block. The bottom block was attached to a simulated
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instrumentation package. A simulated instrument jumper to the
instrument package consisted of a horizontally engaged pin connected
on the top of the instrument package, a length of cable, and a verti=
cally engaged pin connected to the test stand frame. (The task setup
can be seen in Fig. 4.) The approach to the work site was both from
above and from the side. The task essentially had two small&volume
work sites, the instrument package and the vertical pin connector.

Thus, only two transporter movements were required.

2.3.2 The Motor Mount Task

The purpose of this task was to demonstrate removal and reinstals
lation’of a mediumssized motor with a horizontal shaft. The motor and
mount assembly are shown Fig. 5.' Removal of this motor required the
use of an overhead hoist, which was mounted on a manually movable jib
positioned by the manipulator arm. A control for hoist up-and-=down
was provided in the control room, and the approach to the work site
was entirely from above. The task covered a small volume except for

reaching for the hoist.

2.3.3 The Tubing Service Jumper Task

The purpose of this task was to demonstrate removal of a simu=
lated remote tubing service jumper as depicted in Fig. 6. The setup
had three horizontal connectors (in a line separated by 4 in. and
7 in.) that required the use of the on=board impact wrench. The setup
was mounted with thé connectors on the right side to emphasize the use
of the right arm. This task covered a mediumdsize volume, and the
approach to the work site was strictly from the side.

Reinstallation of the jumper was not done because the jumper was
dropped frequently in disassembly, causing it to bend slightly. It
would then not fit precisely into the connectors, making remote reas-
sembly difficult or impossible. Assembly of ill«fitting parts was not
considered to be representative of remote maintenance activities
because an actual failed jumper would be replaced with a new part that

would fit precisely.
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2.3.4 The 30-in. Flange Task

This task involved the removal and reinstallation of a 30~in.
pipe flange (shown with the motor mount in Fig. 5). The actual flange
has about 30 3/4-in., bolts. To reduce the time required, only three
of the bolts were used. The on-board impact wrench was required to
remove and reinstall the bolts. The overhead hoist used with the
motor mount was used to 1ift the flange.

The approach to the work site was strictly from above, and the
volumetric coverage of this task was the largest of the Tive tasks.
The flange itself was large, and the operator had to reach several
feet to grab the hoist hook. Thus, the transporter was used often to

reposition the manipulator.

2.3.5 The 6~-in, Flange Task

The purpose of this task was to demonstrate removal of a 6-in.
pipe flange. The flange was provided with guide pins and two
horizontal captured bolts, and was oriented with the pipe axes in the
horizontal plane. The on-board impact wrench was required to remove
the bolts. To emphasize the right arm, the captured bolts were placed
on the right side of the flange. The volumetric coverage was rela-
tively small. The approach to the work site was strictly from the
side. Reinstallation of the flange was omitted because it was found
that holding the flange required very high wrist torques, resulting in
marginal stability and making the precise positioning required for
reinstallation very difficult.

Due to the similarities between the tubing service jumper removal
task and the 6-in. flange removal task, it was decided to average the
results from these two tasks and consider the results to be from one

task.

2.4 DATA ACQUISITION

The duty cycles were determined experimentally by measuring the
position and current signals for the slave right arm while operators

performed the selected maintenance tasks. The signals were available
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as analog voltages and wWere read by the host PDP 11/34 computer at a
rate of 10 Hz. The estimated measurement uncertainties are presented

in Appendix A.

2.4.1 Hardware

The positions of all motions of master and slave manipulators are
sensed by precision potentiometers® driven through suitable gearing
from either the motion drive or the motion itself. Relative positions
of the master and slave potentiometers provide the error signal to
drive both master and slave. All potentiometers are located within
the arms.

The wrist pitch and roll potentiometers are located on the
casting supporting the wrist tapes in the counterbalance. The elbow
roll (yaw) potentiometer is located in the lower half of the elbow
joint; the elbow pitch is located in the upper half of the elbow
joint; the shoulder pitch and roll are located in the casting where
the motion drive motors are mounted; and the tong position is sensed
on the structure mounting the cable drive pulley.

The signal range is #15 V, and the manufacturer's specifications
indicate linearity to within 0.5% within this range. Calibration
procedures and data are presented in Appendix B.

Motor—~current data were available as the volfage drop across
0.1-Q shunt resistors located in the slave electronics boxes. These
are precision resistors, accurate to +1%. As the maximum motor cur-
rent is 4.5 A, the signal range is +450 mV.

The variable end of each signal is taken through 200 ft of
shielded cable to a relay box located in the RSDF control room. All
signals have a common ground, and ground reference is picked up on the
relay box. Master and slave grounds are connected via a 200-ft-long,
3/8~in.=thick copper welding cable. From the relay box, the signals
are sent to the PDP 11/3) analog input cards through 150 ft of
shielded, twisted pair cabling.

Noise was detected on the input signals at the relay box in the

control room. Using an oscilloscope, noise of magnitude up to 200 mV

*¥Bourns Corp., Model 7934BZ, supplied with the SM4229 system.
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(with spikes up to 500 mV) and primary frequency of about 500 Hz was
seen. To eliminate this, first-order resistor-capacitor (RC) filters
with a cutoff frequency of 11 Hz were added to each channel of the
analog inputs. This effectively eliminated the noise from the signal
as seen by the PDP 11/34. The real signal remained essentially
unaffected by the filters as it had been determined®! that the
response of the slave arms to the sinusoidal motions of the master
drops sharply at frequencles above 3 Hz.

Unfortunately, master and slave grounds vary randomly. The aver-
age deviation is about 10 mV with a maximum observed difference of
16 mV. This has little effect on the position signals (15 V) but
contributes significantly to current signal uncertainty.

Analog signals are converted to digital signals by a DEC ADO1~D

converter,!?

This is a high-speed converter capable of handling up to
10,000 samples/s with a settling time of only 25 us. The range of the
converter is +10 V, with optional gains of 2, 4, and 8. As the
position signal range is 15 V, voltage dividers were added to the
position signals to prevent saturation. The signals were put across
5~ and 10~KQ resistors in series, with the PDP 11/34 reading the volt-—
age across the 10-KR resistor. . These resistors were off-the-shelf
items accurate only to +5%. Their values were measured precisely with
a Tektronix DM 5013 (IC #043154) ohmmeter, and the exact ratio for
each channel was incorpordied into the calibration. The current sig-
nals were read with a gain factor of eight (i.e., a full-scale reading
of 1.25 V = 2000 counts).

2.4.2 Software

Two tasks, running in real time, were coordinated using system
global event flags to log the data precisely and reliably. These
tasks were written in FORTRAN Four Plus. The operating system used
was Version 3.2 of RSX~11M,1%

The first task, ANAIN, was the system analog input scanning task.
It scanned all 24 analog input channels and placed the data in a
dynamic memory common. It ran on its own software timer at 10 Hz,

with negligible timestep variation (see Appendix B). The channel
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numbers (including gains) and time between scans were also elements of
the dynamic common. These ordinarily remain at 0 through 23 and
0.1 s, respectively, but could be changed readily il desired.

The dynamic common had room for 4096 two-byte words, most of
which (3900) were used as two 1950-word data buffers. Each time it
scanned the data, ANAIN placed incrementally in one of the buffers the
15 channels of interest (there is one blank channel between the 7 posi-
tion signals and 7 current signals). When a buffer was filled, ANAIN
checked to see whether the data-logging global event flag was set,
indicating that data logging was active. If it was not, ANAIN simply
reset its huffer index and repeated. If the flag was set, several
checks were processed. The buffer index was reset. The buffer identi-
fication flag, the 3091st element of the common, was flipped (its
value is +1 or —1) so that further scanning could continue loading the
second buffer while LOGDAT (the writing task) wrote the first buffer
to disk. The "buffer dumped" flag was checked. This flag was set by
LOGDAT when it finished dumping a buffer. If this flag was not set,
then LOGDAT had not finished dumping the buffer that ANAIN was pre-~
paring to write to. If this occurred, ANAIN cleared the data-logging
flags and sent a message to the terminal stating that data logging had
been aborted. (Note: this condition never occurred; it took ANAIN
13 s to fill a buffer, while LOGDAT could dump it in about 3.5 s.) If
this flag was set, ANAIN cleared the flag, set the "buffer full" flag,
and proceeded with scanning and loading the second buffer. This tech~
nique is referred to as "double buffering." Note that there is no
"window" open for a scan to go by without the previous scan being
logged.

The function of the second task, LOGDAT, should now be clear.
This task first opened a disk file and requested the operator to input
a record number for the data. This number was written to disk, and
was also recorded by tLhe operator in a data~logging notebook along
with all pertinent information about the task., After a 13-s delay (to
allow the operator to begin the task), the data-logging flag was set
and LOGDAT waited for the "buffer full" flag to be set. When this
occurred, this flag was immediately cleared. LOGDAT then checked the



data-logging flag. If it was clear, the disk file was closed, and a
message was sent to the terminal (DATA LOGGING ENDING). If the flag
was set, one of the buffers (determined by the 3901st element of the
common) was dumped to disk (unformatted) in 15~word records. When the
entire buffer had been dumped, LOGDAT set the "buffer dumped" flag and
went back to wait for the "buffer full" flag, Data-logging was termi-
nated by running another task, STPLOG, which simply cleared the data-~

logging flag.

2.4.3 Procedures

The operators were allowed to perform each task twice to become
familiar with the system. While all four operators were experienced
with mechanical manipulators and a different servomanipulator system,
only two of the operators were familiar with the RSDF system,

When performing the tasks for data logging, the operators were
told to complete the task as rapidly as could be done safely and effec~
tively. A given task~—-including transporter movements, camera adjust-
ments, and all manipulator work-—-was performed entirely by one
operator. The data logger was started when the operator began the
task, but from 0 to 13 s of data were not recorded because the first
buffer was not dumped. The logger was stopped when the operator com~
pleted the task, but again 0 to 13 s of data were not recorded because
the last buffer was not dumped. Thus, all of the data were taken
during operation-~there were no long periods of data-logging with the
arms not in use, which would have biased the data with zeroc motor cur-
rent and constant position. Note that there were short periods when
the arm was not in operation, such as when the operators were moving
the transporter or adjusting the cameras.

Each operator performed tasks for about 1 h per day for about
eight weeks. The operators could typically complete one to eight
tasks in a session.

The instrument package task was performed 23 times, the motor
mount task 117 times, and the 30-in. flange task 112 times. Each task
included both assembly and disassembly. Assembly and disassembly data

were recorded separately so that the operators could relax and release



30

the manipulator for about 20 to 30 s after completing the assembly or
disassembly. The 6~in. flange and tubing service jumper disassembly
tasks were performed 7% and 76 times respectively.

Counting assembly and disassembly as separate tasks, there were a

total of 653 trials totaling 47.56 h of operation.

2.5 DATA REDUCTION

All data reduction except graphic display was done on the RSDF
PDP 11/34 computing system. Data were logged at 10 Hz, and each data
sample consisted of seven integer-valued position signals and seven
integer-valued motor-current signals each from the slave right arm.

As a typical task required about 5 min, there were about 45,000 words
of raw data per task.

The first reducing program read the record number from the raw
data file and tagged output data files witn the record number, asso-
ciating the data with the task from which it was generated. After
initializing all arrays, the first five data samples were read into
memory for a five-point differentiation scheme. The first two current
samples were skipped so that velocity and current data would remain
synchronized. The first five position signals were calibrated to DOF
radians, completing the set up for the "working loop” of data
reduction.

In the working loop, the DOF velocities were first determined by
a five-point central difference algorithm. The five~point algorithm
allowed for a better trade~off truncation error and uncertainty due to
position signal uncertainty over a three-spoint algorithm (see
Appendix C). Accelerations were determined by a three-point central
difference algorithm. A five=point second derivative algorithm would
yield a higher uncertainty than the three-point algorithm due to posi-
tion signal uncertainty. Acceleration data were used only for esti-
mating peak accelerations, due to the high uncertainty.

The peak velocities, accelerations, and mechanical power for each
DOF and current for each motor were determined by averaging the five
highest values of each for the entire experiment. This allowed for

some smoothing of this peak value data.



31

The current data were then calibrated to amperes. The electrical
power was determined by P = I%R and integrated (rectangular rule) to
find the total energy per motor. The positions and velocities were
scaled to the kinematic ranges specified in the Operation and Mainte-
nance Manual for the SM~-229.° The joint torques were calibrated to
motor currents (See Appendix B). Since the maximum motor current was
4.5 A, the maximum torque to use in scaling was determined by extra-
polating the calibration to this value. The maximum mechanical power
to scale each joint to was determined as 1/4 TpyQpmy, using the maximum
torque and velocity values previously determined.

Since all of the seven motors were identical, the currents were
scaled equally for each. As stated before, the maximum current was
4.5 A. The resistance of the motors was measured and recorded (See
Appendix B). The power was calculated by P = I®R.

Histogram current data in increments of 2% of the maximum were
generated using an array of counters. The maximum number of data
samples in which each motor stayed above 60% of maximum current was
counted, with allowance for up to ten counts (1 s) below the 60% level
before counting was rezeroed. The applied torque per DOF was cali-
brated to the motor currents and the DOF power was determined by
torque times velocity. The total mechanical energy transferred per
DOF was found by rectangular rule integration of power data. The
power, position, veloeity, and torque were then individually scaled to
the DOFs. Histogram data were generated for each DOF in the same
manner as current histogram data were generated.

The five-point position signal array and three~point current
signal array were then incremented one timestep, and the new data
sample was read in. The new position data were calibrated. This
ended the working loop of data reduction.

After the last data sample was processed, separate data files

were opened for each of the following:

1. peak value of velocity and acceleration,
2. position histogram data,

3. velocity histogram data,
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. transferred mechanical energy,

. maximum time above 60% of maximum current,
. current nistogram data,

mechanical power histogram data,

total electrical energy, and

O o N O U =

. DOF torque nistogram data.

As mentioned, the record number of the experiment was written to
each data file. The total number of data samples for the experiment
was written to each data file so that composite data could be readily
obtained. Upon exit, the program flagged either successful completion
or an appropriate error message.

Composite results were determined by another task (there were
five compositing tasks--one for each experimental task). This task
opened a histogram data file and its corresponding old composite histo-
gram data file as input files and a new composite histogram file as an
output file. The task skipped over the record number in the new file,
and read the number of data samples in each of the input filles., The
sum was written to the output [ile. Each histogram data value was

updated as

(N1 x Valueq + Np x Valuep)/(Ny + Np)

whnere
N1

]

number of data samples in the new histogram file,
Valueq = histogram data value in the new histogram file,

Ny, Values = number and value for the old composite histogram
file.

The total energy data files were updated similarly. The peak
value data files wrote the highest values to the new output file and
updated the average peak value per task.

When all files were successfully composited, an indirect command
file renamed the raw data file and the individual experiment data

files to identify them as having been crunched and composited., The
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new composite data files were renamed as new versions of composite
data files, and the composited files were then purged.

Another compositing task updated the mean and variance of the
peak values per experiment per task of velocity, acceleration, mechani-
cal power, and motor current.

It was later decided to go back through the data to extract more
information. Additional data reduction tasks based on the above tasks
were written to obtain histogram data in 2% increments (the original
task used 5% increments), and to obtain three dimensional histograms
of mechanical power (velocity versus torque), position versus torque,
and position versus velocity per DOF. Another task was written to
obtain 3~D plots of the front, top, and side views of wrist position
in base frame coordinates and a 3-D plot of elbow roll (yaw) versus
wrist pitch. As with the 2-D histogram plots, the dependent variable
for all 3~D plots was the percentage of total time.

All composite results were obtained per experimental task. The
results for the tubing service jumper-removal task and the 6~in.
flange~removal task were then averaged with equal weighting and consid-
ered to be one task. These results and the results for the other
three tasks were then averaged with equal weighting to obtain the

final composited results.



3. DUTY CYCLE EXPERIMENTAL RESULTS

The results of the experimental study will now be presented.
Unless specifically stated, all results presented were obtained by
compositing, over time, the results for each experimental task, and
then compositing with equal weighting the results for the four tasks
{recall that each task is actually the average of two tasks).

Preliminary observations of the experiments will first be pre-
sented. The position data will be presented from the perspective of
the individual DOFs, and the "base frame! perspective of wrist posi-
tion and orientation. Velocity and torque data will be presented per
DOF as average and overall peak values per task. Motor~current data
will be presented similarly peir motor. Histograms of the percentage
of maximum versus the percentage of time will be presented for veloci-
ties, torques, and currents. Torque and velocity data will be com-
bined per DOF in 3-D histogram mechanical power plots with the
percentage of maximum velocity and percent of maximum torque as the
independent axis, and log of the percentage of total time as the depen-
dent axis. Average total electrical energy per motor per task and
average total mechanical energy per DOF per task will be presented.

Finally, 3-D position-torque plots will be presented per DOF

which will be similar to the 3-D mechanical power plots.

3.1 PRELIMINARY OBSERVATIONS

It should be noted that individual variations among human opera-
tors can be considered to represent a stochastic input fo system. The
use of only four operators does not then represent a sufficient sample
size. Thus, the quantitative results may be expected to change for
larger samples, but the qualitative results are believed to be valid.

The transporter system allowed the operator to approach the work
site from any direction and to get as close as desired. This elimi-
nated any variations due to the locations of the work sites within the

remote cell.

34
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It was apparent from all of the tasks that the wrist torque
capacity was a significant limitation to the overall manipulator capa-
bility. At times it was difficult to hold the impact wrench horizon~
tally, as the torque required was near capacity. The stability margin
was greatly reduced at high torques, and disturbances in the master
wrist position could cause oscillations in the slave wrist. This was
also apparent with the 6-in. flange, which had to be held with its
center of gravity well out from the tong. Reassembly of the flange
was nearly impossible because of this and was therefore omitted from
the testing. No other joint experienced such problems.

Since disassembly was done only on the tubing jumper and 6~-in.
flange tasks, the data for these tasks were primarily representative
of tool changing in picking and replacing the impact wrench in its
holder and horizontal bolt removal with the impact wrench. The posi-
tion range used in these tasks was expected to be rather small. The
motor~current range was expected to be representative of very often
repeated tasks such as tool changing and horizontal boli removal. It
was the similarity between these tasks that caused them to be consid-
ered one task.

Since the transporter system was mounted overhead with the manipu~
lator on a telescoping hoist, it was never necessary to reach upward
to perform tasks. Thus, the upper range of the shoulder pitch (arm
reaching up) was not expected to be used very much. It is important
to note that this probably is not the case for a vehicle type trans-
porter system and that reducing the kinematic range of this motion
could be restrictive if the manipulators were mounted on a ground-
based transporter system.

The instrument package task had the greatest increase in diffi-
culty between actual "hands on" work and remote work with the manipu-
lators. This was because the pin connectors and attached cabling were
round, causing them to slip in the tong. This made it difficult to
properly orient and engage the connectors. Thus, this task was repre-
sentative of unforeseen tasks for which special tooling has not been
developed, and of work in areas using 0ld equipment without modern

remote tooling adaptations.
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The elbow pitch appeared to have the slowest response of any of
the joints. The operators would often move the master elbow at a rate
that appeared to be very near the design limit. This resulted in
decreased force sensitivity in this motion. The friction in wmoving
the elbow pitch was also considerably greater than in any other joint.
This was because the elbow pitch is driven entirely by gears and has
more gears in its drive train than any other DOF. This also results
in a greater inertia than in any other DOF. Thus, high currents in
the elbow pitch motor may be caused more by accelerating the consid-
erable inertia and by friction torques than by static loading.

The manipulators were tuned at intervals of about twWo weeks
during the testing period. (The tuning procedure was presented
earlier.) About halfway through the testing period, it was discovered
that the maximum current that could be generated in the slave motors
could be checked easily by switching the slave to computer drive and
applying a 10~V drive signal. This is the maximum value the position
error signal can attain before the brakes are locked. This was done
before and after the manipulators were tuned to gel an idea of the
actual maximum static current attainable for each motor. Note that
for short periods of time the actual current could exceed this limit
due to an additional voltage-—-the back emf--being "applied" to the
motor. This can occur only when the acceleration and velocity are in
opposite directions.

It was expected that the operators would not often take the mani-
pulator very close to the current limit. Close to this limit, it
becomes very easy to pass the position error limit with only a slight
movement of the master, and thus lock the brakes. When this occurs,
the operator must turn his attention from the task being performed to
realign the master with the slave and release the brakes., This is
inconvenient, and the operators naturally tend to avoid this
possibility.

The data on maximum (static) current attainable are presented in
Table 5. The averaged values probably represent a more appropriate
maximum current per motor than does the design value of 4.5 A. Note

that the values for the maximum static current are not the maximum
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static current attainable at any time during the testing--they are the
average values just after retuning for two different retunings and two
directions per motor. The manipulators were retuned twice before the
measurement technique was discovered. Note that the lowest currents
attainable were for the shoulder motors. It was not felt that this
provided a serious limitation, since the shoulder position error
signals caused the brakes to energize only a very few times during the
entire testing period and, when they did, the manipulators were
retuned within the next two days.

Picking up and replacing the impact wrench required considerable
skill, which all of the operators acquired fairly quickly. By the end
of the testing period, the operators could pick up or replace the

wrench in about 5 s.

Table 5. Static maximum currents per motor, amperes

Average

Before After percentage

Motor tuning? tuning? of maximum
Upper shoulder 2.11 2.93 2.52 (56%)
Elbow pitch 2.39 3.75 3.07 (68%)
Lower shoulder 2.60 2.93 2.77 (62%)
Right wrist 3.56 3.70 3.63 (81%)
Left wrist 4,03 4,03 4,03 (90%)
Elbow roll 3.78 3.93 3.86 (86%)
Tong 2.59 3.49 3.04  (68%)

dpverage of four values~-two retunings times
two directions.

3.2 KINEMATIC RANGES
The usage patterns of the kinematic ranges will now be presented.

3.2.1 Individual Joints

Figures T through 12 represent the use of the design motion range

of each joint. Each plot is drawn with a front, side, or top view of
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the manipulator, depending on which view clearly presents the specific
joint motion in the reference position. The manipulator is sketched
in as it would appear from tLhe specific view when in the reference
position. The angular range of each polar plot corresponds to the
motion range of the DOF that is plotted. The radius of each "pie
slice™ is proportional to the percentage of total time spent, within
that range of motion. A note is in order concerning Fig. 12 wrist
roll position usage. To picture what is being represented, consider
the tong to be holding a pin or bar such that it is vertical in the
reference position. The figure represents the histogram of the
orientation of that bar with respect to the wrist.

An interesting aspect of these plots is the ratio of the percen-
tage time in 0 to 2% (98 to 100%) of range to the percentage time in 2
to 4% (96 to 98%) of range. This will be referred to as the lower
(upper) "end ratio."™ If this end ratio is greater than one, it is an
indication that the operators are taking the manipulator to its limit
and holding it there. This suggests that extending this particular
limit would be appropriate. Another noteworthy aspect of these plots
is the percentage of range not used. This represents a range of
motion that could be eliminated if any savings would be obtained.

These parameters are summarized in Table 6.

3.2.2 Wrist Positions and Orientations

The histograms presented in the previous section, while very use~-
ful design aids, do not adequately present the location and orienta-
tion of the wrist. That is, nothing is said of where the shoulder
roll and elbow pitch are when the shoulder pitch, for example, is at
28 to 30% of its range. For this reason, the 3-D histogram plots of
Figures 13 through 16 are presented. Figures 13, 14, and 15 represent
the position of the wrist as seen from top, right side, and back
respectively; Fig. 16 plots the elbow roll versus the wrist pitch. 1In
each of these plots, the darkest areas are those used the most. The
single most used block is entirely black. The next shade (which
appears black) represents those areas whose time use was 60 to 100%

that of the most used block, the next shade represents 36 to 60%, the



45

next 21.6 to 36%, and so on. This geometric scale with a ratio of 0.6
was chosen so that the lightest of the ten shades represents 1% of the
time use of the most used block. Areas that were used, but for a time

less than 1% of the maximum are indicated by light dots.

Table 6. DOF position end ratios and unused ranges

Positive Negative

Percentage End Unused Percentage find Unused

DOF time at end ratio range time at end ratio range

(deg) (deg)
SP(+ = up)? 0 0 2.2 0.38 2.42 0
SR(+ = right)?d 0.01 0.94 0 1.81 3.23 0
EP(+ = forward)@ 0 - HE 0.33 1.53 0
ER(+ = left)@ 0.27 1.23 0 0 - 48
WP(+ = up)? >.01 L4 0 0.20 1.87 0
WR(+ = CCW)P 0.08 0.89 0 0.17 17.1 0

dFor each DOF, positive is that rotation which would cause the
tong to move in the defined direction when the arm is in the reference
position,

bFor the wrist roll, positive is a counterclockwise (CCW) rotation
when viewed from behind the manipulator,

The reference position of each of the joints is indicated by the
clear round symbols. It should be clear which symbol represents the
wrist.

Note that the position of the wrist when accessing the wrench
holder shows up clearly on each of the position grids, but the orienta-
tion of the wrist when accessing the wrench holder (elbow
roll = 114 in, left, wrist piteh = 14° down) does not show up. This
indicates that when picking up or replacing the wrench, the operators
first place the wrist near the holder, then orient the wrist. When
moving away from the holder, the wrist is almost immediately oriented

forward. Thus, the tool-changing configuration will significantly
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affect the main positions of the upper three (positioning) angles
(shoulder pitch and roll, and elbow pitch) but will have only a small
effect on the mean positions of the lower three {orientation) angles.
As noted earlier, the cperators quickly became very skilled at picking
up and replacing the impact wrench and could do it in 5 s.

The top and back views clearly indicate that the wrist is taken
inward toward the operator from the reference position most of the time.
The top and side views indicate that except for tool changing, the
wrist is used with approximate symmetry about the reference position in
the forward direction, perhaps behind the reference position slightly
more than in front of it. The back and side views indicate that the
wrist is located slightly below the reference position most of the
time, and that nearly all of the upper range of motion is never used.
Note that in the top view, almost the zntire range is used.

The wrist orientation grid indicates that most of the time the
wrist is pitched down slightly (~5°) and yawed inward about 10 to 15°.
Each of these motions is used asymmetrically about their most used posis
tions; the wrist is pitched down more than up and yawed in more than
out about the most used orientation, and even more so about the refer-
ence orientation. It is interesting to note that if one orients one's
own Wrist about a curve described by the centroids of each of the
shaded regions, it appears to be the most natural path for the wrist to

follow,

3.2.3 Mean Positions

It is of interest to know the mean position for the individual
Jjoints and for the absolute wrist position. These data are presented
in Table 7. For the individual joints, the mean position is referenced
to the reference configuration of the manipulator. For the absolute
wrist positions the x, y, and z positions are referenced to the wrist
position in the reference configuration.

The mean position of the individual joints was found by averaging
all of the sampled data. The mean absolute wrist positions were found
by finding the "centroid™ of the histogram blocks, associating all of

the time in a given block with the center of that block.
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Table 7. Mean positions

Location Mean Position

Individual Joints

Shoulder pitch -9.8° (down)

Shoulder pitch -13.0° (left)

Elbow pitch 5.1° (forward)

Elbow roll §2,.5° (left)

Wrist pitch -17.7° (down)

Wrist roll b,0° (CCW)

Base Frame wrist positions

Vertical (x) 27.36 in. (down)?&
0.86 in. (down)P

Forward (y) 22.21 in. (forward)?
3.29 in. (backward)P

Transverse (z) 4,77 in. (left)@

4.77 in. (left)P

dRelative to the shoulder pivot.

DRelative to the wrist position in the
reference configuration.

3.3 MOTOR CURRENTS AND ENERGY

The periodic usage of motor currents and energy consumption will
now be presented. Recall that the elbow pitch and roll are driven
directly by separate motors so that normalized histogram plots of motor
current and joint torque correspond exactly. This is not true of the
shoulder and wrist pitches and rolls, which are driven by differentials.
For these DOFs, the pitch torque is proportional to the sum of the two
motor currents, and the roll torque is proporticnal to the difference
of the two. Figures 17 through 23 present the current usage of the
motors. A log scale was used so that the very short times at which the
motors operated at high currents could be seen. It is important to
bear in mind that the data presented earlier in Table 5, which indi-

cated that the maximum current attainable varied with time and from
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motor to motor, was below the design limit of 4.5 A for all of the

motors.
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Table 8 presents the average energy consumed by each motor per
task. The data in this table are not the actual energy consumed by the
motors but are the integrals of I?R, where I is the measured current
and R is the nominal value of the winding resistance for each motor
supplied by the manufacturer (5.5 Q). The actual resistances of the
motors were measured, and they deviated significantly from the nominal
value (data in Appendix B). Since the aim of this study is to present
generic duty cycles, it was felt that the values of interest were the
relative values of the integral of the current squared over time for
each of the motors and that using the actual resistance values would
only obscure these data. The interested reader can easily calculate
the actual energies per motor if he or she desires them.

Figures 17 and 18 and Table 8 clearly show that the two shoulder
motors had considerably different duty cycles. The lower shoulder

motor consumed more than twice the energy consumed by the upper



56

shoulder motor. The histogram blocks above 33% (1.5 A) average about a
decade larger on the lower shoulder motor plot thanm on the upper
shoulder motor plot. This significant difference is related to the
fact that the shoulder is rolled inward most of the time. This will be

a subject of discussion in the next chapter.

Table 8. Average energy and peak current per motor per task

Energy, W-s Average peak current, A
Motor (percentage of tong) (percentage of maximum)
Upper shoulder 123 (2.7%) 1.1 (24.7%)
Lower shoulder 273 (6.0%) 1.58  (35.1%)
Elbow pitch 258  (5.7%) 1.66  (36.9%)
Elbow roll 220 (4.9%) 1.74  (38.7%)
Left wrist 708 (15.7%) 2.45  (54.14%)
Right wrist 877  (19.4%) 2.63  (58.4%)
Tong 4522 (100%) 3.23 (71.8%)

Comparing the lower shoulder and elbow pitch motor data indicates
comparable duty cycles in both current distribution and total energy.

The elbow roll histogram data (Fig. 20) indicates a smooth drop
up to about 70% of peak current but rises slightly above this value.
This rise is an indication that the motor and/or gear reduction is
undersized.

The high wrist torques alluded to earlier can be seen clearly by
comparing Figs. 21 and 22 to Figs. 17 through 20. For the wrist
motors, the histogram blocks above about 20% are considerably higher
than those of the other DOFs. Additionally, each wrist motor consumed
more than three times the energy consumed by any other motor, with the
exception of the tong motor.

The duty cycles of the tong motor were surprising. This motor,
which performed practically no mechanical work, consumed about twice
the energy of all six of the other motors combined. The rise in the

height of the histogram blocks at high currents indicates that the
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operators hold the tong gripped tightly shut much of the time, This
is also indicated in Table 9, where it can be seen that the tong motor
remained continuously above 60% of peak current for an average of

27.7T s for each task.

Table 9. Average and maximum continuous time above 60% current
(in seconds)

Average time over 60% Maximum time over 60%
Motor current per task (overall)

Upper shoulder 0.03 5.9
Lower shoulder 0.4 13.8
Elbow pitch 0.3 9.7
Elbow roll 0.3 10.

Left wrist 0.8 1.8
Right wrist 1.0 12.6
Tong 27.7 273.1

3.4 JOINT VELOCITIES

Figures 24 through 29 present the use of the DOF velocities in
histogram form. Each DOF is scaled individually to its design range.
The design ranges were given in Table 2.

A rise in the percentage time at high velocities (>90%) compared
to the percentage of time in the 70 to 90% range is an indication that
a higher maximum velocity is desirable., When a DOF is moving at close
to its maximum veloecity, there is very little force feedback in that
DOF. Note that high-velocity spikes can occur due to collisions with
the surroundings. This is the case with the shoulder pitch. It is
clear that the velocities indicated in the 98 to 100% block were
caused by such collisions rather than continuous input from the
operator because there were very few (<.001%) velocities above the 52%
block.
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The elbow DOF histograms (Figs. 26 and 27) indicate that a higher
maximum velocity may be desirable for these DOFs. The wrist DOF histo-
grams (Figs. 28 and 29) indicate the opposite: thelr maximum veloci-=
ties are well above the highest velocity ever used by the operators.
The shoulder DOF histograms (Figs. 24 and 25) indicate design maximum
velocities considerably above those applied by the operators, but
again it must be emphasized that the control system did not allow full
voltage to be applied to these motors.

Table 10 presents the average peak values of velocity and accele

ration per task for each DOF.

Table 10. Average peak velocities and accelerations

per task
Average peak velocity Average peak
(rad/s) (percentage acceleration
DOF of maximum) (rad/s?)
Shoulder pitch 0.323 (25.4%) 1.232
Shoulder roll 0.368 (18.7%) 1.519
Elbow pitch 0.530 (43.7%) 2.423
Elbow rolil 2.244 (31.6%) 15.74
Wrist pitch 1.733 (12.0%) 13.59
Wrist roll 2.141 (9.3%) 16.08

3.5 MECHANICAL POWER AND ENERGY

The motor current and joint velocity data will now be combined as
mechanical power data. The data will be expressed in the joint coordi-
nate system, and thus the normalized shoulder and wrist pitch torques
are the sum of the two motor currents divided by twice the maximum
current per motor, and the shoulder and wrist roll torques are the
difference of the two motor currents divided by twice the maximum
current per motor.

The mechanical power for each DOF is presented as 3D histograms

in Figs. 30 through 36. The independent variables are the normalized
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velocity and torque, and the dependent variable is the log of the per-
centage of total operation time. The log scale was again used to
emphasize the relatively short times that the DOF is used along the
diagonal which ranges from peak torque through peak power (at 50%
torque and 50% velocity) to peak velocity. For ease of presentation
the dependent variable at each grid point was further normalized to
the highest grid block, which for every DOF was the O to 4% torque and
0 to 4% velocity block.

Note that on some of the grids, "spikes" can be seen that indi-
cate that time was spent at high torque and high velocity. Recall
that the 2-axis scale is logarithmic, so these spikes represent very
short periods of time and were most probably caused by collisions with
the surroundings.

Figure 30 presents what this author feels is an "ideal"™ power
grid. While the exact shape of this "ideal" grid is primarily a philo-
sophical question, the points to be emphasized are that the grid is
symmetric about the main dilagonal {(the velocity and torque potential
are used equally) and is nonzero 96% of its potential in both velocity
and torque. If the grid is not symmetrical about the main diagonal,
then the gear reduction is such that the power of the motor is not
being transferred to the joint as effectively as desired. If the grid
extends to 100% of potential in either velocity or torque, particu-
larly if it rises near 100%, then a greater potential may be needed.
This can be achieved by changing the gear reduction (if the grid was
not symmetric) or by using a larger motor or changing the drive method
(i.e., direct drive or differential drive).

The shoulder pitch and roll grids (Figs. 31 and 32) at first
glance indicate that the motors are larger than needed. The reader is
again reminded, however, that full power could not be attained with
these motors. In addition, the mean operating configuration of the
manipulator was such that a gravity load resulted in simultaneous
pitch and roll torques. The maximum torque and velocity of the
shoulder pitch are based on there being no load on the shoulder roll

(recall the differential drive), and the actual shoulder pitch (roll)
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capacity being reduced when there is a load on the shoulder roll
(pitecn). Thus, the true capacity for pitch and roll torques varies
from the indicated (maximum) value down to half of this value,
depending on the loading. The grids are relatively symmetrical, indi-
cating that the gear reduction is appropriate. The grids extend a
little farther along the torque axis than the velocity axis so that
the gear reduction should be reduced slightly.

The elbow pitch grid (Fig. 33) has a noticeable rise at 100% of
veloelty, indicating that this maximum velocity should be increased.
The grid is relatively symmetrical, indicating that the gear reduction
is appropriate. Thus, to increase the maximum velocity, a larger
motor must be used. Along the torque axis, the grid drops slowly.
This is primarily due to the significant friction in this DOF.

The elbow roll grid (Fig. 34) has a slight rise abt peak velocity,
but it is not as noticeable as it was on the elbow pitch. Significant
time is spent at high torque. The grid is relatively symmetrical
about the diagonal. The slight rises at peak velocity and peak torque
indicate a possible need for a larger motor.

The wrist grids (Figs. 35 and 36) show that the gear reduction is
inappropriate. The grids “hug" the torque axis, extending to almost
100%, but do not exceed about 40% of peak velocity. The gear reduc~
tions could easily be doubled for these DOFs.

The mechanical energy generated in each joint was calculated for
each task by integrating the absolute value of torque times angular
velocity. This gave the total flow of energy per joint, not the net
energy applied by the manipulator. Note that this energy includes
both that lost to friction and that used to accelerate and decelerate
masses. These results are given as an average value per task in

Table 11 along with an average value of the peak power per task.

3.6 POSITION-TORQUE RELATIONSHIPS

It is of interest to know the position of the joints at the time
they experience high torques. This has applications in analyzing the

wear and stress in the various components. These data are presented
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in Figs. 37 through 42. The format is much the same as for the
mechanical power grids, although the perspective has been changed to
more clearly view the torque distribution along a given position line.

The shoulder pitch grid (Fig. 37) shows that moderate torques
(<40%) are distributed in an approximate Gaussian time distribution
about the mean operating position (-9.8°). Peak torques are at about
~8° and about -U40°., The shoulder pitch is at about -40° when the

wrench holder is accessed.

Table 11, Average mechanical energy and
peak power per task

Energy in lbg Average peak power
(Percentage of in 1bg/s (Percentage
DOF shoulder pitch) of maximum)
Shoulder pitch 4o7  (100%) 57 (12%)
Shoulder roll 298 (73%) 26 (5%)
Elbow pitch 406 (100%) 43 (19%)
Elbow roll 292 (72%) 54 (19%)
Wrist pitch 369 (91%) L8 (11%)
Wrist roll 175 (43%) 24 (4%)

The shoulder roll (Fig. 38) experiences highest torques when
rolled in toward the operator close to its limit. This is where
gravity loading produces the highest torque on this DOF. Note that
the torque dips down very low at 0°, where gravity loading produces no
torque on this DOF.

The elbow pitch (Fig. 39) experiences high torques at around
~10°, Note that gravity loading produces very little torque in this
position (unless the shoulder is pitched considerably) so that this
torque is primarily due to forward pushing and pulling loads. High
torque also occurs at the back end of the range (~45°). This could be
due to pushing against the limit if the master stop was slightly
behind the slave stop. High torque occurs again at around +60°, proba-
bly due to gravity loading.

The elbow roll torque (Fig. 40) is fairly evenly distributed

about the mean position (-42°) except for significant times at high
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torque at the leftmost limit. This could be due again to slight dif-
ference in the positions of the master and slave stops, or due to
pushing against the holder when removing or replacing the impact
wrench.

The wrist pitch torque (Fig. %1) is evenly distributed, with peak
torque occurring around 0°, where the gravity load is generally the
highest. The wrist roll torque (Fig. 42) peaks at the center and at

the innermost limit.



4. APPLICATIONS TO MANIPULATOR DESIGN

This study has many valuable applications to the design of servo-~-
manipulators, The optimization will be accomplished with respect to
the measured duty cycle data. Much effort was put into making these
data as generic as possible so that the results can be generalized.
The optimal kinematic range for each of the DOFs will be presented
based on the position histograms in Figs. 7 through 12. Optimal gear
reductions will be presented based on veloecity and current data, and
on how the mechanical power grids of Figs. 31 through 36 are made sym-
metrical as discussed earlier. The distribution of joint torques for
nominal loads on the tong in the mean configuration of the manipulator
will be presented. Relative actuator sizings will be discussed based
on scaling the power grids (after including improved gear reductions)
up or down so that they reach zero just below 100% on the torque and
velocity axes. These sizings will be compared to the sizings needed
to equalize the relative loads on each motor for nominal loads in the
mean and worst-case configurations.

The effectiveness of the differential drive configurations of the
shoulder and wrist will be discussed, and changes in mounting configu-
rations that could improve this effectiveness will be presented.
Finally, stress problems and possible ways of eliminating them will be

discussed.

4.1 MOTION RANGES

The data presented in Table 6 provide an excellent basis for
selecting improved DOF motion ranges. Note that if the data suggest
that a range should be extended, there is no way to determine exactly
how much it should be extended. The author will suggest a good "seat
of the pants" estimate of what the range should be. The reader is
cautioned that there are no data available to substantiate the
magnitude of an increase in range, only that an increase 1s indeed

appropriate.
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The lower end of the shoulder pitch range should be increased as
it has an end ratio of greater than unity and significant time-at-end.
While the data suggest that a slight reduction could be made in the
upper end range, this is not advised because this range can become
critical for floor-based manipulators. An increase of 10 to 15° in
the lower end of the shoulder pitch range seems appropriate.

The outer shoulder roll limit is scaled to near perfection. The
range 1s used all the way to the end but has an end ratio of less than
one, indicating that the operators do not hold the arm against this
limit. The shoulder roll range is symmetric about its reference posi-
tion, but this is not the mean use position of the DOF. The operators
prefer to roll the shoulder inward so that the wrists are closer
together. Because of this, the inner range is inadequate, and the
operators hold the manipulator against the inner limit nearly 2% of
the time. The inner limit should be increased by about 15°,

The elbow pitch has a large outer range that was never used. The
manipulator becomes very difficult to work with when the elbow is
pitched so that the arm is nearly straight. The elbow is free to
travel an additional 45° past this point, but this range was never
used. This author believes it has little use, and could be eliminated
without shedding a tear. The elbow pitch can travel only 45° back
toward the body. This limit bhad a greater than unity end ratio and
significant time-at-end and therefore should be increased by about 5
to 10°,

The elbow roll (yaw) has a range which is symmetric about its
reference position. This is inappropriate and does not reflect the
control motions of the human operator. It is much easier to yaw the
wrist in than out. Consider also that the operator (unlike the manipu-
lator) can yaw his or her shoulder as well as the wrist to apply an
inward elbow roll motion to the master quite easily, but this motion
is difficult and cramped when applying an outward elbow roll motion
(the operator's elbow jams against the ribs). This is reflected in
the position—-use graph of the elbow roll. Note that the elbow roll is
Just in from 0° much of the time, bul when it is moved, it is nearly

always taken inward. A slight increase in the inward range of
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approximately 10° is needed while the outward range could be reduced
by up to i45°, although a lesser reduction of 30° is suggested to
accommodate novel tasks.

The upper wrist pitch range is well scaled and should not be
changed. The lower range has a greater than unity end ratioc and
should be increased by about 5 to 10°.

The wrist roll could use a slightly increased clockwise range
(from behind) of approximately 10°. An even larger increase may be
appropriate for future applications such as robotic assembly of

threaded parts. These results are summarized in Table 12.

Table 12. Improved motion ranges

Motion range?

DOF Direction (degrees) Suggested change

Shoulder pitch up 60 none

Shoulder pitch down 50 increase 10-15°
Shoulder roll in (left) 45 increase 15°
Shoulder roll out (right) 45 none

Elbow pitch forward 135 decrease 45°
Elbow pitch backward 45 increase 5-10°
Elbow roll in (left) 170 increase 10°
Elbow roll out (right) 170 decrease 30°
Wrist pitch o up L5 none

Wrist pitch down 120 increase 5-10°
Wrist roll CW 160 none

Wrist roll CCW 160 increase 10°

From reference position.

4,2 GEAR REDUCTIONS

Improvements in the gear reductions can be determined from the
mechanical power grids (Figs. 31 through 36), the idea being to make
them symmetrical about the main diagonal so that the motor is being
used equally for speed and torque. Unfortunately, this can be

difficult if the data extend all the way to 100% along one of the axes.
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This makes 1t impossible to tell what "scale factor" will shift the
grid so that it is symmetrical about its diagonal. For this reason,
another tecnnique is also used that is based on equalizing the
normalized average peak currents per task (Table 8) and average peak
velocities per task (Table 10). For example, the average peak current
in the shoulder motors was 24.7% and 35.1%. This is slightly greater
that the average peak shoulder pitch velocity of 25.44. The average
peak current of the two motors was 29.9%. Incoreasing the gear reduc-
tion by 8.5% would match the peak velocity and peak current (average
of two values) at 27.50%. Examining the shoulder pitch power grid
confirms this value. The grid goes to zero at about 76% along the
torque axis and at about 60% along the velocity axis, implying a
needed increase of about 8% in the gear reduction.

Using the average of the two peak currents as the peak shoulder
pitch torque assumes that the peak current in each motor occurred
simultanecusly in the same direction. This is not a dangerous assump~
tion as the pitch will support considerably more torque than the roll
in most configurations, and if there is a discrepancy, it will be
toward an increased torque capability. Making a similar assumption
about the roll torques does not seem appropriate, however. Fortu-
nately, the power grids for the shoulder and wrist rolls do not extend
to 100% along either axis, and they will be used to determine the
improved gear reductions for these DOFs.

The shoulder roll power grid drops to zero at %2% along the
velocity axis and at 60% along the torque axis. The suggested change
in the gear reduction is an increase of 4% to match the zero crossings
of the grid at 56%.

The average per-—task peak elbow pitch velocity was 43.7% of maxi-
mum, while the peak current was 36.9%. These can be matched at 40.2%
with a decrease of 9% in the gear reduction.

Analyzing the wrist pitch gear reduction by the two different
techniques yields very different results. Matching the average peak
values suggests an increase of 117%, while making the grid cross zero
at the same distance along each axis suggests an increase of U5%.

Recalling that the wrist torque was insufficient for some tasks (such
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as reinstalling the 6-in. flange) suggests that actual generic uses of
the manipulator would require torques greater than 100% of present
capacity. This would indicate that the higher value is more appropri-
ate. Using the full increase of 117% would cause the wrist grid to
reach zero at about 100% along the veloecity axis. For this reason, a
gear reduction that causes the grid to reach zero at 90% on the
velocity axis was chosen as the improved reduction for this DOF. Note

that this increased torque capacity will result in higher stresses in

the drive tapes and gears.

The elbow roll gear reduction was selected by matching the aver-
age peak values, while the wrist roll gear reduction was selected by
matching the zero points of the power grid along each axis.

The improved gear reductions are summarized in Table 13. Note
that the average peak velocity and current scaled to the improved gear

reductions give an indication of the ideal relative motor sizings.

Table 13, Improved gear reductions

Average peak

Actual gear Improved velocity

reduction Suggested gear and torque

DOF (approxi=- change reduction per task
mation)a (%) ()b
Shoulder pitch 39.93 +8.5 43,32 27.5
Shoulder roll 29.4 + 30.58 19.5
Elbow pitch 43,47 ~8.8 39,64 40.2
Elbow roll 8.065 +10.7 8.928 35.0
Wrist pitch 3.912 +96 7.682 26.0
Wrist roll 3.267 +54 5.038 14.3

dSee Table 3.
bUsing the improved gear reductions.

The tong gear reduction was not discussed. The main problem with
the tong is that large amounts of energy are consumed when the motor
is simply holding a static torque. This can be disturbing if the mani-

pulator is used with a battery-powered system. It should be noted
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that one alternative would be to use an increased gear reduction with

a smaller motor.

4.3 ACTUATOR SIZINGS

Traditionally, actuators and gear reductions have been selected
on the basis of providing a certain maximum speed and sufficient
torque to handle worst-case loading in each DOF. This technique will
not be abandoned, but extensive use will be made of the power grids of
Figs. 31 through 36.

The distribution of joint torques for nominal vertical, forward,
and transverse loads centered 1 in. in front of the tong tip with the
manipulator in the mean configuration (see Table 7) were determined
using a technique described in Appendix D and are presented in

Table 14,

Table 14. Joint torque distribution in the mean

configuration
Load?d
DOF Gravity Forward Transverse
Shoulder pitch 28.13 28.35 1.18
Shoulder roll -11.56 0.97 -26.76
Elbow pitch 6.34 24,34 1.09
Elbow roll 1.79 ~5.51 6.07
Wrist piteh T.14 -1.59 1.47
Wrist roll 0 0 0

4Torques are in in./lbg; nominal load is
one lbg.

Examining the shoulder pitch grid (Fig. 31), it would appear that
smaller motors could produce the velocity and torque capability
required in this DOF. Using the improved gear reduction, the grid
would reach zero at about 70% along the torque and velocity axes.

Thus, motors 25% smaller (in torque and velocity) could handle this
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load. Similar reasoning on the shoulder roll grid would indicate that
motors 45% smaller would be sufficient.

The reader is warned that the differential drive configuration
reaches full capacity (both motors at peak torque) only in pure pitch
or pure roll., If a combination pitch and roll torque is applied, the
effectiveness decreases, and at a certain ratio of pitch-to-roll
torque (that ratic being the ratio of pitch~to~roll gear reduction)
the effectiveness is reduced to a uninimum where all the torque 1s put
on one of the motors. Due to the configuration in which the manipu-
lator is used, gravity loading produces this combination pitch and
roll torque (see Table 14), and this motor size reduction cannot be
incorporated unless the configuration is changed (this will be
discussed in the next section).

If direct drive were to be used on the shoulder pitch and roll,
the velocity capability would be the same but the torque capacity
would be cut in half. Thus, the gear reduction on the shoulder pitch
would have to be increased by 60% over the reduction presently used
(again to make the shoulder pitch grid symmetrical). The grid would
then reach zero at about 94% on each axis, implying that the presently
used motor would be the proper size. For direct drive of the shoulder
roll, an increase of 53% in the gear reduction over the value pre-
sently used would cause the grid to reach zero at the value presently
used and would cause the grid (Fig. 32) to reach zero at about 76% on
each axis, implying that a motor 20% smaller would be sufficient.

In summary, the shoulder motors can be reduced in size (velocity
and torque capacity) by up to 25% if differential drive is used and if

the configuration is changed such that pitch and roll torques do not

occur simultaneously. Alternatively, the motor size presently used

would be used on the pitch with a 20% smaller motor on the roll (along
Wwith very different improved gear reductions) if direct drive is used.
The elbow pitch and roll grids (Figs. 33 and 34) indicate under-~
sized motors. One might be tempted to use a differential drive on
these joints, but again this may lead to problems with simultaneous

pitch and roll torques. In addition, the pitch and roll gear
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reductions at the elbow differ by a factor of about four to five,
which would make the design of the differential difficult.

Using the improved gear reduction on the elbow pitch (-8.8%), the
grid can be extrapolated to reach zero at about 100%. This may be
considered ideal, but due to the considerable time spent at high
torque, this author suggests an ilncrease of 5 to 10% in the elbow
piteh motor,

The elbow roll grid is difficult Lo extrapolate due to the height
of the grid at 100% along each axis. This author suggests a 10%
increase in the size of this motor.

The wrist pitch grid (Fig. 35) is skewed so much toward the
torgue axis that accurate extrapolation is difficult. Using the
improved gear reduction, the grid would drop to zero at about 90% on
the velocity axis. While it would appear to drop to zero at
considerably less than 100% along the torque axis, the reader is
reminded that some tasks, such as replacing the 6-in. flange, were not
possible due to the excessive wrist pitch torque. No change is recom-
mended in the size of the wrist motors.

No power grid was done for the tong motor, as this motor was used
primarily for holding a static torque. Note that this is the only
motor that works against itself. For battery-powered manipulator
systems, an alternative must be found that will reduce the energy
consumed in tong actuation. The improved actuator sizings are sum-

narized in Table 15.

4.4 DIFFERENTIAL DRIVE LOAD SHARING

The idea behind the use of a differential drive in joint actua-
tion is that if the torque is applied as a pure pitch or pure roll
torque but not as a combination piteh and roll torque, two motors can

share the load and thus double the capacity. Just the opposite is
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Table 15. Improved actuator sizes

Change@
Motor (%)
Upper shoulder?P -25
Lower shoulder? ~25
Shoulder pitch® no change
Shoulder roll® -20
Elbow pitch +10
Elbow roll +10
Wrist (both) no change

dThe change refers to an increase or decrease in both
velocity and torque capacity.

DFor differential drive, the configuration must be
changed to eliminate simultaneous pitch and roll torque.

CFor direct drive.

true of direct drive: the motors share the load when simultaneous
piteh and roll torques are applied, but only one motor supports the
load of pure pitch or roll torque.

Nocte that when expressing the pitch and roll capacities of a
joint, a differentially driven joint has twice the capacity of a
directly driven jolnt with the same gear reduction. This can be
deceiving if ones does not bear in mind that the capacity of the differ-
entially driven joint drops to one-half that capacity when the load is
a simultaneous pitch and roll (i.e., there's no such thing as a free
lunch).

The wrist joint is perhaps the ideal location for a differential
drive, When holding a gravity load, the torque is entirely along the
piteh axis., When applying a roll torque {(such as when removing or
engaging connections), there is usually no load on the pitch.

In the reference position, the shoulder also appears to be well
sulted to a differential, Forward and gravity loads are supported

entirely by the piteh, while the roll supports transverse loads,
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However, as human operators prefer to roll the shoulder inwards from
the reference position so that the wrists are in a better working
position, gravity loading (the most common load) provides simultaneous
piteh and roll torques, which destroys the effectiveness of the
differential.

In order to remove the roll torque from the shoulder in the mean
operating position, the mounting of the manipulator must be such that
the shoulder roll angle is zero when the wrist is where the operators
want it to be. This can be accomplished by mounting the manipulator
arms closer together or by mounting the arms such that they point
inward about 20° rather than directly forward (i.e., the shoulder
yawed inward 20°), or by some combination of these two. This change
in the mounting configuration is the simplest design improvement sug-
gested here. It is also directly applicable to all elbows-up servo-
manipulators with differentially driven shoulders and will result in

improved performance.

4.5 ADDITIONAL APPLICATIONS

It was mentioned earlier that the wrist torque capacity should be
increased considerably. This will, of course, increase the stresses
in the wrist drive tapes and therefore reduce reliability. These
tapes therefore should be increased in size or replaced with an alter-
native drive method. One alternative~-chains~-is advantageous in that
orne chain can provide both forward and reverse drive and thereby
replace two tapes. The chains can therefore be more than twice as
wide as the tapes, which will increase capacity and reliability.

The wrist tapes travel over the elbow and down the lower arm
tube, and therefore they twist with the elbow roll (yaw) motion. This
twist is zero when the elbow roll is in the reference position. This
twist causes increased stresses in the tapes, but the tape stresses
can be reduced by making the twist zero when the elbow is rolled

inward somewhat, say to the mean position of 42,5¢.



5. CONCLUSIONS

This report has presented the first known detailed study of
servomanipulator duty cycles. These duty cycles have been clearly
defined to serve as a baseline for future studies in this area.

Kinematic relationships were derived and expressed (Appendix D)
which make the coordinate frame relationships understandable. These
relationships also prove useful in applying the results of the duby
cycle analysis, particularly In analyzing the joint torque distribu-
tions for nominal tong loads in various configurations.

The experimental system was representative of the work environ-
ments of servomanipulators, and the data were recorded for remote
tasks that were specially selected to be generic and representative of
servomanipulator tasks.

This study has furthered our understanding of the operation and
uses of servomanipulators. The applications to future designs are
many and include nearly every component of the system.

The use of only four operators in the testing provided a statisti-
cal limitation to the results. While the quantitative results can be
expected to change somewhat when a larger number of operators are con-

sidered, the qualitative results are expected to remain valid.
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UNCERTAINTY ANALYSIS
The shoulder DOF positions were measured directly against the

gravity vector and, as such, had an uncertainty due only to the direct

measurement.

Wsp = WSR = +0.75° .

It was assumed that the differential drive ilncreased the measurement

uncertainty by /5, as two angles had to be measured. Thus

Wgp = Wggr = 1.06° .

Note that the uncertainty in the slope is much lower

As + W
slope = As
Alcounts) + Acounts
So,
W 2 T 2 1/2
slope _ wAs + wAcounts
slope As Acounts

1 2 M 2| 1/2
= ———— + pearsepeeed
100 3400 i

for the shoulder pitch.
The elbow pitch is relative to the shoulder pitch position, so
its uncertainty is increased by a factor of V2 over the

shoulder pitch uncertainty.
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Wgp = v2 (£0.75°) = 1,06°,

In the configuration used to calibrate the elbow roll, the shoul-
der pitch and elbow pitch uncertainty contributed only very weakly to
the elbow roll measurement uncertainty. Thus, the elbow roll measure-
ment uncertainty is increased /2 over the shoulder roll

measurement uncertfainty.
WER = /?u(i0.75°) = 1.06° ,

The wrist pitch calibration depended on the shoulder and elbow
pitech calibrations, and the wrist roll calibration depended on the
shoulder roll calibration. Additionally, the wrist position measure-
ments were more difficult to make than those of the upper DOFs. The
small size of the tong made some measurement positions cramped, and
the drive tapes would stretch slightly when the weight of the plate
and protractor was placed on the wrist. For this reason, measurement
uncertainty for the wrist DOFs was assumed to be about #1.5° for both
pitech and roll. Again, the differential drive configuration was
assumed to increase the final uncertainty of each by /2.

Thus,

_ 2 2 1/ 2
Wyp = V2 [WSP + Wpp ot (1.5)2]

Wyp= +2.8°,

N

and

i}

2 1/ 2
Wyr V2 [WSR + (1.5)2]

Wyp = #2.4° .
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Note, however, that the uncertainties in the slopes are not increased,
as the brake on the upper DOFs assured that they did not move during
the calibration, and thus any error they introduced was subtracted out.
Uncertainties in the slopes were assumed to be 1% for the shoulder and
elbow DOFs and 2.5% for the wrist DOFs.

Backlash in the gearing produced an additional uncertainty in the
positicon signals. 1Its effect om the slopes was eliminated by making
all measurements with the gears pushed into contact in the same direc-
tion.

The backlash on each DOF was measured by locking the brakes and
measuring the angle the DOFs could still travel. These angles are

given in Table A.1.

Table A.1. Approximate DOF gearing backlash

Backlash
DOF (approximate degree)d

SP 0.75
SR 0.75
EP 0

ER 0.25
WP 1.0

WR 0.75

dangles measured at the DOF.

This backlash contributes to the uncertainty in the position sig-

nals. The probable (3 o) position uncertainty is given by

B 2 backlash ) 2 1/2
wpos " [ (wcalib ) * < 2 ] ’

The probable position uncertainties are given in Table A.2.

The calibration data for all DOFs were very nearly linear.
Calibration parameters were determined by a least-squares straight
line fit to the data.
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Voltage dividers were added to each position signal Jjust before
input to the PDP 11/34 to reduce the signals to 10 V. These dividers

consisted of nominal 10-KQ and 5-KQ resistors in series. The signals

Table A.2. Probable position uncertainties

Uncertainty

DOF (+ degrees)
SP 1.30
SR 1.30
EP 1.06
ER 1.09
WP 2,81
WR 2.40

were put across both resistors with the PDP 11/34 reading the voltage
across the 10-KQ resistor. A precision digital ohmmeter’ was used

to find the exact ratio of the resistors used on each signal, which
was then included in the position signal slopes. A digital voltmeter*
was used to measure the signal voltage with and without the dividers.
This was to ensure that the dividers did not alter the signal, which
they did not. The resistance values were read with an accuracy of
about +2 @, and thus did not contribute significantly to the position

uncertainty.
Velocities. The velocity algorithm used (see Appendix C) was

.. g P8 8

i 12At

This can be rewritten

¥Tektronics Model ¥DM501 Digital Multimeter ICO43154,
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(g o7 Tyup) * 800, -~ 1,

i 124t

)

i—1 ’

which clearly shows that the position signal uncertainty to be used is
the uncertainty in a position change.

In determining this uncertainty, the effects of backlash in the
gearing were ignored. It should be noted that the calculated veloci-
ties are then actually proportional to the gear train velocities at
the potentiometer location. This will differ from the actual joint
velocity only when the joint acceleration changes direction and the
joint travels through the backlash region.

The position change uncertainty is then due only to calibration
slope (not intercept) uncertainty, A/D conversion error, and signal
noise. Signal noise was tested using a test program which read the
position signals and current signals approximately four times per
second. The program was executed with the arms energized but not in
motion,

The average change per sample on each channel was calculated
after 1000 samples. No detectable noise was seen on the position
signals--a tribute to the 11-Hz low~pass filters. The program was run
for a variety of arm configurations to include any possible position-
correlated noise. Note that velocity-correlated noise, if present,
was not included in these results. The program was run several times
over a period of two weeks. The results changed insignificantly.

The uncertainty due to the slope calibration (~1%) and A/D conver-
sion (£1/2 count) and signal noise was estimated as +3 counts for the
shoulder and elbow DOFs and #5 counts for the wrist DOFs. Since the
shoulder and wrist DOFs have differential drives, their uncertainties
are multiplied by V2 for uncertainties of 4,24 and 7.07
counts respectively. The timestep uncertainty is negligible (see

Appendix B), so the velocity uncertainty is given by:

:
wfi - Toat L9 Wyel
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= 7.5 W s™!
AL
Incorporating the position-signal slopes, the velocity
uncertainties are presented in Table A.3. Recall that the expected
truncation error is about T7%. Note that as the results have been
composited over many hours of manipulator operation, most errors due

to truncation should average out.

Motor Currents. Some noise was present in the motor current

signals., The primary source of current signal error, however, was

found to be the difference between master and slave ground. This

Table A.3. Probable velocity uncertainties

Uncertainty Percentage
DOF (+rad/s) of maximum
Sp .0161 1.26
SR .0239 1.22
EP .0206 1.70
ER .0392 0.55
WP .0589 0.4
WR .0695 0.30

difference was observed daily for about one month. The difference
would remain relatively constant on a given day but would fluctuate
from day to day. This difference was actually measured by switching
the slave-to-computer drive, zeroing the drive signals, and looking at
the "voltage™ across the slave shunt (0.1-Q) resistors (i.e., the
motor-current signals). Since no current was given to the motors, the
variable end of the signals represented slave ground, while the ground
reference was tied to master ground. As expected, all seven signals
were within one count of one another. The average ground difference
was +16 counts = 10 mV (2000 counts = 1.25 V), with a maximum observed
difference of 26 counts. This corresponds to a current uncertainty of
0.1 A or 2% of maximum. The shunt resistors are accurate to 1%

(manufacturer's specifications).
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Joint Torques. The uncertainty in applied joint torques is

difficult to measure. The applied torque is given by
Tj = Tm(GR) ng ~ Tp
where

Ty = motor torque (sum or difference for differential joints),

o
j=e)
H

gear ratio,

efficiency of the gearing,

=
i

Ty = additional drive train friction involving nearly all,

nonlinear friction effects.

Fortunately, these difficult-to-measure parameters apply almost
equally whether one is applying full torque or some percentage of full

torque to the joint. Thus, the percentage of maximum torque varies

only weakly with these parameters, and at the highest percentage of
maximum torque (the data of most interest), the errors are minimal.
Thus, the histogram torque data uncertainty was estimated at about 50%
greater than the current uncertainty, or about 3%. Note that this is

independent of the torque calibration.

The absolute applied torque uncertainty was estimated as follows.

Referring to Eq. (1),

2 2 2 2 1/2
wk (WF) (WL> (WI> wcose)
—_— = — +\ — +{ - + D .
k F L I co30

The current signal uncertainty was about 16 counts. Again, the
average measured current was used to determine the percentage of uncer-
tainty in the current measurement. The uncertainty parameters are

presented in Table A.4.
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Table A.4. Torque calibration uncertainty parameters

DOF Fmean X Imean yg ﬁg H; ?cose ﬁg
(1bg) (in.) (counts) F X il Cos g
SP 23.6 19 y52a 0.0u2 0.013 0.071 0.0024 0.083
SR 8.8 24,25 301b 0.114 0.010 0.020 0.0024 0.116
EP 10.5 2h,25 249 0.095 0.010 0.064 0.0024 0.115
ER 12.0 6.25 349 0.083 0.040 0.045 0.0024 0.103
WP 12,4 5.25 7634 0,081 0.049 0.042 0.0024 0.103
WR 7.5 5.0 4800 0.133 0.050 0.013 0.0024 0.143

dpverage sum of two drive motors.
bAverage difference of two drive motors,

Note that the current signal uncertainty is due primarily to a
difference in ground reference between the master and slave. Thus,
the shoulder and wrist pitch torques have current measurement uncer-
tainties of about 32 counts as they are the sum of two signals, while
the shoulder and wrist roll torques have very low current measurement
uncertainties-~about 6 counts--as they are the difference of two

signals.

Electrical Energy. The electrical energy was determined by

Ec = L IZ R At
i

where
I; = the motor current (A) at data sample i
R = motor resistance, 5.5 Q, nominal
At = timestep between samples, 0.1 s.

o]

Since = 0.02, ~fz = 0.04, so
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1/ 2

W W 2 2

Ee <WR> 2 <WAt 2 in .
Prerae Pt + — +

B R At z

e Z{

If the current signal uncertainty is assumed to be caused by
uncorrelated zero mean noise, the uncertainty in £I;? would reduce to
near zero due to the large number of points sampled. To be
conservative, this will not be assumed; rather, it will be assumed
that

Weo 5 s
ZIi W

2 = 2
ZIi I,

Recall that the energy per motor presented was based on the nominal
value of the resistance, 5.5 ©. The actual resistances differed from
this, but to generalize the results, the presented values are based
only on fI%*dt.

Thus,

=

= 4.0% .

7
;

Mechanical Energy. The mechanical energy generated per DOF was

determined by

E = ) T.w.At
m A R |
i
where
T; = the applied torque on the joint at sample i, ft-1b
wij = the joint angular velocity at sample i, rad/s.

The applied torque calibration uncertainty was about 11%. Note
that the calculated mechanical energy includes the energy lost to

friction. The percentage of uncertainty in the angular velocity,
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neglecting the truncation error, depends on the choice of a nominal
velocity. Fortunately, histogram velocity usage data are available.
The nominal velocity for each DOF was estimated by finding the mean
value of the histogram plots, assuming each histogram block to be a
discrete point located at the center of the block. (For example, if
6% of the time was spent at 10 to 12% of maximum veloecity, it is
assumed that 6% of the time was spent at 11% of maximum velocity).
Also, it was assumed that each DOF was moving about one third of the
time, and therefore 67% was subtracted from the 0 to 2% block. This
resulted in the mean velocities given in Tabvle A.5. The mechanical

energy uncertainty was then conservatively estimated as

2 4 2 1/ 2
WE W W .

The results are listed in Table A.5.

Table A.5. Mechanical energy uncertainties

W w wm wE
DOF ( T{ Ti) lave (rad/s) l/wi T;§m
SP .083 L0673 .239 25.3
SR 116 .0783 . 305 32.6
EP .115 .1079 191 22.3
ER .103 .2889 .136 17.0
WP .103 .2920 .202 22.6
WR 143 . 3872 .180 23.0

Maximum time over 60% current. These data have no uncertainty if

they are considered to be the maximum time over a random value between

58 and 62% (i.e., + the current signal uncertainty).
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CALIBRATIONS AND TESTS

Slave Arm Position Calibration

Procedure. Angles were measured with respect to the gravity

vector using a bubble balance protractor.

Accuracy = *0.75°.

The computer program written to aid this calibration would flip
the slave brakes on or off and print the values of the analog inputs
to the PDP 11/34 on the screen as requested. A computer terminal was
brought into the cell and the program was initiated. Calibration data
for the slave arm shoulder, elbow, and wrist are given in Tables B.1,
B.2, and B.3.

Shoulder pitch calibration. After the slave was put into the

reference position (shoulder and elbow DOFs only) and the brakes ener-
gized, shoulder DOF position potentiometer data were recorded. The
brakes were released and the shoulder was repositioned to a new pitch
angle (holding the roll angle at zero). The brakes were then reener-
gized, and the new data were recorded., This was repeated for eight
different shoulder-pitch angles from +50° to -50°.

The shoulder~pitch angle was measured on a flat surface at the
piteh axis which rotated with the pitch but not the roll. The roll
angle was measured on a flat surface just above the elbow joint which
rotated with both the shoulder piteh and roll,

Shoulder roll. Shoulder pitch calibration was repeated holding

the shoulder pitch angle at 0° and varying the shoulder roll. Six
data points were recorded from +40° to -40°.

Elbow pitch. The shoulder DOFs were put into the reference
position, the brakes were energized, and the elbow pitch brake was
manually loosened so that the DOF could be moved but sufficient

friction remained to hold the arm in a set position. Data were

105
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Table B.1., Slave arm shoulder position calibration data
(January 5, 1984)
Measured Calculated
angles AINDAT # Value angles Remarks
SP = 0° 9 ~651 SP = 0.1 Sp + toward left
SR = Q° 11 -587 SR = ~0.5° SR : + = facing forward
SP = =10° 9 -404 SP = ~9.8° EP + left
SR = Q° 11 =323 SR = C.0 ER + down
WP + left
SP = ~20° 9 -136 SP = -20.2¢° WR + = forward
SR = 0° 11 =43 SR = G, Yo
SP = ~4Q° 370 SP = ~39.6°
SR = Q° 11 476 SR = 1.0°
SP = -50° 635 sSP = ~50.0°
SR = 0° 11 754 SR = 1.40
SP = 20° ~1147 SP = 18.9°
SR = 0 11 -1085 SR = -=0.7°
SP = +4Q° 9 ~1708 SP = 40.2°
SR = 0 11 ~1652 SR = ~1,0°
SP = +50¢° ~1986 SP = 50.6°
SR = 0 11 -1922 SR = ~G.8°
SP = 0 9 -639 3P = ~-0.6°
SR = 0 11 -5T1 SR = 0.0°
SP = 0 -308 SP = -0.3°
SR = -20° 11 ~925 SR = ~-20.0°
SPF =0 9 40 SPp = -0.6°
SR = -40° 11 -1265 SR = ~3G,8°
SP =0 9 377 SP = ~0.2°
SR = =60° 11 -1633 SR = ~60.0°
SP = 0 ~1009 SP = 0.2°
SR = +20° 11 -238 SR = 19.8¢
SP = 0 -1380 3P = 0.8¢
SR = +4Q° 11 111 SR = 40,Ue
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Table B.2. 8lave arm position calibration
(January 5, 1984)

Measured Calculated
angle angle
(deg) AINDAT (deg)

Elbow Pitch: SP = SR = 0°

0 11384 -0, 1
-20 5458 -20.2
-0 -374 -140.0
-60 -6208 -59.8
+20 17368 20.2

Elbow roll: EP = =-g0° SP = SR = 0°

) -0 ~0.4

20 -351b 20.0
40 -657P 30,2
60 -952b 59.7
90 -1411b 90.0
-30 399P -29.6
-60 845D ~59.0
-90 1320P -90. 4
~120 17740 -120.4

AR INDAT (10).
DATINDAT (14).
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Table B.3. Slave arm wrist calibration data
(January 5, 198%4)

Measured angles Calculated angles

Wp WR  AINDAT (12) AINDAT (13) Wp WR

(deg) (deg) (deg) (deg)
Wrist Piteh and Roll: EP SR =

0 0 -394 ~664 0.5 -0.1
25 0 -115 ~371 24,6 -0.7
50 0 204 -96 49,5 1.6
90 ~0 667 bty 90.4 -0.5
-10 0 511 ~79% -9.8 0.5

0 40 ~54 -1097 ~3.2 38.1°

0 120 701 -1912 -5.6 115.9

0 40 ~-873 -304 -4.5 -41.7

0 -145 ~1916 791 -2.6 -147.6

recorded for five elbow pitch angles from +20° to -60°.

The angle was

measured on a flat surface just below the elbow which moved with the
shoulder pitch and roll and with the elbow pitch.

Elbow roll. The elbow pitch brake was tightened and the brakes
were released. After the elbow pitch was moved -90° so that the lower
arm was horizontal and parallel with the upper arm, the brakes were
reset and the elbow roll brake was manually released as before. Nine
different data points were recorded from +90° to -120°, The angle was
measured on a flat surface just above the wrist which moved with the
shoulder and elbow DOFs only.

Wrist calibration. The brakes were released the elbow pitch and

roll were returned to the reference position, and the brakes were

again locked. The wrist brakes were loosened as before. A flat plate
was bolted onto the tong, and angles were measured on the plate. Four
pitch angles were recorded from -10° to 90°, and five roll angles were

recorded from +120° to —-145°,



109

After including the voltage divider factors, the least-squares

fit resulted in:

SP = -0.0005061[AIN(9) + 0,9854AIN(11)] ~0.412
SR = 0.000753[1.015 AIN(11) -AIN(9)] - 0.0382
EP = 0,000914AIN(10) =0.6766

ER = -0.001742AIN(14) ~0.056

WP = 0.001111[AIN(12) + 0.9981AIN(13)] + 0.7845
WR = 0.001311[AIN(12) -0.996AIN(13)] ~0.232

Torque calibration

The slave right arm was switched to computer drive and the brakes
disabled. A computer terminal was brought into the cell to change the
analog outputs that drive the slave and to read the motor current

signals. Joint torques are given in Table B.A4,.

Table B.4., Joint torque calibration

DOF Torque (1b) Uncertainty (%)
SP 160 (US + L3s)a 8.3
SR 116.3 (US - L3) 1.6
EP 157.3 (EL) 11.5
ER 38.0 (YAW) 10.3
WP 12.89 (LW + RW) 10.3
WR 12.78 (RW ~ LW) 14.3

dThe torque is proportional to the motor cur-
rents. For example, the SP torque = 160 (US + L3)
where US, LS are shoulder motor currents in amperes.

An equal drive signal was sent to the two shoulder motors. This

resulted in approximately equal currents in each shoulder motor. A
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spring-force scale was used to hold the arm in static equilibrium.

The spring scale was attached to the arm at the upper arm elbow
opening. The spring scale was shaken repeatedly and allowed to settle
before a reading was taken to reduce friction errors. This was done
three times for each measurement taken with repeatability within

0.5 lbp. The spring-scale axis was held as close to orthogonal to the
torque-arm plane as could be judged by eye. This uncertainty was esti-
mated at +4°. The force measurement uncertainty was estimated at

£1 1bp. Five different measurements were taken. The moment arm was
measured with a ruler with estimated uncertainty +1/4 in.

The procedure was repeated for the remaining DOFs with signals
sent to the appropriate motors. The forces were measured at the fore-
arm wrist opening for the shoulder-roll and elbow-pitch torques, and
on the tong thumb connection for the lower DOF torques. The elbow
pitch torque calibration was performed with the shoulder brakes locked
and in the reference position. The elbow-roll torque calibration was
performed with the shoulder and elbow pitch brakes locked and in the
reference position. The wrist torque calibrations were done with all
shoulder and elbow DOF brakes locked. Calibration data are given in
Table B.5.

The calibration parameters were determined by a least-squares
straight-line fit to the data. The calibration uncertainties were
estimated using the mean force measured to estimate the percentage of

uncertainty in the force measurement. Let

Torque LFcos® (1)
I I

where

T
i

measured force, lbr,
= measured moment arm,

motor current (measured in counts),

(o] ] [
i

= angle between the measured force vector and the

torque-arm plane,
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Applied torque calibr

ation data

Shoulder pitch (+ = left)
IADC(17)@ TADC(19) Force (1b)P Torque (1b)
- 90 ~100 9 171 k
-160 ~-173 16 304
=210 ~240 23.5 hu7
~217 ~308 32.5 618
-342 -367 37.0 703
Shoulder roll (+ = forward)
IADC(17) IADC(19) Force (1b)C Torque
- 90 30 5 126
=150 145 8 202
-218 220 13.5 3m
Elbow pitch (+ = left)
TIADC(18) Force® Torque
235 10 253
393 16 yol limit
119 5.5 139
Yaw {+ = down)
TADC(22) Force (1b)d Torque
208 6.5 I
349 12 75
491 17.5 109
Wrist pitch (+ = left)
IADC(20) IADC(21) Force® Torque
143 170 5.5 28
338 355 11.5 59
510 569 17.0 87
481 485 15.5 79
Wrist roll (+ = forward)
TADC(20) TADC(21) Force (1b)f Torque
158 -184 5.5 28
288 -331 9.5 u8
a v amps
Current = IADC( ) (.00625 Count)(1o 'V_") .
DMeasured at upper arm elbow opening. L = 19 in.
CMeasured at the wrist opening. L = 24 1/4 in.

dMeasured on the
€Same place, but
fy,

2 2 1/2 in.

tong at L = 6 1/4 in
I 5 1/8 in.
= in.

5

. thumb connection.
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Right Slave Motor Resistances

The arm was switched to computer drive and all analog outputs
were zeroed. One at a time, drive signals were sent to the slave
motors. The voltage was read with a digital voltmeter.* The
current was read as the voltage across the shunt resistors by the
PDP 11/34. The measured resistance parameters are summarized in

Table B.6.

Timestep Variation Test

The data logger was timed to record a data sample every 0.1 s.
The timer used was an internal software clock. The data logger issued
a mark time directive instructing the system to declare a significant
event and set an event flag when the time (0.1 8) expired. The logger
then immediately prompted the A/D converter to scan the data. The

data logger was given the highest priority of any operating task to

Table B.6. Motor resistance measurement parameters

Ravg Number of
Motor () G measuremnents
Us 6.20 0.22 y
EL 6.61 - 2
LS 6.39 0. 31 4
RW 7.61 0.12 5
LW 6.59 0.42 il
YHW 6.85 0.39 )
TG 6.54 - 2

¥Tektronics Model DM501 IC #043154,
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ensure that it had immediate access to the CPU when the timer expired.
Naturally, it was of interest to determine the variation in the actual
time between samples.

To determine the timestep variation, a waveform generator *

was
connected to one of the analog input ports and set to output a sinusoi-
dal signal of frequency 0.5 Hz. The signal was given a few minutes to
ensure that no transient signal was present, and then the data logger
was initiated. These data were recorded for 5 min.

A separate task was written to open this data file. The task
then synchronized the input data with a separate "timer" being
increased by w/10 each iteration and subtracting v when the value
exceeded w. The task then took the inverse sine of the input data
(which should increase by 7m/10 each sample). The difference between
the two was the timestep error for the particular iteration. The abso-
lute value of the error signal was summed and divided by the total
number of data samples.

The results were a pleasant surprise. The timestep variation was
zero to eight significant digits. It is possible that both signals
could have varied simultaneocusly due to variations in power frequency
from TVA, but it is clear that no other random timestep varlations

occurred.

¥Wavetek Model 175 US-DOE-X #130191.
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SELECTION OF VELOCITY ALGORITHM

First develop a general 5-point velocity algorithm:

- At? s AL3

-

£iq = fp + £ st + £ =+ 07T S L
2 3
x ~f, . =-~f, + £ at-g "B ,poomAL
i-1 i i i 2 i 6
X f B T T ST  ZATUE Sadah BN R
i+2 i i i i 3
A i
- = - rd — .- ) - -~ ] 2 x 3
fip £+ £ 286 - £ 240 - £UTT 282 4 3 AL & ..
The sum of the above equations yields:
£ e xE. . =xf. . ~f . . = £2 (a6)(h + 2x) + £2o (ae?) (35
i+2 i+1 i-1 1-2 i i 3
e T2 T T - T (e w0 at?e)”
i (4 + 2x) At 3(4 + 2x)

The timestep uncertainty is negligible (see Appendix B). Neglect
the truncation error for now, and optimize the velocity uncertainty

with regard to position-signal uncertainty:

L 2
“ (oo
i 8Af‘i

i

2 1/ 2
1 + x Wf
(4+2x)2AL2 i

1 (1 + x2)/2
< Wfi><xf> [(T“é'r ]

1/ 2

]

ft

n|—
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dw W

fi ) 1 fi d (x2 + 1)1/2
dx Tl 2 At dx (x + 2)
W -~
o1 h 1 S I S
2 At (x + 2)(x2 + 1) V2 X + 2

setfting this to zero results in
x = 1/2

for which

and
By = 0.5667 At? fi
The truncation error is given by

8 + x

Ex - 300+ 2%)

At £o-
i

Optimizing f{ with regard to truncation error results in

and

~f. .+ 8,  -8f, _ + T
.t i+ i-1 i-2 .
£ = SHE +0(at*) .

for which
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Comparison:

For a sinsusoidal input of w = 2w E%Q (1 Hz)

f{ = Aw cos wt
fi = Aw® cos wt
s0,
E
S _ oz LB EX) e
i 3(4 + 2x)
for wf = 3 counts =0.003 rad, the uncertainty and truncation error

i
bound are presented in Table C,1. Note that W is actually the

£,
i

uncertainty in a position change measurement. The absclute position
cannot be measured this accurately, but it is believed that changes in
position can be if the backlash in the gearing is neglected.

As computational capabilities necessitated the use of the 0.1-s
timestep, the algorithm minimizing the truncation error was selected.
Note that this is a relatively high estimate of the truncation error.
The expected contribution to the uncertainty will be lower, because
the expected (mean) frequency component of the real signal will be
below 1 Hz. Assuming that a mean frequency of 0.67 Hz yields an
expected truncation error of about T7%.

For the 5-point central difference formula, Egza 5th-order

derivative in the Taylor expansion

16(AL®/120) + 2(44at%)
15 i

X ~12At
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L2 pwp ¥
=3 At fi ,
and
E
X 2
- = = ALY @,
fi 3
for
w = 27 rad/s ,
and
At = 0.1 8 ,
E
X
X 100 = 10.4% .

Table C.1. Velocity uncertainty and truncation error

W o
X At(s) (rad/s) x/ i x 100%
1/2 1/30 0.021 2.148%

1/2 1/15 0.0104 9.9%

1/2 1/10 0.0069 22.37%

-8 1/30 0.0621 -0

8 1/15 0.031 2.05%

-8 1/10 0.0189 10.4%
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KINEMATICS

This appendix covers kinematic relationships for Model SM-229
manipulator arms. This includes relationships between joint positions
and base frame positions and orientations, differential changes in
joint positions, differential changes in base frame and end effector
positions and orientations, and static joint torque distributions for
general tong loads.

All of the relationships presented in this appendix are specific

applications of general techniques/relationships.*

Kinematic Modeling

Fach motion of the arm is represented by an "A" transform. This
transform, a 4 x U4 matrix, represents one independent motion. It may
also represent physical characteristics of the system, such as the
length of one of the linkages, and/or mathematical manipulations that
simplify the model, such as a shifting of the reference axes. The
coordinate frames and modeling parameters are shown schematically in
Fig. 2.

The following describes the calculations required to determine
the A transforms describing the position and orientation of the Model

SM-229 manipulator.

Transform A, represents the following process:
1. Rotation about the Z,., axis an angle 8y
2. Translation along the Zp., axis a distance d,
3. Transform A, and A,: Translate along the Y., axis
a distance d,, d,
4, Rotation of the reference axes an angle op, about the x
axis or an angle By about the y axis.
Parameters for the A transforms are given in Table D.1.

The A transforms are determined as follows:

A, = Rot(z,9,) Trans(0D,~d,,0) Rot(y,n/2)

¥R. P. Paul, Robot Manipulators, MIT Press, 1981.

123
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The term Rot(y, w/2) represents the angle B given in Table D.1. An
angle a would correspond to Rot(x,a). These terms are included only
for consistency, so that all variable rotations are about the =z axis
(helpful when modeling system dynamics).

For each matrix, the first three elements of the first column
represent the x,y,z components of the new x axis. Similarly, the
first three elements of the second and third columns represent the x,
y, and z components of the new y and 2z axes. The fourth column's
first three elements represent the x, y, and z distances of the new

origin from the base origin in the directions of the base origin.

Table D.1. Transformation parameters

Transform  Variable a 8 d Meotion
1 8, /2 0 0 Shoulder pitch
2 0, /2 0 d, Shoulder roll
3 Q4 0 /2  ~d, Elbow pitch
y 0, 0 /2 d,,~d,” Elbow roll¥
5 O /2 0 0 Wrist pitch
6 Qg -/2 0 dg Wrist roll

*d, is in the y direction.

C, -8, 0 0 1 0 0 0 001 0
aolss caoof lo1o —a | 1 0 0
=10 0 1 0 001 o0 -1 0 0 0
O 0 0 1 00 0 1 0 0 1

0 -S, C, d.3,

1o ¢, s, -dsC,

A= 1y o7 0 0 (1)
0 0 0 1

The rest of the A matrices are as follows:
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c,0 8,0

2,=|8, 0 =C, 0 (2)
01 0 O
0 0 0 1
C, 0 =8, 0

A,= S, 0 C, 0 (3)
0-1 0 d,
0 0 0 1
0 -8, -C, S,d7

A.=l0  C, ~8,-C,d; (u)
1 0 0 a,
{p 0 0 1
Cs 0 S0

As=]s, 0 ~Ccs0 (5)
0 1 0 0
o 0 0 1
Ce 0 =8,0

Ag={Se 0 Cq¢ 0 (6)
0 -1 0 d
o0 0o 0 1

Forward Kinematics

The positions and orientations of each joint with respect to the
fixed frame or each other are easily found by multiplying the appropri~
ate A transforms.

Elbow matrix = Tp = A> Ao=

C,C, =S, ~C,8, d,8,

T2= SIC2 Cl "'S]_Sz -dQCI (7)
s, 0 C, ©
0 0 0 1

Wrist matrix = T,= A,AA A,
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Wyy Wyp Wiy Wy
T =W,y Wop Wys Wy, (8)
y
Weyp Wap Wyy Wy
0 0 0 1

where
W,, = C,C,Cy = 85,5,
Wy, = S,C,C, + C,S,
Wy = S,C,
Wi =~ C;C,5,C, - 5,C,C, - C,8,8,

Wopo = = 8,C,8,C, + C,C,C, ~ 5,8,5,
Wiy, = = 5,5,C, + C,8,

Wis = CiC.8,8, + 8,C,S8, - C,S,C,
W5 = S5,C,5,8, - C,C,y38, - &,S.,C,
Wyg = 8,838, + C,C,

Wiw = €,C,(Cyd, + Sid; + Ssch;)

- S,(8,d, - C,d, - C,C,d.)
+ 8,d, + C,8,8,d,”

W,, = S,C,(C,d, + S,d, + S$,C,d7)
+ C,(8,d, - Cydy - C,C,d,)
- C,d, + $,8,8,d;

Wy =  S,(Cyd, + d;8, + 5,C,d0)
- C,C,d;

Wiowszur3y = ¥,¥,2 Dosition of the wrist,

Tong gripper matrix = Tg = A A,AA A A,

Tll T12 Tla Tl“

Te =|T21 T2z Toy Tay (9)
Tsy Tsz Tss Tay
0 0 0 1

where
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Ty, = Wy ,Cs = W,y S;

T = W,,Cs = W,y S5

Ty = Wy,C = W48

Ty = W, 3CsSe = Wy ,558¢ + W, 50,
Tps = = Wy 0685 = Wy,558, + W35G
Tys = = Wi 08, = W3,S5,84 + Wy,Cq
T,, = W, ;8;dg = W, ,Ce8 + W,
T,, = W,,8.dg = W,,C.dg + W,,
T,y = W, 84dg = Wy,Codg + Wy,

The final matrix, T,, contains the tong (or wrist) position and
orientation. The wrist position is given if the final transfer dis~
tance, d, (from wrist pivot to tip of tong), is zero. The orientation

of the tong x axis is given by the first three elements of

-] 6 6
the first column of T¢ (T,,, T,,, Ts,). The superscript denotes the

reference matrix or frame (in this case, T,) while the subscript
denotes the element of the matrix. (The superscript may be omitted if

the reference matrix is obvious.) The component in the base frame x

6 & €
direction is T,,, in the y direction T,,, and in the z direction T,;.

& 6 6

Similarly, the tong y~axis orientation is given by T,,, T,,, and T,,,

6 B 8
and the tong z-axis orientation is given by T,,, T,,, and T;,. The tong

(or wrist) position is given by T,, (x position), T,, (y position),
and T,, (z position), again relative to and in the direction of the

base frame.

Reverse Kinematics

In the reverse kinematic problem, the tong orientations and posi-
tion are given (thus, numeric values for T, are known) and the joint

coordinates must be determined.
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The joint coordinate solutions are obtalned by equating transform
expressions. For each transform equation, 12 nontrivial equations are

obtained. These equations can be manipulated by noting that as

Te = A, Ay, Ay Ay A A,
A7V T = A, A, A, A A, and
A,V AT T, = Ay A, Ay A, and so on.

w
£

5

A few more relevent matrices are f[irst presented. The leading super-
script denotes the reference frame in which the matrix is expressed.
The leading zero superscript is often omitted for matrices expressed

in the base frame.

Ce 0 -S40
5T7¢ = Ag =S¢ 0 Cg O
0 -1 0 dg
0 0 01
CsCyg ~Sg “CsSg d,Ss
uls = AgAg = | S5Cq Cs ~SsSe ~dgCs (10)
Se 0 Ce 0
0 0 0 1
0 -3, -C, 0
316 = ALAAg =) O C, -5, 0 HT
1 0 0 d, 8
0 0 0 1
~S5,S55Ce~CWSg ~-5,Cs S.S:84CLCq 5,Csd,
3T7s =] CuSsCe™SuSs C,Cs ~CySs55~5,C, -C,Csdg {11)
CsCos -Ss -CsS¢ Sgdg + dy
0 0 0] 1
0 =S, C, S,
C, 3T6



276 = | C3CuSsCs = C2S,Se + SiCsCs
S,SsCe *+ C,S,
0
S4(C,S5Se + S.Cq) = C4CeS, S,C
~C5(C,Ss8s + S,Cq) = 8,08  —C4C
~3,955¢ + C,Cq
0

lTs = A2A3A‘1A5A6 = Az ZTS
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S53S5,C¢ =83C,85C5 + C,C5C
C

For conciseness in the following equations, the following subscript is

raised to a superscript, and the subscript denotes the specific ele-

ment of the matrix that is

Az 278

-
p..i
X

1
i M+

ij = K

so0,

C2 ZT 6 .. SZ 2T6

11 31

S, 2T + C ?2TS

ik Tkj

C

2 2T6 — 82 ZTS

12 32

82 2T6 ~ C 2T6

2T6
33
2T6

33

12 2 32

_2TS

22

ZTG
Iy
2T6

34

(13)
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Note: To solve the inverse kinematic problem, it is necessary to
specify dg = 0, so that the "position" angles, 8, to ©6,, can be sepa-
rated from the "orientation” angles, 9§, to 64. No information is lost
in this way. For simplicity, the wrist pivot offset (-1 in.) was
neglected. If this is not done, the elbow roll motion affects the
wrist position, and no convenient separation between wrist-positioning
angles and orienting angles would exist. Thus, the known matrix, T,,
should be entered as the desired tong orientation and the desired posi-
tion vector of the intersection point of the wrist pitch and elbow

roll axes relative to the shoulder pivot.

Inverse A transforms

t, S, 0 ©
A-1 o0 0 1o (14)
1 S, ~C, 0 0
0 0 0 1
A,”' = (Rot (z, 8,) Trans (z, d,) Rot (x, -u/2))"?
= Rot (x, +w/2) Rot (z, -0,) Trans (z, d,)
(1 0 0 O C, S, 0 0 1 0 0
_ 0 0-1 0 N -S, C, 0 O N 01 0 0O
0] 1. 0 0 0 0 1 0 6 0 1 -4,
[ O 0 0 1 0 0 0 1 0 0 0 1
"C, S, 0 O
0 0 -1 d
-1 . 2
A2 "ls, ¢, 0 o (15)
o 0o 0 1
0 0 ~1 o0
-1 _|-ss c; 0 -d,
s Cs, S, 0 O (16)
o 0 0 1
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(17

(18)

(19)

152

C,C.

S,
-C

0

i

A,TtA, Y

(21)

A1_1Ts = A AAAA, = lTs
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0 0 nX oX ax px
- 0 0 1T 0 n o} a p
1-
Ay Tes s, -C, 0 © “ ny o &Y py
t 1 zZ 7 z z
0 0 0 1 0 0 0 1
n, o, a, p = the known T4 vectors
£i,(n) fi,(0) f,,(a) £1,(p)
_ | f12(m) £,2(0) £.(a) £2(p) (22)
fi3(n) £,3(0) £,,(a) £,,(p)
0 0 0 1

where
f,,=C, x+ 3,59
£y, = 2

fi1a=8, x~-C, ¥y

The 14, 24, and 34 elements yield three equations which must be solved

simultaneously:
Cibx * S, py = C,(Cyd, + S,d,) (23)
py; = S,(C,d, + S,d;) {2)
S;px = C; Py = Cad; ~ Ssd, + d, (25)

The following solution was obtained from Dr. J. A. Euler:

let

2 _ 2 2. 2
d? = pz+ pZ+ p? (26)

(23) Cypx + S;py = C,(Cyd, *+ S,d;) = A (27)

(28)

it
o

(25) S;px = Cypy = Cyd; ~ S;d, + d,
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Py
(27) — + (28) yields
pX

p
JLa+B
pX
Sl =
2
Py \
==+ D
Py b
p A+ DpB
X
8 = X (29)
2 2
Py * PY
(2T)py - (28) py:
2 2 -
Cipy +Cipy =pA-pB
) pA - pyB
Cy = —e (30)
p2 + p?
X y

(29)2 + (30)2 yields

(pA+pB) 2+ (pA~pB) 2
S2 +C2 =1 Y X o Py

2 2 2
(px + py)
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2 2y 2 . p2 2 2y . 2 2 2
(px + py) A% (p? + py) * B* (p? + py)

p2 +

X

Substituting Eqgs.

p? + p2

X

add Eq.

dz

il

y

2 . Az + BZ
py

(27) and (28) yields

= C2 (Cad, + S,d; )2 + (C,d,
2

(24)2;

p2 +

X

(Cadk + Sada)z + (Cada -

d? + d? + d? + 2C,d,d, -

p; + P; = C? (Cad, + S,3d;)? + (C,ad, ~
2

+ S2(C,d, + S,;d,)
2

- S,d, + d,)?

S,d, + d,)?

S,d, + d,)?

2S,d,d,

dz — dz - dz - dz

2.

3

8

dq® =
2 3 4
dsC; - d,S55 =
define: d, = r sin ¢
d, = r cos ¢

where

= RHS

(31
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d,
= QR
¢ = tan a.
then,
r‘S¢C3 - r’C¢S3 = RHS
S¢C3 - C¢S3 = RHS/r
sin (¢-83) = RHS/r
¢ - 83 = sin™? (RHS/r)
50,
_ds p2+p2+p2-d2,_d2_d2
0, = tan ! — - sin "= Y z 2 2 *
du 2d (a% +q2) /2
2 3 4
with

tan™?! (dg/d,) = (+)

Now rewrite Eq. (25),

S;px ™ Clpy = Cyd; — S,d, + d, ,

let

r sin ¢ ,

o]
<
i

[

Py = I cos ¢ ,

then
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- 2 2 = no 1
r + 15 + py , ¢ tan (py/px)
and,
PSIC¢ -r CIS¢ = Cady — S,ad, + d,
Cyds - S,d, + d,
sin (8, ~ ¢) = -
Cady - S,dy, + d,
sin (8, - ¢) = -
C,dy ~ S,d, + d,
8, = sin”! - A + tan 71 (py/px) (33)
p;, tp
X y
Eq. (2U4) °2 P,

Eq. (23)  C, C1px + Slpy

8, = tan~ (34)

Here the inverse tangent is completely defined as the signs of both

the numerator and denominator are known

ATIATIATIT, = 3T

3 2 1

f;,(n) f£5,(0) f,,(a) £,,(p)
ATIATIATIT, = | F5,(n) f£,4,(0) fa,(a) f£,,(p) + Cud, + d,
o faa(n) £4.(0) F35(a) F£u5(p) + Cod, (35)
0 0 0 1
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where
fs1 (C,S,)x + (8,8,y) ~ (C,z)
£a40 = (-C,C,8, = $,Cy)x + (=8,C,8, + C,C,)y + (-S,8,)z
£a5 = (C,C,C5 = 8,8,0x + (8,C,C, + C,8,)y + (S,C,)z

it

[

look at elements 1,2 and 2,2

S.Cs ‘stzox - 5,80 + Czo2
- y ' (36)
C,Cs (-C,C,8, - S1Cs)°x + (=8,C,8,; + C,Ca)oy ~ 828302
s0
‘CISZO - SISZO + 020
8, = tan™! . L 2 (37)

('CICZS_, -~ Slcg)ox + (‘81(:283 + CIC3)0y - stsoz

Again, the signs of the numerator and denominator determine the quad-

rant, and
8, =0, #180° if n/2 < 64
Degeneracy occurs for 6, = %/2

if 65 = w/2, assign the current value to 6,.
A:1A~§A;1A?1Ts = T,

fo.(n) f,,(0) f,,(a) f,,(p) + Ssd, - d,
AT YATIATIATIT, = | £u,(n) £u,(0) fup(@) Fup(p) + CoCud, + Cuds| (38)
T £ua(0) £us(0) Fus(3) Fuslp) = CSuds - Suds
0 0 0 1
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F., = (C,C,C, = 8,8,)x + (8;C,C, + C,85)y + (8,C,)z
fup = (~C,C,8,C, = 8,C4C,y ~ C,8,8,)% + (-5,C,S,C, +
+ C,C3C, = 5,8,3,)y * (=8,C4C, + C,8,)z
= (C,C,S8,8, *+ $,C4S, = C,8,C)x%x + (5,C,8,S, -
- C,C38, — 8,S,C0)y + (8,8,8, + C,C,)z

4
x
w

i

Examine the 1,2 and 2,2 elementis

(C1C28,5Cy *+ S,C45C, + C38,8,) o + (8,058,8, ~C,C,Cy +
~Se + 8,8,S,) o + (8,C,C, =~ C,S, )
= Y °z (39)
C, ~ (815, = CiCaCs) o -~ (8,C,C, * €,8)) o, = 5250,

85 = ~tan~-! [num/denom]

~ =1 =1 =-~1 ™1
The first three elements of the first tworcows of A A A A A

5 L 3 2 1

are needed to find 64:

(C1CaC5 = 8,;83)Cs = (C1C,8,5C, + S,C4C, + C1828.)8s

ATYATIAGIAGIAYY = €,C,8,:8, + $,C4s8, - C,S,C,
?
0

(2nd col)

(8,C,C, + C,S,) C4(S,C,5,C,~C,C,C, + $,8,8.) S;
S5:Cz234 = C1C5S  5,5,C,
?
0
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(3rd col)
C

2

S, - Szcacu) Ss

[N

5

Sz
S

n O

£

+ 4+
O w O

Qwn

W W

(4th col)

(40)

- e ) )

Examining the 1,3 and 2,3 elements of Eq. (40) results in

Se¢ = [(8,8; = C,C,C3) Cs + (CyC,8,C, + 8;C4C, + C,8,8.) 3538x

# [(=8,0,C5 = C185)Cs + (8,,8,Cy = C1CC4 + §,5,8,)8,]a,

+ [~8,C,Cs + (S,C,C, - CZSM)Ss]aZ

(41)

Co = (C1C48,8, * 5,048, ~ C,5,C.)a,

* (8,055,8, = 1048y - $1S2Cu)ay + (88,8, + CsCu)a,

and, S,

8 = tan™!? o

Again, since the signs of the sines and cosines of 8; and 8,
are known, the angles are completely determined.

Note that some calculations may have to be repeated because the
sign of Cy; must be assumed to determine &,. After the equation for 64
is solved, the assumption must be checked. If it is inconsistent, 0,
and 85 must be redetermined.

The possibility of degeneracy occurs in these calculations.
Physically, this means that two or more DOFs have lined up s0 as to
produce the same motion (for example, when the wrist pitch is such
that the tong and forearm axes are aligned, the effect of the elbow
and wrist roll motions are indistinguishable. Recall that the wrist

offset has been neglected.) When this occurs, the first degenerate
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DOF is arbitrarily assigned its current value. The remaining degener-
ate DOF can then be determined.

Solution of the reverse kinematic problem is of primary impor-
tance in operating the manipulator as a robot. In many pick—and-place
tasks, the desired tong orientation and position are known. The cor-
responding joint coordinates are needed to determine the control tra-
jectory. Teach/playback robotic operation is possible without using
the inverse kinematies but would be cumbersome because every task
would have to be taugnt. Given a flange of known size and orientation
with, say, 30 bolts, the operator can teach the robot how to remove
one bolt. The inverse kinematics can then be used to transfer this
task to the remaining 29 bolts, with all of these bolts removed roboti-
cally. The inverse kinematies will also indicate when the desired
bolt cannot be reached from the current manipulator position.

The equations developed here will also have applications in

solving the reverse Jacobian problem.

The Manipulator T. Jacobian

The manipulator T, Jacobian, transferring differential changes in
joint coordinates to differential translations and rotations in the Tg4

frame, will now be derived.

Introduction. All DOFs of Model SM-229 are revolute, so differen-

tial changes in joint coordinates refer Lo a six-element column vector
of differential joint rotations. Recall that the A transforms were
set up so that all variable rotations were about the z axis., A

rotation about the z axis of an angle 6 is expressed as:

cos 8 -s3in & O 0

Isin ® cos 0 0 0

Rot (z,8) = 0 0 0 0
0 0 0 1

As 6 » 0, sin 6 » 9 and cos® > 1.
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Thus, a differential rotation about the =z axis is given by

1 -de 0 0

d 0

Rot (z, de) = g é ? 0
0 0 0 1

and the differential change matrix given by

A = Rot (z, d8) -I =

o 0O OO0
OO OO

Thus, given a matrix T,

dT = AT if the differential rotation is given in the base frame,
and

dT = T A if the differential change is given in the T frame.
Similarly, the differential change matrix due to a differential rota-

tion about the x and y axes are given by

0 0 de 0 0 0 0 0

0 0 0 0 0 0 ~de 0

A=lla o o of 3= [4 4 0o o

0 0 o 0 0 0 0 0
respectively.

It is interesting to note that in multiplying any combination of
differential rotation (not change!) matrices, higher order differen-

tials can be neglected, so that the result is independent of the

order.

Given a coordinate frame, T,
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n o} a p
X X X X
n 0 a p
T = y y y y
Ny ° 2 b,
0 0 0 1

relative to, say, the base frame, the differential translations and
rotations of the T frame due to a differential rotation about the =z

axis of the base frame are given Dy:

de =qn « (k x p)
Tdy =0 « (k x p) (42)
sz =a « (k x p) ,

where k is the unit vector in the (base) z direction, and

= i i 1
TS n, 1 *o, a, K . (43)

These two (differential translation and rotation) vectors contain
all of the differential changes in the T frame due to a differential
rotation about the base frame z axis. In matrix form, it would be

written as

Z
aT . a 0 -n o =« (k x p)
daq, L
1 o, n, O a - (k x p)
0 0 0 0

It is convenient to extract the six independent elements of the differ-

ential change matrix and form a column vector. Thus,
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T
"aT " IT. T. T, T. T. T
3q1 _[ d, dy d, "6, ay 8, ] (44)

where the quotes are used because the true partial is the 4 x 4
matrix.

Derivation of the Manipulator Jacobian. Define:

T6di = The differential position change vector in the T, frame due to
a differential rotation of joint i, and
T6Gi = The differential orientation change vector in the T, frame due

to a differential rotation of joint i.

Since all variable rotations are about the z axis, equations

(42) and (43) yield

6di = (*nxpy + nypx) i+ (*oxpy+ prx) j o+ (*axpy + a px) k (45)

y

]

685, ni+oj+ak
i VA Z z

where n, 0, a and p are the vectors of i‘:L’I's.

So,
‘I‘ .
e - CLD LD - (OTLD (O, e
T
Mho - T O ¢ (T (0T,
Tea,

it

~ (°T, %) (°T,3) + (°T,%) (°T,%)
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Again, no information is lost by specifying dg = 0, and the above equa-

tions simplify to

T
6dlx = C,[(C,SsCs ~ S,S8¢)(d, - Sid,) + CsCe(Cyd, + Cud,)]
(47)
+ Sz[(sqssca + CQSG)(SSd“ = Cids ~ dy) + (Sasucscs - Cass)]d»
T6d1y = C,[C.Csldy= Sady) = Sy(ds + Cad, *+ Cudy)] +
(48)
+ Sz{Su[Cs(Sadw -~ Csd; ~ dp) - Sassdu]}
and
T
6d,, = C,{SelCL(Ss(A) = Cody = Cold, *+ Cody)] + CSL (M)
(49)
+ Sz{se[su(ss(8> = CsS,3d,)] + Cel-Cu(B) - Csdu]}
where
A= 8,d, - d,
B = Cgd, = S,d, + d,
T
661X = OTs?
T
661X = C,(S,SsC¢ + C,S¢) +
(50)

S,(C4C4Ce = $,C,8,C¢ + S,8,5,



68,

66,

65,
66,
6d,
6d,
6d,

6d,

where

(D)
6d,

6d,_

6§,

[
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0 &
T32

Cz(syc5) - 52(830.,05 + C3c5)

o &
T33

Co(~8,8sS¢ + CuCq) + 8,(~C,CsSs + S,C,548, + 8;8,C,)

(T, DO + CTL,DOT,

('lTxg)(szﬁ) + (szg)(lTlg

(T D OTH + OT,00T,§

C.l(D)d, + 5,C4Ced,] + S,[(D)d, + Sd,]

CySe *+ 5,5:C4

S,CslC,(d, ~ d,) + S,d,]

{Cs[~5,CsS6d, *+ (C,Cq ~ S,848,)d, ] +
Ss[Ced, + (C,Cq - Sassse)daj}

'T,5, 66 = T,5, 66 _ = 'T,%, so

2 22

(51)

(52)

(53)

(54)

(55)



66,

68,

~i

63,

6d,

6d,

6d,

So,

6d,

6d,

6d,

663X
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= [~C3(C,SsCq = S4Se) = S4C4Ce]

(S3S5 - CvaCs)

ECB(CMSSSG + Slocs) + Sscsss]

= (ZPT D (T8 + (21,9 (2T, ¢

(=2T,2) (*T,8) + (2T, (3T,¢

(2T, (3T, 8) + (2T, (%1,

= CsCe(dy + Cudy,) + d,(C,S5Cs ~ S,S¢)

~Ss(ds + C,d,) + d,(C,Cq)

- ~CsCe(d;y + Cudy) - d,(C,S858¢ + S.Cq)

2T31, 65, = 2T32, 663 = szga S0

CuSe *+ S,55C,

(56)

(57)

(58)

(59)

(60)

(61)

(62)
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66,

6d,

6d.,

6d,,

6d,

6d,

68,

65,

66,

As
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S.Cs

CuCs = S4S5S,

(=*T, DT, + CTH) (3T, §

(=T, DT80 + (3T, (2T, ¢

(3T, DT + (3T, (3T, 8

-Ssd(‘

(63)

(64)

(65)

(66)

(67)

(68)

(69)

(70)
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Tllf

6d,

And,

68¢

685

As

5 6 ..
Ty

6d,

and,

65,

i

]

1
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(71)

(72)

(73)

(74)

(75)

(76)

(717)

(78)
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Thus the total T, Jacobian is given by Egs. (47) through (78),

Y6a,, Tea,, Tea, e,  '6a;  6d
T T T T T T
6d 6d 6d 6d 6d 6d
'y 2y ’y "y °y Sy
Tea,z T6dzz T6d3Z T6duz T6d5Z TGdSZ
J =
Tealx T652X T653X Tss“x Tsssx Tsasx
T T T T T T
6 66 6 6 68
65‘y Gzy 3y Buy 8sy Sy
T T T T T T
LGG]'Z 6522 663Z 66“2 6652 6662 J

~

+ CySe)(8,d, ~Csdy ~dy) + (8,8,C5C¢ ~C3S6)d,

- dz) - Ssssdu]}
C,{S6[C,(Ss(A)¥* =~ Cyd,) ~ Cgld, + Cudy)] + CgS,(A)¥}
+ 8,{S.(S5(BY* = €45,d,)] = C4lC,(BY* + C,d,]}

C,(8,85C¢ * Cu4Ss) *+ S,(C,CsCe = S3C,S4C¢ + S,5,56)
Co(S4Cs) =~ 8,(S,C,Cs + C,S5)
C,(~8,S5Ss + C,Cq) + S,(=C,Cs8s + S,C,S5S4 + S,;8,C6)

L
¥ = S,d,~d,
B = C,d, - S,d, + d,

ColC.Cs(dy ~ 85d,) ~ Ssld; *+ Caud, + C,d,)] + Sz{su[cs(ssdu -

(79)

C,lC,85C6=5,85)(d,~8;3d;) + CsCe(Cyd, + dy + Cudy)] + 85,0(8,8,C,

Cad;
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(2nd column)

{C3[(C)*d“ + 5,CsCedyl + S, [(C)*ds + Ssdk]}

{S,Cs[C5(dy=dy) + S;d,]}

{Ca[-8,CsSed, + (C,Ce = S,55S4)d, 1 + S;[Ced, + (CuCg ~ S,55S,)d,1}

[C,(C,S5Ce ~ Suss) + S;3C4C6]

(8,85 = C4C,Cs)

[Cs(chssss + SHCG) + S3CSSSJ

(3rd column)

Cscs(ds + Cudy) + du(Cusscs - Suss)

'Ss(da * C“dh) + dq(cucs)

~CsCeld, + Cu,d,) = d,(C,SgS¢ + S,Cq)

C.Se *+ S,55Cq
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C%Cs e S'-!SSSS

(4th column) (5th column) (6th column)

-Sedy 0 0

0 0 0
~C du 0 0
CsCo Se 0
~Ss 0 -1
-CsS, Ce 0 ]

(C)r* = CuSe * 5,5:C

This Jacobian matrix transforms differential changes in joint
coordinates to differential rotations and translations in the T, frame.
It is also of interest to transform to the base frame. The procedure

is again straightforward.

Earlier, the differential change, dT,, was defined as

T =3
dTe = Te "64; da; = AyA, vw Ajoy Ay Ay ... Ag dag

so that
T -1 i""l
64 = (A Ai+1 cee Ag ay (A Ai+1 eee B,)
i~1
Thus, the vectors of Te were used to transfer between coordinate

frames. To find the base frame Jacobian, define dT, as
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r 20 =1
dTg = "8, Te da; = AyAz +ou Aj,y AAL -o. Ae dqg
Thus,
0 i-1 -1
L T I Y Y L T AT
-1 -1 -1 ~1 i-1 -1 ~3 =1
= (Aj-, -..Bp A, ) Ay (A4-, A, A, ) (80)

~1
so that using the vectors of (OTiul] in place of the vectors of

i—12
Te will yield relationships in the base frame.

Applications of the Jacobian. The Jacobian transformations have

a wide range of applications in robotics and in advanced servo-
manipulator control schemes.

In a vision feedback system, precise positioning can be obtained
by calculating differential changes between the actual and desired
position and orientation of the end effector as seen by a camera, and
then transforming these changes to the T, frame.

Some advanced servomanipulator control concepts involve
restricting the motions of the slave to a specified plane. To control
this sort of motion, the discrete changes in joint coordinates of the
master must be transformed to c¢hanges in base frame coordinates. The
components that would drive the slave outside the plane are then fil-
tered out of the drive signal. In addition, these same components are
fed into the master drive so that the operator can feel that he is

attenpting to move outside the plane.

Y"Inverting” the Jacobian

Most applications of the Jacobian matrices give rise to a desire

fo have a solution to the inverse problem. That is, given the desired
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changes in T, or base coordinates, what are the required changes in
the joint coordinates?

For simpler manipulators, a direct symbolic inversion may be
possible, Model SM-229, however, is complex enough to baffle this
author. The approach followed here® is to differentiate the solu-
tions to the reverse kinematic problem. This gives expressions for
each differential change in joint coordinates as a function of differ-~
ential changes in the elements of dT, and also of differential joint
coordinates already obtained. 1If a calculated change is not possible
due to the limit constraints, the change may be set to zero, resulting
in a correct solution for the following joints. If the manipulator
becomes degenerate, one solution will tend to blow up. If this
occurs, the first degenerate differential change is set to zero.

Recall Eq. (31):

P2 P, 2 P2 (dzz +d,? o+ duz]
d,Cy ~ d,8, = —2 ¥ * Z2
2d, 2d,
Differentiating,
p_dp p_dp p_dp

XUX + Ty Ty + Tzbg

(~dsS; ~ d,Cslde, = 3
2

and,

dp P, dp;
y y*t z 2z (81)

d;

p.dp

xPx + P

d93 =

differentiating Eq. (25) results in

¥R. P. Paul, Robot Manipulators, MIT Press, 1981,
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(Clpx)del + SldpX + (Slpy)de1 -~ Cldpy =

= (~S,d;)d6, ~ C,d,do,

or,

(Clpx * Sxpy)del * S1dpx = Cldpy = ~(8,d, + C,d,)do,

Cydp, = Sidp, ~ (S,d, + C,d,)de,
de, = Y (82)
Clpx + S1py

From Eq. (24),

dp, = C5d0,(C,d, + S3d;) + S,(=S,d, + C,d,)d8,

dp, + 8,(8,d, ~ C,d;)de,
a6, = (83)
C,(Cyd, + S,dj)

Note that this would yield inaccuracies when 0, + + w/,, but joint
limit restraints prevent this configuration. Inaccuracies also occur
when tan 6, » -d,/d,, or 8, > —-84,6°. Physically, this corresponds to
the wrist pivot point lining up with the upper arm (shoulder roll, 8,)
axis, so that the shoulder roll has no effect on the wrist position.

If this occurs, d6, can be set to zero.

From Eq. (36),

NS, = 8.Cs = =C;8,0, - 5;8,0 + Cz0,
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NC, = C.Cs = (-CyC28, = §,C4) 0, + (-8,C28; + C,C4) o =S,8,0,

c.d(NS,) - S,d(NC,)
deq = N b

d(NS,) = (8,8,0 )d6, ~ (C,C,0 )de, = (C,S,)do_ - (clszoy)aex

-Slszoy)dez - (SISZ)dOy_ - ‘(Szoz)dez + Czdoz

d(NS,) = (S1Szox ~ Clszoy)de1 - (ClczoX + Slczoy + Szoz)de2

- C,Szdox - S,Szdoy + CzdoZ

let NC, - (D)oX + (E) oy + (F)oZ

where

<
l

= ~C,C,5, = 5;C,

L]

ddb = (S,C,S, -~ C,C;)de, + (C,S,5,)de, + ($,8, -~ C,C,C,)de,

E = -8,C,8, + C,C,

dE = (~C,C,8, - 8,C,)de, + (8,5,5,)ds, + (-S,C,C, - C,S8,)ds,
F = -8,S,
dF = -C,S,d6, - S,C,do,

thus,
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d{NC,) = (dD)ox + (D)doX + (dE)oy + (E)doy + (dF)oZ + (F)doZ

and

C,d(NS,) - S,d(NC,)

de, = o (84)

Note that deé, blows up when 065 » + n/,. This represents the degen-
eracy of the manipulator in this configuration. 6 = -w/, is impos-
sible, so if

6 = n/,, set do, = O

from Eq. (39),

85 = [C4(D) + Glo_ + [C,(E) + HJoy + (Do,

d(Ss) = [-S,(D)de, *+ C,(dD) + dG]oX + [C, (D) + G]dox + [-S,(E)de, +

C,[(dE) + dH]oy + [C,(E) + H]doy + (dI)oZ + (I)doZ

where
G = -S,C,S,
aG = (-C,C,8,)de, + (8,S8,S,)de, + (-S,C,C,)ds,
H = -S,8,S,

dH = (~C,8,S,)d6, + (=8,C,8,)de, + (-8,5,C,)da,
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I = C,8, -~ 8,C,C,
dI = (=8,8, = C,C,C,)de, + (8,58,C,)da, + (C,C, + S5,C,C,)de,

and

Cs = (K)oX + (L)oy + (M)oZ

d(Cg) = (dK)oX + Kdox + (dL.)oy + L(doy) + (dM)oZ + MdoZ

where

K = 8,8, ~ C,C,C,

dK = (C,S, + S,C,C,)d8, + (C,S,C,)de, + (S,C, + C,C,S,)de,
L = -8,C,C, = C,S,

dl = (-C,C,C, + $,5,)d6, + (8,5,C,)de, + (S,C,S, ~ C,C,)d8,
M = -S,C,

dM = —-C,C,d6, + $,5,d6,

des = Cs(dss) - SS(dCS) (86)

from Eq. (41),

Ss = {(K)Cg + [(—D)C:, + N]S}ax +

+ {((L)Cs + [(-E)C, + P]S}ay +
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+ (M)Cs + [(-M)C, + QlS}a,

where
N = C,S,S,
dN = -S,8,S.de, + C,C,S,de, + C,;5,C,de,
P = 38,S8,S,
dp = C,S,S,de, + S,C,S,ds, + 5,5,C,de,
Q = -C,8,
dqQ = $,8,d8, ~ C,C,d@,
Let
R = (K)Cgs + [(-D)C, + NIS,
S = (L)Cg + [(~E)C, + P]S,
and
T = (M)Cs + [(-M)C, + QIS
dR = (dK)C, - KS,de, + [(-dD)C, + (D)S,ds, + dN]IS; +
+ [(~D)C, + N]C.,de}
dS = (dL)C, ~ (L)S,de, + [(-dE)C, + (E)S,de, + dP1Sg +
[(~E)C, + P]Csdos]}
dT = dMC, - MS,de, + [(-daM)C, + (M)S,de, + dQ]S;
+ [(-M)C, + QIC.do,
Then

Se = (R)a_ + (S)ay v (Da,

and
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dS¢ = (dR)aX + R(dax) + (dS)ay + S(day) + (dT)az + T(daz)
Ce = L(-D)S, + (U)]ax + [(-E)S, + (V)]ay + [(-F)8, + (w)]aZ
where
U= ~-C,5,C,
du = (C,S8,C,)de, - (C,C,C,)de, + (C,8,8,)d6,
vV = -5,5,C,
av = (-C,S$,C,)de, ~ (S,C,C,)de, + (8,5,S,)d8,
W = C,C,
dW = -3,C,de, - C,S,de,
Let
X = [(~D)S, + U]
Y = (-E)S, + V
Z=(-F)S, + W
then,
dX = (-dp)s, - (Db)C,ds, *+ dU
dY = (-dE)S, - (E)C,de, + dV
dz = (-dF)s, - (F)C,de, + dW
then
Ceg= Xa_ + Ya_ + Za
X y z
and
dc = (dX)a + X(da ) + (dY)a + Y(da ) + (dZ)a + Z(da )
& X X y y Z zZ
and
de, = Cgl(dSs) ~ Se(dCy) (87)
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Static Joint Torgue Distribution

The general relationship between joint torques and tong static
loads will now be derived. These results will be used with the experi-
mental results to evaluate the manipulator load-sharing capabilities

and gear reductions.

Load given in the E-frame

E = end effector (tong) matrix = Trans (0, =-dg,0)
Here the differential coordinate transform that relates forces and
torques in the given frame to forces and torques in the T, frame is

simply

E”'. So, for

6f =n . f =T° (88)
X X
T E
6f =0 . f =°f 8
v y (89)
T E
6fZ =a ., f = fz (90)
i J k
£, e, E ¥ . E. E
f xp = fx fy fZ = —~d, fz I+dg Tk (91)
0 dg O
T6mX =n . ((Cf xp) +EM) - By dg Efz (92)



where n, o,

6m
Y

6m
Z
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=0, ((Brxp) » ') = By (93)

E E

=a . (Proxp) e+ Pu) = B v oalr, (94)

a, and p are the vectors of the different coordinate trans-

form,
1 0 0 0
- o 1 0 d
1 [
E =10 o 1 o
0 0 0 1
So,
T,.. |E E E E E E E E
6F ~[:fx £,0f, ( m_ - de fz) m, (dg £ mzﬂ (95)

The joint torques required to support this load (static) are given by

1 = JT TeF (96)

where JT = the T, Jacobian transposed.

Load and moments given in base frame. More commonly, lcoads are given

in the manipulator base frame.

Let X = T,E

Define a coordinate frame G,
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1 0 0 pr

G - 0 1 0 Xpy
0 0 1 sz
0 0 0 1

(97)

That is, G is located at the end effector, with the orientation of the

base coordinates. The general base coordinate load vector is then

Define a transform Y by
GY
Y

I

X, or
G~ X

il

(98)

(99)

Note that Y has no translation because G and X are defined to deseribe

the same translation, and the orientation of Y is exactly the orienta-

tion of the T, frame.

r”x X X h
n o a 0
X X X
X X X
n 0 7 0
Y= y y y
X X X
n 0 a 0
Z A z
0 1
| N —?
' e
X X X X
n 0 a o d.
X X X X
- X X X X
YET! = n o} a o dg
y y y y
X X X X
n o) a o_ dg
Z Z Z Z
0 1
— -

(100)

(101)

The base coordinate load vector can now be transformed to L6F by using

YE™! as the differential coordinate transform.
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X X . X X 5
£ xp=[de ( o, £,+ 0, fy)] i+ [de (= o, f o+ oy fz)]J (102)

+ ds(-xox £, ¢ Xoy £) K

So,
T X X X
6mx = n, (M,) + n, (M,) + nZ(Mg) (103)
where
X X
M, = d4( oy fz + o, fy) rom
X X
M, = dgf o, fx * To fz) + my
X X
M, = dgf o, fy + oy fx) *m
Similarly,
T X X X
6my = o, (M,) + oy (M,) + o, {M,) (104)
T X X X
6mZ - Ta (M,) + a, (M,) + a, (M,) (105)
T, = n_ £+ *n £ +"n_f (106)
X X X y 'y Zz
T X X X

6f = "0 f + "o f_ + "o f (107)
y X X z
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6f ="a f + "a f + Ta f (108)
and

Z X

Tep = [Tsf Ter  Tor. Tem Tem  Tem ]T (109)
X y y Z
The joint torque distribution is given by Eg. (96),

T = JT T6F

where JT = T, Jacobian transposed.

In the case of gravity loading,

fx = welght

[Object assumed to be held at center of gravity (c.g.)]

n, = °T¢,

Xn = °T3,
y

an = °T$,

%o, - °Tts
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X
o = °T3,
y
X ome
o = °T
- 32
X o6
a = T
- 13
X
a_ = °T3,
y
X ome
a = °T
= 33

Gravity Load on Tong. Assume that the object is picked up at its

c.g., then

F=[1 o o o o o017 (110)

for a normalized load, and

6fX = n = °T¢,
T6fy = To = °T4,
T X

6fZ ="a = °TS,
T

ém_ = (-°T§, °T§. + °T3, °T3.6) de

6m = 0
y
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T
6m, = (=°T§; °T§; + °T3: °T8,6) d,

Note: If an object is not held at its c.g., but is held such that its
c.g. lies along the wrist roll axis, simply add to dg in the above

equations the distance from the tong to the c.g.

Forward (horizontal) Load on Tong. In this case,

f =f =m =m =m = 0
X Z X y z
and
f =1
y
So,
T6f = T6n = T,%
X y
Tor = Teo = 1,8
T T

6fz = 6ay = T,%

T - .
6mx = dg (T3,° Ty,% = T4,° T1,°%)
T6m = 0
y
T
bm = dg (+ T3, T3, - T35 T$.)
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Transverse (horizontal) Load on Tong. Here,

f =1,
4
50,
T
6fx = Tsls
T
6f = T;,°
y 32
T6f = T336
T

6mx =dg (T3 Ty2 ~ Ty T,p3)

bm_ = 0
y

6mz = dg (T23° T;,% T,3% Ty,°%)
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